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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.
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EXECUTIVE SUMMARY

Severe accident management can be defined as the innrovative 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 the
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 on
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 ¢) 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-vessel steam explosion.

The highest ranked strategy, with respect to minimizing the probability of
early containment failure, is depressunzatlon 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 | 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), the core shroud (BWR) and the upper
structure, and the temperature of the upper structure. For a certain set of
parameters, nucleate boiling on the 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 because 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 iong 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, the 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 the various factors involved, and provide a tool for
solving the 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
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:
e the use of alternative resources (i.e., air, water, power),
e the use of alternative equipment (i.e., pumps, generators), and

e 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:

o 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
[102]'

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 previously, a lack of knowledge
regarding the state of the accident progression, and because the opcrators 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 management strategy, a framework has
been developed using Decision Trees and Influence Diagrams. This framework is
described in 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:

Y, 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,



2. DEVELOPMENT OF A FRAMEWORK

2.1 Introduction

Consider a 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; on the other-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 2.1. 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.c., 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. [f the chance of failure is
estimated to be 10% (0.10), then .he expected losses would be (EV = Expected
Value):

EV, (Loss) = - $100 (2.1)

EV3 (Loss) = 0.9 (- $0) + 0.1 (- $500) = - $50

If the consumer used this simple "Expected Value Rule”, he/sh.; would opt to
self insure because EV in this case is -$50. It the consumer were more
sophisticated, he/she could use an "Expected Utility Rule” in which a degree of
risk aversion could be factored in.

An Influence Diagram for this type of decision is also shown in Figure 2.1, It
is used primarily to show what influences the value of the decision (given by the
diamond), and it can be used to help structure the decision tree,

Figure 2.2a - 2.2f shows the three possible cases associated with a decision
problem, Each involves one node of each type: decision, chance, and value. In
Figure 2.2a, the value depends on the random variable (chance node), which itself
depends upon the decision, The equivalent decision tree, Figure 2.2b, shows that
the decision node does not directly affect the value. For example, let D represent
whether or not to purchase a new tire and C represent whether or not the tire
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(new or old) will fuil. The probability of tire failure depends on the mileage on
the tire, hence py = pa. However, since R1 is assumed equal to R2 (the
consequences of tire failure are the same, regardless of the mileage), the value
node only depends on the chance node, C.

Figure 2.2¢ is similar, but here the value depends upon both the decision and
the random variable (chance variable), which depends on the decision. The
equivalent decision tree is also shown in Figure 2.2d. For example, let D
represent whether or not to flood the reactor cavity and C represent whether the
vessel fails or not. Since the probability of vesse! failure depends on the decision
and risk R1 is not equal to R2 (the risk of early fatalities), the value node depends
on both the chance node C and the decision node D,

In Figure 2.2¢, the value depends on both, the decision and the chance node,
but the random variable is independent of the decision. Suppose thai a consumer
is confronted with the option of whether or not to purchase an extended warranty
for an electronic component. Let node C represent whether or not the electronic
component will fail during its lifetime. The decision can be graphically structured
as shown in Figure 2.2¢. The probability of failure is independent on whether or
not one buys insurance, but the risk (cost) is dependent on the purchase of
insurance and the probability of failure, as shown in Figure 2.2f. ‘These three
cases are generalized in Figure 2.3,

In many cases decision trees and influence diagrams will contain more than
one decision. Figure 2.4a shows an influence diagram in which two decisions are
modelled, i.e., whether or not to flood the reactor cavity and whether or not to
depressurize the primary system. The equivalent decision tree is shown in Figure
2.4b. Since the two decision nodes in Figure 2.4a and 2.4b are not separated by a
chance node, they can be collapsed into one decision having four outcomes, i.c.,
flood the cavity only, depressurize the primary system only, do both, and do
neither, as shown in Figure 2.4¢ and Figure 2.4d.

As shown in Figure 2.4e, a sequential decision problem has chance nodes
between the decision nodes. The two decision nodes cannot be collapsed into a
single node, and still preserve the logic of the original dingram. The equivalent
decision tree is also presented in Figure 2.4,
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If decision node D1 precedes decision node D2 in a regular influence diagram,
then node D1 and all of its informational predecessors should be informational
predecessors of node D2. Figure 2.4g shows the addition of an "no forgetting"
arc. Informational arcs toward node D2 denote that the decision maker knows
the outcome of node C when decision D2 is made, as well as decision D1 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 severe accident management strategy can be represented. The
upper branch, "Do Nothing", means follow the normal emergency procedures
contained in the Emergency Operating Procedures which 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 Ry. This risk (R1) 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-1150. The lower branch describes a severe accident
management option for preventing vessel failure (e.g., Flooding the Cavity). This
option can lead to success, but with risk R3. The risk (R3) might be economic

with no radioactive release if the melt progression is stopped, as above. Failure
of the strategy may lead to risk which may be greater or less than R2, depending

upon the physical and operational state of the system. For example, even though
the vessel fails, the presence of water might scrub fission products, thereby
reducing risk. Or it may lead to a steam explosion thereby increasing risk. This
risk, R4 represents an adverse effect.

The expected value (EV) for the two options, as depicted in Figure 2.5 are:
EV (Do Nothing) = PR} + (1-P})R3 (2.2)

EV (Flooding) = P2R3+(1-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:

. the feasibility of the strategy,

the effectiveness of the strategy,

the possibility of adverse effects,
information necds, and

. compatibility with existing procedures

N

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 molten core in the
vessel, A possible adverse cffect 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. Information needs refers to
instrumentation availability, and gompatibility considers the impact on existing
rules and procedures.

Figure 2.6 shows a case with adverse effects. The lower branch, "Do Nothing"
is as before, the risk associated with employment of standard emergency
operating procedures (the two branches in Figure 2.5 have been collapsed). The
upper branch, flood the cavity, has three chance nodes. The first chance node C)
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 effects; 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 expecied value for each case is as follows:
EV (Do Nothing) = Rs .3)
EV (Flood Cavity) = PjR4+(1-P1)[(1-P2)R1+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
might be in terms of early or latent fatalities, population dose, conditional
probability of early containment failure, etc. The chance node probabilitics 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.

24 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
example we consider as the measure of success the potential reduction in 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.

The simplified 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
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in NUREG-1150 [3] 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 (P;j) required in

Equations (2.3), as follows:

Ri=0
R>=0

R3 =0.01
R4 =0.025
Rs5=0.025
P =041
P>=0.098
P3=0.5

If there is no vessel failure, the Conditional Probability of
Early Containment Failure, Pect = 0.

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

If the vessel fails and there is an ex-vessel steam explosion, but
no direct containment heating, Pecf is reduced.

If flooding is not successful; same as “do nothing".
Given in NUREG-1150; "do nothing".

The probability that the option is not feasible; that the arrival

of water is not timely.

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

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 (Cy,

C», 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 Cj

The value (V) is a vector given by:
Y=1[ f(R1, R2,R3,R4),R5 ] (2.5)

where the function (f) for cavity flooding has four elements (R, 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), Rs5 ] (2.6)
where the function (f) for cavity flooding now has three elements.

Notice that the node C3 in Figure 2.7b becomes a direct predecessor of the
value node in this elimination process. Now this chance node, C; , can be

eliminated by chance node removal and the value becomes:

V=1 f((1-P2) R1+ P2 (R2 (1- P3) + R3 P3), R4), R5 ] (2.7)
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In the same manner, the node C) 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= [P1 R4 + (1- P1) {(1-P2) R1+ P2 (R2 (1- P3) + R3 P3 )}, Rs) (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 alternative, 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:

Advantages of Decision Trees

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

Advantages of Influence Diagrams

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

e May be easier to modify and evaluate alternative strategies.

¢ Rapid identification of important parameters.

Disadvantages of Decision Trees

¢ The large number of branches make them unwieldy.

2.8
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¢ 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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a)

b)

T—0—

tire failure
2l R1
. ‘c
neW O
ooy 1-pl Success
D us, 2 Rl = R2

QL : R2

1-p2 Success

D: buy new tire or not

pl: probability of tire failure (new tire)
p2: Probability of 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) D
Vessel Failure
2! R1
d) Fiood
1-p1 zero risk
D D R1# R2
2

otk = R2

1-p2 zero risk

D: flood the reactor cavity or not

pl: probability of vessel failure, cavity flooded
p2: probability of vessel failure, cavity dry

R1: risk of early fatality with cavity flooded
R2: risk of early fatality with dry cavity.

Figure 2.2 (continued). Three cases with decision, chance, and value nodes.
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Equipment Failure
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D: buy insurance

pl: probability of failure
R1: cost of repair

R2: cost of insurance.

Figure 2.2 (continued). Three cases with decision, chance, and value nodes.
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d)

Figure 2.3. Three general cases with decision, chance, and value nodes.
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Figure 2.4. Influence diagrams and decision trees associated with multiple and sequential
decisions.
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Figure 2.4 (continued). Influence diagrams and decision trees associated with multiple

and sequential decisions.
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Figure 2.4 (continued). Influence diagrams and decision trees associated with multiple
and sequential decisions,
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a)

b)

)

d)

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 [1] 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 management, 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 with 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. However, 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 concemed 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 conditions must be assessed. The sequence of
operator actions necessary to successfully 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 of the systems and
equipment 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, the 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
failure for the strategy considered in this section, the conditional probability 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 ruptrre).
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/(Dy> = V(ECF)P(ECF/Dj) + V(SGTR)P(SGTR/Di,ECF))
+ V(LCF)P(LCF/Dj,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 the 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 1 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 and the 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 |7]) have shown that some
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melting of the vessel inner wall is very likely in this situation. In addition,
cxtremely large temperature variations in the vessel wall will result in thermal
stresses well in excess of the yicld 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 to be
likely. These calculations are discussed in more detail in Chapter 7, where ¢
sensitivity and uncertainty analysis is performed, and in Appendix 1. A base case
value for the probability of vessel failure for this case is chosen to be 0.9.
Given that the vessel fails, it was assumed that the vessel will fail by either
penctration failure leading to high pressure melt ejection (HPME) or bottom head
failure (BH), with equal probability for each.

In case 3, the RCS is at high pressure and there is no water in the cavity.
Hence vessel failure is assured. The split fractions regarding the mode of vessel
failure were obtained from reference [8] for 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 coolable configuration and the vessel will
fail anyway. There is also a chance that a fuel-coolant interaction could lead to
vessel failure.  The probability of core damage arrest, given AC power is
recovered in time, is taken to be 0.9. This value was given in reference [8].
Obviously, if AC power is not 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 the reactor cavity is
flooded to the top of the vessel lower head, given that the operators were
instructed to do so, The probability that this strategy is successfully implemented
is composed of two parts: the probability that the operators successfully initiate
the strategy in time and the probability that the fire pump system functions
correctly,

Based on the facts that the station would be blacked out and the core exit
thermocouples (CETCs) located in the core that may help in detecting core
uncovery, which is powered by the station batteries, would be available, the
failure of the plant operators to correctly initiate the strategy would be governed
by two uncertain variables: the diagnosis and decision time, 'Td, which is the time
available for the operators to diagnose the situation, and the action time, Tjy,
which is the time required for the operators to initiate flooding of the reactor
cavity. The auxiliary operators outside the control room are assumed to be
available to operate the fire pump system.

Flooding the reactor cavity might involve the following steps:

(1) The control room operators detect core uncovery and dispatch an
auxiliary operator to the emergency fire pumps.

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

(3) The auxiliary operator starts the fire pumps .

The major uncertainty is associated with the critical time determined by the
phenomena occurring during the melt progression. In order for the cavity
flooding strategy 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, Te = Tes - Tey, 18 the time from core
uncovery (‘Tey) to core slump (Teg). The time to core slump is needed because if
the water reaches the vessel lower head after a significant amount of debris has
relocated there, a film boiling situation will exist and the heat transfer will not be
sufficient to cool the vessel enough to prevent melting and failure, as shown in
Appendix T and in Reference [7]. Because the phenomena associated with melt
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progression and relocation are very complicated, the time to core slump is highly
uncertain, Table 3.4 shows estimates of “T'eg obtained by three different computer

simulations.

Another relevant parameter is the time required to fill the reactor cavity to
the required level, Tf. This parameter is known [9] and is a function of the Surry
reactor cavity volume (92,452 gal) and the fire pump capacity (2000 gpm) [10],
and is calculated to be 46.2 minutes.

The human error probability (HEP), is the probability that t = Ty + Td + Tt
exceeds Te=Tes - Tey. ie.,

HEP = P(t> Tes - Teu)

o0

. OJ (1 - Fut))ire(at, (32)

where
fre(t) = probability density function (pdf) of the critical time, Teg - Tey.
and
Ft(t) = cumulative distribution function (cdf) of the time required
by the operators to complete the strategy.

Since the distributions in equation (3.2) are not available, the probability that
the operators successfully initiate the strategy on time can be obtained from the
"Human Error Handbook" [11] using times shown in Table 3.4.  Since natural
circulation in the reactor coolant system was not considered in the MARCH
calculation in Table 3.4, these times calculated by MARCH are considered to be
too conservative, The time calculated by SCDAP/RELAP in Table 3.4 is used for
this report, and based on this time a value of 0,62 for the success probability was
obtained from Figure 12-4 and Tables 20-8 and 20-13 of Reference [H1]. The
value of 0.95 is assumed for the availability of the fire system. Therefore, the
probability that there is water in the cavity to the top of the vessel lower head
before the core slumps, P(WC), is the product of successful operator actions, (|-
HEP), and the availability of the fire system, 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 (<200 psi) and high pressure (> 200 psi). This node
depends on whether or not there is a temperature-induced failure of 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 instructed to depressurize the RCS it AC
power is available, Temperature-induced hot leg or surge line failure is modeled
by node (HSF), the possibility of a steam generator tube rupture before vessel
breach is represented by a new node (ESGTR), and the recovery of AC power is
modecled by the node (R), as shown in Figure 3.2, The conditional probabilitics
for node RP are shown in Table 3.6.

Node R.

This node represents the probability of AC power recovery (and subsequent
recovery of ECCS) before vessel failure. The probability of AC power recovery
before vessel failure is

P(R) = P(Tey < Tr < Tyt/Tr > Teu)
= P(Tey < Tr < Tyn)/P(Ty > Teu)
= [FRAC(Tvb) - FRAC(Tcuw))/[1-FrRAC(Teu)) (3.3)

where Tey is the time to core uncovery, Tyb is the time to vessel failure and Ty
is the time to recovery of AC power. FRAC() is the edf for time to recovery of
AC power at Surry, provided in Reference [12]0 The times to vessel breach and
core uncovery are the values given in Table 3.4 for the SCDAP/RELAP
calculations. The probability of AC power recovery is then (0,26,

Node HSF.
In the TMLB' sequence the core begins to melt while the RCS is at or near the
PORYV setpoint pressure, Natural circulation of hot gases exiting the core region

could result in the failure of the hot leg or (more likely) the pressurizer surge
line.  The probability of a hot leg or surge line failure (HSIEF) depends on
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whether or not a steam generator tube rupture has occurred (ESGTR) (8], If
there is no SG'TR, the probability of HSE is 0.72, otherwise the probubility is
0.034, due to the reduced pressure.

Node ESGTR and Node SGTR.

There are two situations that could result in a steam generator tube rupture
(SGTR). The first, which occurs before core slump, is the situation in which the
core is melting at the PORYV setpoint pressure. The steam generator tubes could
be exposed to very hot gases circulating from the core region. If the hot leg or
surge line does not fail first, one or more steam generator tubes could rupture,
This possibility is represented by node ESGTR in Figure 3.2, The value of 0.0
for the probability of the occurrence of an carly steam generator tube rupture is
given in Reference [8]. This node affects nodes (RP) and (SGTR).

The second situation arises when external cooling keeps the molten core in the
vessel, and the RCS remains at high pressure.  In this situation, long term
exposure of the steam generator tubes to hot gases exiting the core region conld
result in the rupture of one or more, given that no other failure of the RCS
occurs first, This possibility is represented by node LSGTR. which is shown i
Figure 3.3, and which influences node (SGTR).

Node LLSGTR.

This node represents the probability of a late SGTR, as described above, Ty
node depends on node VB, node R and node RP as shown in Figure 3.3, The
conditional probabilities for this node are shown in Table 3.7. "The only case
which a late SG'TR is possible is the case where there is no vessel breach and the
RCS pressure is high. It is assumed that it AC power is recovered, feed-and-blecd
cooling of the core will be initiated, which would preclude an SG'TR.  Fo
completeness, it is conservatively chosen to be 0.1,
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Nodes ECE,DCH VHS and CEE,

Node ECE represents the probability of carly containment failure, either duc
to direct containment heating (DCH) or an ex-vessel steam explosion (EVSE).
Since carly containment failure due to an ex-vessel steam explosion is a possible
adverse effect of flooding the reactor cavity, it is treated in this report even
though it has been diseredited elsewhere (see Reference [B] and Appendix 1),
The probability of carly containment failure due to an ex-vessel steam explosion
is conservatively chosen to be 001, A sensitivity study regarding EVSE and ECF
is presented in Section 3.4 below,

At Surry, carly containment failure due to DCH  depends on the occurrence
of & high pressure melt ejection, the amount of witer present in the reactor
cavity, the amount of the core ejected from the vessel and the size of the hole in
the vessel after ablation (see Reterence [13]). Reference [13] provides cumulative
distribution functions tor the containment pressure rise at vessel breach for
nineteen different cases. These cases consist of combinations of RCS pressure at
veasel breach, presence of water in the cavity, vessel hole size after ablation
Clarge or small) and the fraction of core ¢jected (>40%, 2066 -40% or <20%). Of
these nineteen cines, only those that have high RCS pressure apply here, of which
there are twelve,  For cach of these twelve cases, the probability of carly
containment failure can be found by applying the Surry containment mean tailure
pressure (126 psig) to the cumulative distribution functions for the pressure rise
at vessel breach, s assamed in this study that it the cavity is filled with water
up to the top of the vessel lower head the probability of early containment failure
due to DCHE is negligible because the core debris will be quenched when it enters
the cavity,

The base case value of the probability of carly containment failure due to an
ex-vessel steam explosion wis conservatively chosen to be 0.01, However, an ¢x-
vessel steantexplosion is possible only if there is water in the cavity.

The influence diagram is now expanded to include nodes EVSE (ex- vessel
steam explosion), DCH cdieet contamment heating), VHS (vessel hole size) and
CFE (core fraction ejectedy as shown i Fgure 340 The conditional probabilities
for node ECE are shown in Table 38, as obtiined from Reference |13, The
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probabilities for node VHS are shown in Table 3.9 and were obtained from
Reference [8]. The probabilities for node CFE were obtained by applying the
fractions given above to the cumulative distribution function provided in
Reference [13), and are shown in Table 3.10. Node DCH is for representational
purposes only, and for the evaluation it is included as part 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
(WC) or if AC power is recovered und the contuinment sprays actuated (R), and
whether or not the vessel fails (VB), as shown in Figure 3.4, NUREG-1150 uses
a value of 0.5 for the occurrence of a significant ex-vessel steam explosion at
Surry, and that value is used here, even though a probability of 0.86 is given for
PWRs in Appendix Il (Section A.2) of this report (it is questionable if the
experiments described there apply).  The conditional probabilities tor this node
are shown in Table 3,11 and are given in Reference [8].

Node L.CF and Node S.

Node LCF represents the possibility of a late containment failure, Only the
basemat melt-through mode of late containment failure is considered here. Late
containment failure due to slow overpressurization is possible only if the
containment heat removal systems are lost for a period of several days, which is
highly unlikely except for some external initiators (see Reference |8)),

The probability of late containment failure duc to basemat melt-through
depends on the occurrence of core-concrete interaction (CCI), represented by
node CCI, the amount of the core participating in CCI, represented by node
ACCI, and whether or not the sprays are operating during the period of CCI,
represented by node 8. These are shown in Figure 3.5, It there is no CCI the
basemat will not melt.  Also, continued deposition of water on top of the core
debris in the cavity by the containment sprays will remove some of the decay heat
from the debris and will reduce the amount of CCL-The conditional probabilities
of node LCF are shown in Table 3,12 and are obtained from Reference (8], The
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conditional probability that the sprays are operating during the period of CC is
1O cither AC power was recovered before vessel failure (node R), or it it is
recovered during the period of CCIL represented by node LR (See Table 3,13 and
Figure 3.5).

Node LR,

This node represents the late recovery (LR) of AC power, i.c., during the
period of CCL The time period of interest here is the time from vessel failure to
the somewhat arbitrary time of 9 hours (as in Reference (8]). As was done for
node R, the probability of recovering AC power during the period of CCl s

P(LR) - p(Tvb < Tr < Ta/T( > Tvb)
«[FRAC(Ta) - FRAC(Tvb))/[1-FRAC(Tvb)]. (3.4)

where T'vh and FRAC are as described for node R and Ty is 9 hours, Then the
probability of recovery of AC power during CClLis 0.94 if it was not recovered
before vessel fuilure, and it is 0.0 it AC power was recovered before vessel
failure. These are shown in Table 3,14,

Naode CCIL

This node represents the occurrence of CCLand depends on if there is water in
the cavity at the time of vessel failure, either due to flooding by the operators or
spray actuition via recovery ol AC power before VB, whether or not the core
was ejected from the vessel at high pressure and whether or not there was an ex-
vessel steam explosion, as shown in Figure 3.5, ‘The conditional probabilities are
shown in Table 3,15, and are given in Reference |8,

Ifthere is no water in the cavity at the time of vessel failure the probability of
CCLis 1O I there is water in the cavity, the ex-vessel debris might not be in a
coolable configuration, so there is still a possibility of CCIL



Node ACCL

This node represents the amount of the core that is available to participate in
CCl and depends on whether or not the core debris was ejected at high pressure,
whether or not there was a steam explosion, and the fraction of the core ¢jected al
vessel failure (CFE), as shown i Figure 3.5 The conditional probabilities for
this node are shown in Table 3,106, and are given in Reference [8].

3.3, CONSTRUCTION OF THE DECISION TREE,

Since the influence diagram shown in Figure 3.5 contains the probabilistic
relationships and decisions as developed by the analyst, @ consistent decision tree
‘an be constructed directly from this diagram and necessary conditional
probabilitics can be assessed. Bases on the chain rule, which will be described in
Chapter §, an ordered list is constructed. The ordering of the top events of the
decision tree will be the sime as that for the ordered list. Each chance node of
the influence diagram corresponds to a chance node of the decision tree. The
branching probabilities of the tree are the same as the conditional probabilities of
the influence diagram, and are conditional on the path through the tree,
However, the decision tree corresponding to the influence diagram in Figure 3.5
would be very large: hence it is desirable to simplify the intfluence diagram as
much as possible. This can be casily done by removing all nodes that have only
one successor node, unless the direet successor node is the value node (chance
node removal), Doing this removes the conditionality of the direcet successor
node on the node being removed, and makes the direet successor node conditional
on the direct predecessor nodes of the node being removed, e,

PS=Si/P|....Pp) = 2KP(S =Si/N=NKP(N=NK/PL....Py).
(1.5)

where Ny the node being removed, S is the direet successor node and PpL..L Py
are the direct predecessor nodes. The details on the operation of chance node
removal will be shown in Chapter 5. The resulting simplified influence diagram
is shown in Figure 3.0, and the resulting conditional probabilities for nodes RP,
VB, SGTR, ECIF and LCE are given in Tables 3,17 - 3210 The conditional
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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 DCH. Thus the branch that distinguishes HPME from the other
modes of vessel failure is not shown,

3.4 Quantification and Discussion.

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 the occurrence of a steam generator tube rupture are shown
Toole 3.23 and Figure 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
[atent cancer fatalities) for both branches of the decision node. It can be seen that
the expected risk reduction, i.c.,

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

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

In addition to the base case assessment, a sensitivity study was performed in

order to determine 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 given the
occurrence of an ex-vessel steam explosion.

These probabilities were chosen because 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 stcam 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 onc 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 the 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.



Table 3.1
Consequences of early and latent cancer fatalities (99.5% evacuation)

Early Fatalities Latent Cancer Fatalities
EP wp
Early containment 20 2275
failure (ECF)
Late containment 0 122
failure (LCF)
Steam generator 0.067 1444
tube rupture (SGTR)I
Table 3.2
Conditional probability for node VB
CDA RP wWC P(no VB) P(HPME) P(BH)
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
Table 3.3

Conditional probability for node CDA

R P(CDA)
yes 0.9
no 0.0
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Table 3.4
The accident progress timing (min) for the Surry TMLB'
sequence determined by three codes

MARCH SCDAP/RELAPS| MELPROG
Core Uncovery 97 129 117
Core Slumping 143 >180 248
Vessel Breach 155 > 180 265
’{eime Interval
tween core
uncovery and 46 > 50 130
core slumping
Table 3.5
Conditional probability for node WC
Success Failure
Flooding (D1) 0.59 041
Doing nothing 02)| 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 Probability for node LSGTR

R VB RP ESGTR P(LSGTR)

no no high no 0.1

else - - - 0.0

Table 3.8

Conditional Probability for node ECF

wC R VB CFE VHS EVSE P(ECF)
- - 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 probability for node VHS

Size P(VHS)
large 0.1
small 09
Table 3.10
Conditional Probability for node CFE
Fraction P(CFE)
large (L) 0.2
medium (M) 0.55
small (S) 0.25
Table 3.11
Conditional Probability for node EVSE
VB R wC P(EVSE)
bh yes - 0.5
" no yes 0.5
" no no 0.0
else - - 0.0
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 probability for node S

R LR P(S)
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
no 094
Table 3.15

Conditional Probability for node CCI

VB wC R RP EVSE P(CCI)
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

316

Conditional probability for node ACCI

RP EVSE | CFE L S
high any |LorM 0.0 1.0 00
high any S 1.0 00 00
low yes any 0.5 05 00
low no any 1.0 00 00
Table 3.17
Conditional probability for node RP for
simplified influence diagram
ESGTR R P(High) P(Low)
yes yes 0.0 1.0
yes no 0.65 0.35
no yes 0.0 1.0
no no 0.28 0.72
Table 3.18
Conditional probability for node VB for simplified influence
diagram
R RP WC  [P(no VB) P(HPME) P(BH)
yes low yes 0.91 0.0 0.09
no low yes 0.1 0.0 09
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 high no 0.0 0.79 0.21
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Table 3.19
Conditional Probability for node SGTR for
simplified influence diagram

ESGTR| R RP VB P(SGTR)
yes any any any 1.0
no yes any any 0.0
" no high yes 0.0
" " " nO O' l
" " low any 0.0
Table 3.20

Conditional Probability for node ECF for
simplified influence diagram

R EVSE CFE P(ECF)
any any any 0.0
no any L 0.064
" any M 0.028
" n S 0.(X)
yes ! L 0.047
" " M 0'(x)4
" ! S 0.00
any yes any 0.01
" no ; 0.00
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Table 3.21
Conditional probability for node LCF

wC VB RP | CFE | EVSE R P(LCF)
any no any any any any 0.00
yes yes high L. " yes 0.011
" ! " " " no 0.012
" 1" “ M " yes 0.0! l
" " " 11] " no 0‘01 2
" " " ) " yes 0.050
" " " " " no 0.052
" " low any yes yes 0.030
" " 1] 11 " no 0‘032
H 1] " H no Yes O‘ l 6

L1] " " " " no 0‘ l 7
no " high L. any yes 0.011
" ! " L " no 0.06

! " " M ! yes 0.011
" " " " " no 0.06
" " " S 1] ygs 0.25
1) " " L] " no 0,26
" " low any| yes yes 0.03
" ! " " no no 0.26
" " " " " yes 0.16
" " " " yes no -
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Table 3.22
Risk results of base case calculations

Criterion Do Nothing| Flood A R(%)

Early Fatalities | 1.09E-2 | 9.17E-3 15.9
Late Fatalities S63E+]1 | 4.86 E+] 13.7

Table 3.23
Conditional probability results of base case calculations

Event Do Nothing| Flood A P(%)
Vessel Failure 7.66 E-1 7.21 E-1 5.9
Ex-vessel

Steam Explosion | 1-30E-1 | 1.81E-1 | -28.2

Early Containment
Failure 486E-3 | 3.94E-3 18.9
Late Containment .
Stecam Generator

Tube Rupture 1.80E-2 | 1.92E-2 6.7
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Figure 3.1. Initial influence diagram and influence diagram
expanded to include ECF, LCF, SGTR, and VB.
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Figure 3.2. Influence diagram expanded to include node VB, and the
nodes that influences VB, and SGTR.
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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: operator action

WC: water in cavity

HSF: hot leg or surge line failure
CDA: core damage arrested

R: AC power recovered before VB
RP: RCS pressure at VB

©
SEXN AT

)

\

e
ESGTR: carly SGTR CCI: core-concrete interaction
VB: Vessel breach ACCI: amount of CCI
LR: AC power recovered during CCI  S: Sprays during CCI
CFE: core fraction ejected ECF: carly containment failure
VHS: vessel hole size LCF: late containment failure
EVSE: ex-vessel steam explosion SGTR: steam gencrator tube

rupture

Figure 3.5. Final influence diagram.
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Figure 3.6. Simplified influence diagram.
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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 [14], 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 [15]. 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 ter.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 wetwel! 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 the vent path without AC power should also be considered. The second
concern is the capacity of the injection system used for flooding. Approximately 1.5
million gallons of water are needed to fill the 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 | 18] suggests 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 venting 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 dependencics 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" (Sec 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> = Z Ci P
i=l

= C(ECF)P(ECFID)) + C(LM)P(LMIECF, D)
+ CUF)P(IFIECF,LM, Dj) + C(LCF)P(LCFIECF, LM,IF, Dj)
4.1

where i = ECF, LM, IF and LCF,
C;j = 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 strong 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 due 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

WCQ).

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 trec events are
arranged in a timely manner, i.e., the earlicr 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 arc shown above cach branch, In some branches, the
base case value is zero. These branches are kept for the sensitivity analysis
presented in Section 4.6. APB1 through APB10 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 the 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). The
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 [19]:

1) 2-in pipe from the 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,

4) 18-in drywell supply path, and

5) two 3-in drywell sump drain pipes.

In accident conditions, the 2-in lines will not be sufficient to prevent
containment pressure from increasing so the 6-in IL.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. To open the 6-inch ILRT path, a flange must be removed from
the line. Also, two motor-operated valves and two air-operated valves must be
opened locally, With a loss of power, motor-operated valves fail in an "as is"
position. These valves can still be 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. Due to drywell water clevation considerations, the 18-in
lines to the SGTS might be opened instead of the 6-in ILRT line.

NUREG 1150 analysis assigned a probability of successful wetwell venting for
SBO sequences as 0,1 because opening the valves of the veniing system nceds AC
power and is difficult to do in the harsh environment in the reactor building (i.e.,
radiation from fission products). Reference [19] gives a fault tree for containment
venting, Four failure mechanisms were considered: local equipment failure,
operator fails to vent, failure of instrument air system to provide air pressure, and
loss of power to vent valves. In case of loss of all AC power, local and manual
venting is necessary. In this case, only two factors are important for calculating
venting failure probability, i.e, local equipment 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-HW-SYSTM) is 1.0x10™ (1/demand)[19], and operator
fails to vent probability (PCV-XHE-FO-PCV) is 0.5 [22]. Using the above data, the
containment venting failure probability is .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 [19] is too large for the case of drywell flooding. The 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 [20]. 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, 1 hour 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 2x10°2 [21]. In this

analysis, operator failure probability is chosen as 2x10°%, and the containment
venting failure probability is then 0.02. This value is chosen as a realistic base 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 represents the probability of AC
power recovery between the time the core uncovers and the time of vessel breach,
For the BWR study, node R represents the probability of AC power recovery
between the time the core uncovers and the time the core slumps. The BWR analysts
assumed that after core slumping, recovery of 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
that diesel generators can not be recovered easily after their failure. Reference [12]
gives a Weibull distribution for non-recovery time of off-site AC power as follows:

f(t) = AB.B.t B-1 exp|-(At)B) (4.2)
where  A=1.1576, B=0.6396; and hence
PIT2t] =exp [-(M)p]. (4.3)

Hodge [22] has addressed the timing for a BWR 4 Mark II reactor shown in

Table 4.3 [22]. Since the Peach Bottom reactor is a BWR4, this result is assumed to
be valid for this analysis. According to the table, t;,, = 10.6 hr is the core uncovery

time and t.g = 12,3 hr is the core slump time,
In this case,the AC non-recovery (R) probability is calculated by

_ P [T2teg N T2tey]
P(R) =P [T2tl T 2te,) = P (:Igztcu ]CU
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PIT 2 tel
P T 2 tcy]

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 pressure at 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 surge 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 [23]: T1-PIBNUI I,
T1-BNUI11, and T1-BUIINU21 (Table 4.4). These sequences involve a station
blackout with or without one stuck open ADS valve and initially, successful
operation of HPCI or RCIC. 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 not 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 T1-PIBNUI11 consists of a stuck open ADS valve;
hence the probability of low reactor pressure is
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— = P(T1-P1BNUI11
P(RPIR) = ( 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 ft3 (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 been 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(WE) = 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 8.0x10" (1/hour),
which gives a fire pump failure-to-run probability of 8.0x1073 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 most likely result in a penetration failure. On the other hand,
if low-teinperature (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 that 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 thz 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 drywell. 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 IL

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 (0.1th, 50th, and 99.9th)
from each of the four experts and use the values of Z 999 = 3.08 and w; = 0.25 since

we have no information regarding the experts. Then, 6y = 0.599 and 0y, = 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:

_piz>InPs-6my _{ _glnPp-0
P [Pe2Pg] = P[22 Z=E=2m) =1 - O[22 (4.6)

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
Om = 0.3795 and wy, = 0.966 for high vessel pressure and 8y =-0.0113 and Wy =
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 the level of the lower head (35 feet) could be achieved
quickly enough, then the water in the drywell might in 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 failure and 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 probability. 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-1150.

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
probabilities in Table 4.16. are based on the Peach Bottom APET result [29].

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 CCl, 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 perform source term calculations, the results
are put into the PARTITION code, and then the MACCS code is used to perform a
consequence analysis, The results of MACCS, combined with frequency, are used in
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 fot 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 "APB1"
has the following characteristics: core damage occurs, vessel breach occurs,
containment failure time is early, containment failure location is wetwell, and
reactor pressure at the time of vessel breach is greater than 200 psia. Reference [ 23]
calculated the frequency of each "reduced"” bin contributing to all internal initiators
(Fig. 2.5 - 6 in Reference [23]). This information is used in Table 4.18 to calculate
the frequency of each accident progression bin, Table 5.1-1 in Reference [23] gives
the total risk due to internal initiators. The mean value is reproduced in Table 4.19.
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, onc can
obtain the risk induced by each accident progression bin.

Utilizing the concept that the risk of each bin is the product of frequency and
consequence of each bin, and combining the frequency information in Table 4.1%
and the risk information obtained above, the absolute consequence can be calculated
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 can
bypass the process of source term and consequence calculations. However, the
derivation of consequence in this manner averages the influence by different
internal initiators 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
successor nodes, However, in the influence diagram developed in 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 x;,..x7 are marked 1,...,7 for short. We can now write

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

P(x1,..,x7 )= P(x1) P(x2) P(x3 Ix},x2) P(x4 Ix3)
P(xs Ix4 ) P(x¢ Ixg ) P(x7 Ix4) (4.7)

Computing the marginal probability P(x;) would require summing P(x;,..X, )

over all 2"! 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) = ; \% ;\r P(VBIR,WC) P(WCICV) P(R) P(CV) (4.9)

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. 4.10. 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)
= » Y P(ECFHPME,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 containment 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(LCF! ECF,LM ,IF,VB,RP,WC)

= ¥ P(LCFICCLECF,LM,IF) P(CCIIVB,RP,WC) 4.11)

cal

The probability of LCF conditional on ECF,LM,IF,VB,RP, and WC is shown in
Table 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
(1.9><10'6 for PDSS) 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,
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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 as a 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
is assumed no flooding is performed without venting,

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,

¢) 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 consequerice, and

d) if water is effective in preventing vessel failure, flooding is clearly better than
do nothing.
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Table 4.1 Influence Diagram and Decision Tree Notation

Notation Descriptions
D Decision at the starting plant damage state (1.e., long term station blackout)

D: Do nothing different as analyzed in NUREG-1150
D: Flood the containment
vV Containment venting

CV: Venting fails, CV: Drywell is vented
R AC recovery before core slump from core uncovery

R: AC not recovered, R: AC recovered
RP Vessel pressure at vessel failure

RP: Vessel pressure is low, RP: Vessel pressure is high
WC Water reaches lower vessel head, 1.e., 35 feet above drywell floor

WC No water in the drywell
WC: Water reaches lower vessel head

VR Vessel tailure

VB: no vessel failure, VB: there is a vessel failure
HPME Hi%)hH pressure melt ejection which can cause a direct containment heating
(DCH)

HPME: there is no HPME, HPME: there is HPME
EVSE Large ex-vessel steam explosion

EVSE: no large ex-vessel steam explosion
EVSE: there is a large ex-vessel steam explosion

ECF Early containment failure

ECF : No early containment failure,
ECF: there is an early containment failure, early failure means
immediate or soon after vessel failure due to EVSE and/or HPME

IM Liner melt-through

LM: there is no liner melt-through. LLM: there is a liner mclt-through
IF Containment 1solation laiure

IF: there is no containment isolation failure,
IF: there is containment isolation failure
CCl Large core concrete interaction

CCI: there is no large CCI, CCI: there is a large CCI
LCF Late Containment overpressurization

LCF: no late over-pressurization failure,
LCF: there is a late over-pressurization, late failure means containment
overpressurization failure due to slow pressurization caused by CCI
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Table 4.2. The Conditional Probabilities for Drywell Venting

Decision (D) | P(CVle)*
W

Yes : Flood 0.98

No : No Flood 0.0

Table 4.3. Calculated Sequence of Events for BWR (Mark II)
Long-Term Station Blackout [22]

Event time(min)
Loss of AC power initiated scram 0.0
BWRSAR calculation initiated 630.0
Swollen water level falls below top of core 637.8
Relocation of core debris begins 736.7
Initial failure of bottom head penetrations 985.6
Molten debris from reactor vessel escaped 985.8

Table 4.4, Plant Damage States of Long Term Station Blackout (PDSS5) [23]

Accident Sequence | Frequency PDS vector Description
T1-BNU11 1.64x 1076 4-218-2-22-S- Loss of AC power,
22222-122 no stuck open ADS
T1-P1IBNUI11 1.31x 107 4-218-1-23-3- Loss of AC power,
22222-122 stuck open ADS
T1-BUI1NU21 1.25x 10°7 4-218-2-22-S- Loss of AC power,
22222-122 no stuck open ADS
PDS5 1.9x 10-6 4-218-2-22-X-
22222-122

Note: * denotes conditional probability given the conditions in the previous
columns
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Table 4.5 The Conditional Probabilities for Rzactor Pressure

AC recovery before Core Slumping (R) P(RPle)
Yes 0.0
No 0.93

Table 4,6 The Conditional Probabilities for Successful Flooding

Drywell Venting (CV) P(WCle)
Yes 0.93
No 0.0

Table 4.7 The Conditional Probabilities for Vessel Breach

AC recovery (R) Water in Drywell (WC) P(VBle)
Yes Yes 0.0
Yes , No 0.0
No Yes 0.4
No No 1.0

Table 4.8 The Conditional Probabilities for High Pressure Melt Ejection

Vessel Breach Reactor Pressure | Water in Drywell P(HPMEle)

SVBZ SRPz gWC!
No Any Yes or No 0.0

Yes Low Yes or No 0.0
Yes High Yes 0.0
Yes High No 0.8
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Table 4.9 The Conditional Probabilities for Ex-Vessel Steam Explosion

Vessel Breach (VB) Water in Drng:ll (WC) P(EVSEle)
Yes Yes 0.86
Yes No 0.0
No Yes 0.0
No No 0.0

Table 4.10 Expert Opinion Data for the Pressure Increase due to HPME

Pressure
Increase(bar)
Expert Weight 0.1 % 50 % 99.9 %
] 0.25 0.36 3.9 9.3
2 0.25 0.2 2.4 5.2
3 0.25 0.35 34 8.8
4 0.25 0.22 34 5.2

Table 4.11 Expert Opinion Data for the Pressure Increase due to Ex-Vessel

Steam Explosion on High Vessel Pressure

Pressure
Increase (bar)
Expert Weight 0.1 % 50 % 99.9 %
1 0.25 0.13 4.3 18.0
2 0.25 0.041 3.3 17.0
3 0.25 0.099 4.3 19.0
4 0.25 0.0091 3.1 18.0
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Explosion on Low Vessel Pressure

Table 4.12 Expert Opinion Data for the Pressure Increase due to Ex-Vessel Steam

Pressure
Increase (bar)
Expert Weight 0.1 % 50 % 99.9 %
1 0.25 0.13 2.9 17.0
2 0.25 6.0x10-4 2.4 20.0
3 0.25 4.9x10-2 2.9 17.0
4 0.25 4.8x10-3 2.4 17.0
Table 4.13 The conditional probabilities for ECF
" Steam Explosion HPME Vessel Pressure P(ECFle)
(EVSE) (RP)
No Yes Low 0.0
No Yes High 0.001
Yes No High 0.523
Yes No Low 0.523
No No Any 0.0
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Table 4.14 The Conditional Probabilities for Liner Melt-through

Early
Vessel Breach | Water in Vessel Containment | p(LMle)
(VB) drywell (WC) | Pressure (RP) | Failure (ECF)
SRR SRR B AR S S L e

No Any Any Any 0.0

Yes Any Any Yes 0.0

Yes No High No 0.79

Yes No Low No 0.50

Yes Yes High No 0.38

Yes Yes Low No 0.32

Table 4.15 The Conditional Probabilities for Containment Isolation Failure

Early Liner Melt-
Vessel Breach Drywell Containment through P(IFle)
(VB) Venting (CV) | Failure (ECF) (LM)
No Any Any Any 0.0
Yes No Any Any 0.0
Yes Yes Yes No 0.0
Yes No No Yes 0.0
Yes Yes No No 1.0
Table 4.16 The Conditional Probabilities for
the Occurrence of Core-Concrete Interaction
Vessel Breach Vessel Pressure | Water in Drywell [ p(CClle)

(VB) (RP) (WC)
0.0

' No Any Any
Yes High No 1.0
Yes Low No 1.0
Yes High Yes 0.28
Yes Low Yes 0.84
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Table 4.17 The Conditional Probabilities for
Late Overpressurization Containment Failure

Early Isolation
CCl Containment | Liner Melt- | Containment | p(L.CFle)
Occurrence Failure through Faijlure
No Any Any Any 0.0
Yes Yes Any Any 0.0
Yes No Yes Any 0.0
Yes No No Yes 0.0
Yes No No No 1.0

Table 4.18 Frequency of "reduced" Accident Progression Bins (APBs) (23]

Bin name Description Fraction of CDF | Frequency (1/yr)
due to Internal
Initiators
APBI VB, early CF, WW
failure, RPV>200 0.022 9.55x108
psia at VB
APB2 VB, early CF, WW
failure, RPV<200 0.011 4,77x108
psia at VB
APB3 VB, early CF, DW
failure, RPV>200 0.341 1.48x10-6
psia at VB
APB4 VB, early CF, DW
failure, RPV<200 0.183 7.94x107
psia at VB
APBS VB, late CF, WW
failure 0.003 1.30x10%
APB6 VB, late CF, DW
failure 0.047 2.04x107
APB7 VB, Vent 0.110 4.77%10°7
APBS8 VB, no CF 0.184 7.99x10°7
APBR9 No VB 0.089 3.86x107
APB10 No CD 0.010 4.34x10*
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Table 4.19. Annual Risk At Peach Bottom [23]

Risk Measure Core Damage Early Late Cancer
(1/yr) Fatality(#/yr) Fatality (#/yr)
Mean Value 4.34x106 2.6x108 4.6x10-3

Table 4.20. Fractional APB contributions (%) to Risk (FCMR) [23]

APBs Early Fatality Latent Cancer Fatality
APBI 0.24 0.96
APB2 0.12 0.45
APB3 64.2 67.1
APB4 28.2 23.6
APBS 0.0 0.1
APB6 1.8 1.5
APB7 5.3 5.9
APB8 0.0 0.0
APB9 0.22 0.37
APB10 0.0 0.0
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Table 4.21 Consequence of APBs

Bin name Description Early Fatality Late Cancer
Fatality
APBI1 VB, early CF, WW 6.54x10-4 463.0
failure, RPV>200
psia at VB
APB2 VB, early CF, WW 6.54x104 433.6
failure, RPV<200
psia at VB
APB3 VB, early CF, DW 1.13x102 2086.0
failure, RPV>200
psia at VB
APB4 VB, early CF, DW 9.23x103 1367.0
failure, RPV<200
psia at VB
APBS VB, late CF, WW 0.0 353.0
failure
APB6 VB, late CF, DW 2.29x10-3 338.3
failure
APB7 VB, Vent 2.89x1073 568.5
APBS VB, no CF 0.0 0.0
APB9 No VB 1.48x104 44.0
APB10 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(ECFle)
VB RP WC
No Any Any 0.0
Yes High Yes 0.45
Yes High No 0.0008
Yes Low Yes 0.45
Yes Low No 0.0
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 No 1.0
Yes Low Yes No No No 0.84
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 Floodin Do Nothin % change
Vessel Failure 2.81x10°! 6.20x10-! - 55*
Early Containment failure

at high vessel pressure 9.46x10-2 4.61x10 2.5x 10%*
Early Containment failure

at low vessel pressure 7.12x103 0.00 N/A
Liner Melt-through at

high vessel pressure 8.43x10-2 4.56x10°! - 82%
Liner Melt-through at

low vessel pressure 4,71x103 2.17x102 - 78*
Isolation Failure 8.74x10-2 0.00 N/A
Late Overpressurization

Containment Failure 2.85x10°3 1.43x10°! - 98*

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

Description Floodin Do Nothin % change
P(ECF,RPIVB) 3.37x10°! 7.44x104 4.5x104*
P(ECF,RPIVB) 2.53x10-2 0.0 N/A
P(LM,RPIVB) 3.00x10"! 7.35x10°! -5Q**
P(LM,RPIVB) 1.68x10-2 3.50x10-2 -§2%*
P(IFIVB) 3.11x10°! 0.0 N/A
P(LCFIVB) 1.01x102 2.30x10°! -96**
Total 1.00 1.00
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
Decision Expected Early Fatalities | Expected Late Fatalities
Flooding 2.390x10-3 4.400x102
Do Nothing 5.676x10-3 1.028x103
Reduction (%) 58 57
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Table 4.27 NUREG-1150 Long Term Station Blackout Result [23]

Core Damage | Early Fatality | Latent Cancer
Frequency , ___Fatality

Mean Risk Due to| 4.3x10(1/yr) 2.6x10°8 4.6x10°3
Internal (fatality/yr) (fatality/yr)
Initiators(1)
SBO-LT (PDSS5)
Contribution 434 45.2 57.0
Percentage(2)
Risk Measure of| 1.9x10°%(1/yr) 1.2x10°® 2.6x10°?
PDS5(3)=(1)x(2)/ (fatality/yr) (fatality/yr)
100

Table 4.28 Comparison of Do Nothing Risk Result with
NUREG-1150 SBO-LT Risk (PDSS5 = 1.9x106/yr)

Early Cancer Fatality Latent Cancer Fatality
(fatality/yr) (fatality/yr)
NUREG-1150 1.2x10°8 2.6x103
Do Nothing Subtree 1.1x10°8 2.0x10°
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Table 4.29 Results for BWR Bounding Calculation

Probability Early Fatality Late Fatality
P(CV) |P(WC |P(VBR, |Do Flood Do Flood
ICV) WC) Nothing Nothing ,
1.0 1.0 0.0 5.68x103 0 1028 0.0
1.0 1.0 1.0 5.68x%10-3 | 5.16%103 1028 951
1.0 0.0 0.0 5.68%10°3 | 5.76x103 1028 1061
1.0 0.0 1.0 5.68%103 | 5.76x103 1028 1061
0.0 1.0 0.0 568%103 | 5.68%103 1028 1028
0.0 1.0 1.0 5.68%103 | 5.68%103 1028 1028
0.0 0.0 0.0 5.68%10°3 | 5.68x10°3 1028 1028
0.0 0.0 1.0 5.68x10-3 | 5.68x%103 1028 1028
Note: P(CV): Probability of a successful drywell venting.

P(WCICV): Probability of the presence of water in a drywell given a drywell venting.

P(VBIR ,WC): Probability of the vessel failure given non-recovery of AC power and
the presence of water surrounding a lower vessel head. ‘
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Consequence Measures
(Early and Late Cancer
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Fig.4.1 The construction and expansion of the influence diagram for BWR Drywell
Flooding
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Figure 43 (c) Decision Tree For Drywell Flooding (Continued)
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Drywell
Venting
Failure
@
Local Operators
uipment Fail to
Failure Vent

O O

PCV-SYS-HW-SYSTM PCV-XHE-FO-PCV
PCV-SYS-HW-SYSTM: 10  (1/demand)
PCV-XHE-FO-PCV: 0.02 (1/demand)

Fig. 4.4 Fault Tree For Drywell Venting
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Fire Pump
Fail to
Flood

Fire Diesel
Pump out for
Maintenance

O

FWS-DDP-MA-DDPA

Hardware
Failure

Fire Diesel
Pump Fail
to Start

FWS-DDP-FS-DDPA

Fire Diesel
Pump Fail
to Run

=

FWS-DDP-FR--DDPA

PWS-DDP-MA-DDPA: 0.01 (1/demand)
FWS-DDP-FS-DDPA:  0.03 (1/demand)
FWS-DDP-FR-DDPA:  0.0008 (1/hour)

OER: 0.02 (1/demand)

Fig. 4.5 Fault Tree For Drywell Flooding
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Recirculation Pump Upper Structure R
Suction Nozzle & T \ !: 2

—Trapped Air

Subcooled
Water

— o — — -

Vessel Support Skirt Reactor Vessel Lower Head

Qgenp = Heat Generation in the Pool

Qu = Heat Transfer to the Top of the Pool

Qg = Heat Transfer to the Lower Part of the Pool

Q. = Heat Transfer to the Dry Wall of the Vessel Lower Head
Qi = Heat Transfer to the Baffle Plate

Q. = Heat Transfer to the Core Shroud

Q; = 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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Mayinger et al's Correlation. [28]
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Fig.4.9. A Directed Network
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llapsed Influence Diagram for Drywell Flooding Strategy
on Peach Bottom LT-SBO Sequences
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Figure 4.11 Probability Distribution of APBs for BWR Decision Tree
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8. EVALUATION OF INFLUENCE DIAGRAMS

S.1 Basic Rules

In general, once constructed, influence diagrams can be quantified and solved
in order to evaluate decision strategies. Solving the influence diagram means to
compute the expected values associated with the attributes of the value node,
given the possible decisions. Computation of probabilities in the influence
disgram is straightforward, although it is sometimes inefficient. Inefficiency of
computation results from evidence variables which represents one of two kinds of
chance variables (parameter variables being the other) [34,35]. A parameter
variable in any model corresponds to a random variable denoted by a chance
node, while an evidence variable (which may be represented by a shaded node for
convenience) is relevant to observed or experimental evidence. This evidence
introduces minor complications in the evaluation. The basic operations for
evaluating influence diagrams containing these two kinds of chance variables have
been developed [34,35,36) and are summarized as follows.

(1) Arc reversal. Given an influence diagram containing an arc from a chance
node X to another node Y, but with no other directed path from X to Y, this arc
can be reversed to point from Y to X. In the modified diagram, both X and Y
inherit each other's conditional predecessors.

(2) Sink node removal. Any node in the influence diagram can be converted into
a sink node by a suitable sequence of arc reversal operations. A chance node that
has no successors can be eliminated.

(3) Chance node removal. Two nodes with a directed arc from X to Y can be
replaced by a single node. The condition for this operation is that Y must be the
only successor of X.

(4) Decision node removal. A decision node is removed by optimization, i.e., by
5.1



selecting the decision alternative that maximizes (minimizes) the expected value.

An example, the objective of which is to calculate P(Y/X), employing these
operations, is illustrated in Figure 5.1. In this example, X and Y are
conditionally independent given Z. The probabilities P(X/Z), P(Y/Z), and P(Z)
are given. The diagram of Figure 5.1b follows from the reversal of the arc
[Z,X) in Figure S.1a, where there is only one directed path between X and Z.
These two diagrams (Figures 5.1a and 5.1b) are equivalent. Then, the theorem
of total probability for P(X) can be used, i.e.,

P(X) = Z, P(X/2)P(2) (5.1)

and from Bayes' theorem, P(Z/X) is obtained,

P(X/2)P(2)
5.2
X,P(X/2)P(2) ¢2)

P(Z/X) =

where Z7 is the sum over all possible values of Z.

Figure S.1c is the final influence diagram. Thus, the conditional probability
of Y given X is calculated using the operation of chance node removal, i.e.,

P(Y/X) = Z, P(YZ)P(Z/X) (5.3)

where the equality holds, because Z has only one successor,Y, as shown in Figure
5.1b,

The sink node removal operation is also demonstrated in the same example.
The arc [Z,Y] of Fig. 5.1b is reversed (Fig. 5.1d). Here we need to add arc
[X.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 probability P(Z/X,Y) as follows:
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P(Y/2)P(2/X)
Z,P(Y/2)P(Z/X)

PZXY) = (5.4)

In order to show how these operations are applied, an example associated
with a used car buyer is made as foilows. The buyer can decide whether or not
1o buy a used car. There are two choices, D (Do not buy) and B (Buy). The car
can be of either good quality, or bad quality. It is assumed the the buyer knows
from experience that the chance of good quality is 0.7, and of poor quality 0.3.

There is an intimate friend of the decision maker, who is a mechanic. The
mechanic checks the quality of the car for his friend without cost. If the car is of
good quality, there is 0.7 probability that the mechanic will recognize it (or say
"good"), there is 0.2 probability that he will say "so-so (medium)”, and there is
0.1 probability that he will say "poor". If the car is of poor quality, the
probabilities of the mechanic recognizing it as good, medium, and poor are 0.18,
0.25, and 0.6, respectively. We shall assume the buyer's objective is to maximize
the expected satisfaction value.

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 O if the car is
of poor quality and he buys it. The rest are 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.

The equivalent influence diagram is shown in Figure 5.2a, where node TR
and Q represent the mechanic's judgement and the condition of the car,
respectively. The influence diagram operations described above are shown in
Figure 5.2b - 5.2e. Since node Q has two successors, the operation of chance
node removal cannot be applied. In order to reduce two successors to one
successor, the operation of arc reversal is applied. Since the influence diagram
contains an arc from the chance node Q to another node TR, but with no other
directed path from Q to TR, the operation of arc reversal can be applied using
Eqn. (5.2), as presented in Figure 5.2b. Then using Eqn. (5.3), node Q 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 Qp =event "the car is good"
Q, = event "the car is poor"
TR = event "the mechanic judged the car is good"
TR, = event "the mechanic judged the car is medium”
TR3 = event "the mechanic judged the car is poor".
D; =D = Decision not to buy the car
D, = B = Decision to buy the car.

Then
P(Q;)=0.70 P(Q,) =0.30
P(TR{/Qq)=0.70 P(TR;/Qp) =0.15
P(TR,5/Q;)=0.20 P(TRy/Qj) =0.25
P(TR3/Q1)=0.10 P(TR3/Q,) =0.6

Probabilistic notation for the value is;

V(D] /Qp) =20 V(Dy/Qp) = 100
V(D / Q) =70 V(Dy/Qp) =0

In order to find P(TR;) associated with Figure 5.2b, arc reversal operation is

applied as follows;
From the definition of joint probablity

P(TR;) = P(TR;, Q) + P(TR;, Q;)

Using the Bayes' theorem
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P(TR;) = P(TR| / Qp) P(Q)+ P(TR; / Q2) P(Qp)
=0.7x0.7+0.15x0.3 =0.535
Similarly,

P(TR,) = P(TR / Qp) P(Q))+ P(TR2 / Q) P(Qy)
=0.2x0.7+0.25x03=0.215

P(TR3) = P(TR3 / Q) P(Q )+ P(TR3/ Q) P(Q))
=0.1 x0.7 + 0.60 x 0.3 = 0.250

And to find P( Q; / TR:), the Bayes' theorem is applied again.
j i

P(Qp) P(TR; / Q;)
P(Q;/ TR =—p(TR;)

0.7x0.7
P(Q;/ TR} =g 535 =092

0.7x0.2
P( Q;/ TR») ="0215 = 0.65

0.7x0.1
P(Qp/TR3) =555 =028

0.3x0.15
P(Qp/ TRy) =—"g535 = 0.08

0.3 x 0.25
P(Qy/ TRy) =g g5 = 0.35

0.3 x 0.6
P(Qy/ TR3) =595 = 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(Dy/ TRy), V(D;/ TRp), V(D;/ TR3), V(Dy/ TRy),
V(Dy/ TR3),V(Dy / TR3).

Using Eq. (5.3)

2

V(D /TRy) = Y, V(Dy/ Q;) P(Qy/ TRy)
i=1

=20x 092+ 70x0.08 =24

2

V(D; /TRy = Y, V(D1/ Q)) P(Qj/ TRp)
i=1

=20x 0.65+ 70 x 0.35 = 38

.
V(D; /TR3) = Y, V(D1/ Q;) P(Qj/ TR3)
i=1

=20x 0.28 +70x0.72 = 56

2
V(Dy/TRy) = Y, V(Dy/ Q;) P(Qy/ TR})
i=1

=100 x 0.92=92

2
V(Dy/TRy) = Y, V(Dy/ Q;) P(Qj/ TRp)
i=1

=100 x 0.65 = 65

2
V(Dy/TR3) = Y. V(Dy/ Q;) P(Qj/ TR3)
i=1

=100 x 0.28 = 28

Hence,
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if TR{ occurs, it is Dy, "Buy"
if TR, occurs, it is Dy, "Buy"
if TR occurs, it is Dy, "Do 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 alternate 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, [X1,X2,X3  ,Xp], 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,Xp)..P(Xn/X{ X2, Xn.1).  (55)

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, suppose that we wish to compute P(A). Then, the calculation
proceeds as follows:

P(A) = Zy-P(AB,C)
= X cP(A/B,C) P(C/B) P(B)
= Zy cP(AB,C) P(C) P(B) (5.6)

where Ip o is the sum over all possible values of B and C. Clearly, the same

expression would have been obtained, if we had used the other ordered list of the
nodes. It is important that the conditional probability P(A/B,C) be assessed in
terms of its direct predecessor nodes.

For the case with dependence between nodes B and C (Figure 5.4b), the only
ordered list is [B,C,A]. In the same manner as before we get

P(A) =XgP(A,B,C)
= X ;P(A/B,C) P(C/B) P(B) (5.7)

where Zg . is the sum over all possible values of B and C.

5.2 Application to Vessel Breach

As a further example, 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 (water in the cavity), CDA (core damage
arrest), and RP (RCS pressure at vessel breach). Since node VB is considered as
the target event, 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 1.0. Given that the
vessel fails, it is assumed that the vessel will fail by either a penetration failure
leading to high pressure melt ejection (HPME) 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 failure is assured. The split fraction regarding the
mode of vessel failure was taken from Reference 4. Case 4 is similar to case 2
except that the RCS is at low pressure. The probability of no vessel failure is
assumed to be 0.1, Case 5 is also similar to case 3. Since the RCS pressure is
low, the probability of HPME is 0.0.

Since each predecessor of the node VB have a successor into that node (node
VB), the operation of arc reversal is not required. For a single decision
problem, the operation of 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) = Zyyc esaraHsr.pap.coa P(VB / CDARP,RHSF,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)
= Zvc.esaTRHsFA.RP.coa P(VB / CDARP,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.

5.10



@ /® rOCZ)

> Olks
N
PE) YD)

(c) POO)

P(YIX)

@

9,

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

P(YIX)



(a) Are ;woww ‘®

D

(b)
TR -

Chance Node Removal
D

Decision Node Removal

(<>
RO
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Figure 5.5, Evaluating the influence diagram up to node VB.
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Table 3.1

Conditional probability for node VB

CASE CDA RP wC P(no VB) P(HPME) P(BH)
1 yes - . 1.0 0.0 0.0
2 no high yes 00 08 05
3 no high no 0.0 079 021
4 no low yes TH 0.0 09
] no low no 0.0 0.0 1.0

Note: The underlined values are discussed in Chapter 3. The rest are taken from Ref. [8].

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

wC R RP P(no VB) P(HPME) P(BH)
yes yes high 0.90 0.05 0.0$
" " low 091 0.0 0.09
" no high 0.0 0.5 0.5

" " low 0.1 0.0 09

no yes high 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
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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 operators
must diagnose the plant state using all of the available information, including
instrumentation readings, direct observations and other aids, as well as their own
knowledge base. They must then decide on an appropriate action among several
possibilities, undertake that action and then see if that action has the desired effect
on the state of the plant, This is an ongoing process, and will continue until the
operators 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 diffcrent effect on the plant when
considered together than would be apparent if they are evaluated separately. As
mentioned in Chapter 3, 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
greater if it is performed in conjunction with primary system depressurization.

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
the next, uncertainty is involved. 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 fraction 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 trecall 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 HQ1 and HQ2

These nodes model whether or not the strategies are successfully
implemented. Node HQI is associated with both cavity flooding and
depressurization, and depends on the output state of the decision node D1. Node
HQ?2 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 [37], a
shortened version of THERP [11], 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 [38]), 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 1s
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 diagnosis part of the
ASEP procedure. The HEPs calculated by this procedure usually ignore the
possibility that the operators would hesitate to initiate the action 1 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 [39]
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,
core damage is imminent 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 HQ?2 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 [37], and are shown in Tables 6.1 and 6.2.

Node R

As described in Chapter 3, Node R represents whether or not ac power is
recovered before vessel failure. There is both stochastic variability and state-of-
knowledge uncertainty associated with the timing of ac power recovery. The
time to recover ac power can be modeled as a random variable with a probability
density f(t/©), where © are parameters which are themselves unknown and whose
uncertainty can be described by a state-of-knowledge distribution n(©). If actual
loss off off-site power events are used as evidence, n(©) can be obtained via
Bayesian updating, as shown in [12].

For simplicity, the time to recover ac power is modeled in this analysis as an
exponential distribution, i.e.

frac(t) = Ae-At (6.1

where 1/A is the mean time to recover off-site power. The distribution
representing the uncertainty in A, n()), is obtained via Bayes’ Theorem, i.e.

r(A) = kno(A)Ane-AZiti 6.2)

where ng(A) is the prior distribution of A, n is the number of loss of off-site
power events, tj is the time at which ac power is recovered for the ith event, and
k is the normalization constant. Reference [12] provides the time to recovery of
AC power of 63 recorded incidents of loss of off-site power at nuclear power
plants. If the prior distribution of A is taken to be non-informative, i.e. no(A) = 1,
then the posterior distribution of A is

n(A) = (1.43E33)A63e-76.22 (6.3)
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Therefore, given A and the time of core uncovery and vessel failure, the
probability of AC power recovery before vessel failure, given that it was not
recovered before core uncovery, is

P(R/A) = (e-ATeu . e-ATvr)/(e-ATcu) (6.4)

where Tcu is the time of core uncovery and Tvr is the time of vessel failure.
These times are themselves uncertain, but in keeping with previous PRAs and
other analyses, a best estimate is used. These estimates are discused in Chapter 3.

Node CDA

As described in Chapter 3, Node CDA represents whether or not core damage
is arrested given that feed-and-bleed cooling of the core is initiated before vessel
failure. Even if ac power is recovered on time and primary system feed-and-
bleed is successfully initiated, there is still a chance that the in-vessel debris will
not be in a coolable configuration and the vessel will fail anyway. In [8], the
state-of-knowledge uncertainty in the probability that the core is in a coolable
configuration is somewhat arbitrarily modeled as a uniform distribution from 0.8
to 1.0. Due to a lack of information, these values are used in this analysis and the
distribution is given in Table 6.3.

Node RP

Chance Node RP represents the RCS pressure when the vessel fails. This node
has two output states: high pressure (> 200 psia) or low pressure (< 200 psia) and
depends on whether or not the RCS is depressurized by the operators (node D1,
nodes HQ1 and R), whether or not a hot leg or surge line failure has occurred
(node HSF) and whether or not a steam generator tube rupture has 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 uncertainty as to the pressure at vessel failure if an SGTR
occurs. Therefore, since this is purely a state-of-knowledge uncertainty, it is
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expresed as a split fraction over the states of high and low pressure. These split
fractions are given in Table 6.4.

Node HSF

As described in Chapter 3, Node HSF represents whether or ot a temperature
induced hot leg or surge line failure occurs during the initial stages of core
degredation. It depends on whether or not the RCS is depressurized by the
operators (node D1, nodes HQ1), and whether or not an SGTR occurs (node
SGTR) before hot leg or surge line failure.

If the RCS is depressurized by the operators, the probability of a hot leg or
surge line failure during the early stages of core degredation is 0.0, although it
could fail during the later stages when the RCS pressure is low anyway. If a-
steam generator tube rupture only occurs, the probability of a hot leg or surge
line failure subsequently occurring is uncertain. The state-of-knowledge
distribution for 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
probability that this is a deterministic process, i.e., the probability of a surge line
or hot leg failure may be 0.0 or 1.0. If there is no intentional depressurization of
the RCS, and no occurrence of an SGTR, the probability of a hot leg or surge
line failure occurring is again uncertain. The state-of-knowledge distribution for
the probability in this case is shown in Table 6.5 and can also be found in [13].

Node SGTR

As in Chapter 3, this node represents the occurrence of a temperature induced
steam generator tube 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 probability of 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 DI,
nodes HQ1 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(Teu) (6.5)
where Frac(t) is the cumulative distribution for the recovery of off-site power

(given I) and T 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 1, it is uncertain as to whether or not
the presence of water around the vessel lower head will ultimately prevent vessel
failure. Calculations described 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 that vessel 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
vessel, The split fractions 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 Chapter 3, this node represents the 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 fraction as thuse given in Chapter 3, which are shown in Table 6.10.

Node EVSE

This node represents whether or not an ex-vessel steam explosion occurs. It
depends on whether or not there is water in the cavity when the vessel fails (node
D1, nodes HQ1 and R), and if the vessel fails (node VB). Since this is a stochastic
process, there is a probability for the occurrence of an ex-vessel steam explosion,
which is highly uncertain. The state-of-knowledge distribution for this
probability is taken to be a uniform distribution from the values of 0.1 to 0.9, as
was done in [8). This is somewhat arbitrary, but for lack of anything better the
same is done here. The state of knowledge parameters regarding EVSE are
shown in Table 6.11.

Node DCH

This is a deterministic node (a double circle) in that it strictly depends on the
output of node VB. It represents the occurence of direct containment heating
phenomena. If the vessel fails via a penetration at high pressure (a high pressure
melt ejection), then node DCH is true, otherwise it 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 cxplosion 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 D1, HQI, 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 probability of early containment failure is 1.0. The
values for this node are presented in Table 6.12. Note that the nodes ECF, VHS
and DCH have been absorbed into node ECF, as was done in Chapter 3, and so
are not shown in the table,

6.2.3 Value Node.

In Chapter 3, public risk (early fatalities and latent cancer fatalitics) 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 the assessment described in this and the following chapter, node ECF is used
as the value node (it is a chance node in the influence diagram described in
Chapter 3). The eight decision alternatives are evaluated with respect to the
change in the conditional probability of early containment failure (ECF). This
does not consider the adverse effect of a late steam generator tube rupture. In
order to do that, a value model would have to be constructed that relates the
impact of a steam generator tube rupture to that of early containment failure,
which is outside the scope of this project. However, this will be investigated to
some extent through sensitivity studies presented in Chapter 7.
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Table 6.1

Conditional probabilities for node HQ1 .

Case Distribution P(success)
Dl Tym mean | 5% | 9.:&
flood lognormal | 0,73 | 0.55 | 0.99
depressurize | lognormal | 091 | 0.68 | 0.99
both lognormal | 0.67 | 0.0 | 0.98
do nothing none 0.0 o -
Table 6.2

Conditional probabilities for node HQ2 .

615

Case Distribution P(success)

D2 R | ™ [mean] s% | 95%
feed-and-bleed | yes | lognormal | 0.91 | 0.67 | 0.99
feed-and-bleed | no none 0.0 - .

do nothing none 0.0 - -
Table 6.3
Conditional probabilities for node CDA
Case | Distribution P(CDA)
HQI TyPe  Trcan] 5% [95%
success uniform 0.9 10.8110.99
failure none 0.0 - -




Conditional probabilities for node RP

Table 6.4

Case Distribution RP
DI THOLTESE] R Ts6tR] 7 [Foam | paow
flood - | yes - - none 0.0 1.0
flood . no | yes - none 0.0 1.0
flood - no | no | yes discrete 0.67 0.33
flood - no | no | no none 1.0 0.0
dep. | yes| yes| - - none C. 1.0
dep, yes no yes - none 0.0 1.0
dep. | yes | mo | 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 | hv | no | yes discrete 0.67 0.33
dep. no | N0 | no | no none 1.0 0.0
both | yes | yes [ - - none 0.0 1.0
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 | N0 | no | no none 1.0 0.0
do nothing| no | yes | - - none 0.0 1.0
do nothing| no | no |yes - none 0.0 1.0
do nothingl no | no | no | yes discrete 0.67 0.33
do nothingl no | N0 | no | no none 1.0 0.0
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Table 6.5
Conditional probabilities for node HSF

Case Distribution P(HSF)

DI_| HOL | SGTR] "™ [mean] 5% [95%
flood - yes | expert opinion 10.022] 0.0 |0.10
flood - no expert opinion {0.76 | 0.0 | 1.0

| _dep. _[success - none 00 | - -
dep. |failure | Yes kxpert opinion §0.022! 0.0 10.10

| _dep. [failure no Exgen oiinion 076100 110
both | success - none 00 | - -
both | failure yes  lexpert opinion }0.022] 0.0 }0.10 |
both | failure N0 lexpert opinion }0.76 | 0.0 | 1.0
nothing | failure | yes |expert opinion }0.022| 0.0 ]0.10
nothing | failure | no | expert opinion 00 1.0

Table 6.6

Conditional probabilities for node SGTR

Distribution
Type

P(SGTR)

mean{ 5% |95%

expert opinion |J0.014

0.0 10.093
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Table 6.7
Conditional probabilities for node VB

Case Distribution VB
Type

D1 {HQ1| AM |CDA] R | RP HPME | BH None
- - | yes | - - - none 0.0 0.0 1.0
- . no | yes | - - none 0.0 0.0 1.0
flood| succ.] m0 | no | no | high| discrete 0.45 0.45 0.1
flood| succ.| no | no - low| discrete 0.0 0.9 0.1
flood| fail | no | no | yes | low | discrete 0.0 0.5 0.5
flood| fail | no | no | no Ahigh discrete 0.8 0.2 0.0
flood| fail | no | no | no | low none 0.0 1.0 0.0
dep.| - |[no [ no | yes |low | discrete 0.0 0.5 0.5
dep.| - |no |no | no |high| discrete 0.8 0.0 0.0
dep.| - |no |no | no | low none 0.0 1.0 0.0
both {succ.| no | no | NO | high| discrete 0.45 0.45 0.1
oth |succ.| no | no - | low | discrete 0.0 09 0.1
both {fail | no | no | ves |low | discrete 0.0 0.5 0.5
bhoth [ fail | no | no | no |high | discrete 0.8 0.2 0.0
hoth [ fail | no | no | no | low none 0.0 1.0 0.0
onoth fail { no | no | yes | low discrete 0.0 0.5 0.5
o noth fail [ no | no | no |high | discrete 0.8 0.2 0.0
o 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

Case | Distribution P(AM)
CDA| RP | TYP¢
yes degenerate | 0.0
no |high|] discrete |8.0E-4
no | low discrete 8.0E-3

Table 6.9

Conditional probabilities for node CFE

Distribution CFE
Type . ’
ngh Medium| low
disctere 0.2 0.55 |0.25

Table 6.10
Conditional probabilities for node VHS
Case | Distribution VHS
VB Type large small
none irrelevant - -
PF disctere 0.1 0.9
BH none 1.0 0.0
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Table 6.11
Conditional probabilities for node EVSE

Case Distribution P(EVSE)

DI | HOL [ R [VB| P [mecan] 5% [95%
- - - no none 0.0 - -

- failure | yes | yes | uniform 0.5 10.14 {0.86

- failure | no | yes none 0.0 - -
flood |success | - | yes uniform 0.5 10.14 10.86
dep. |success | yes | yes | uniform 0.5 10.14 10.86
dep. [success | no | yes none 0.0 - -
both |success | - | yes | uniform 0.5 10.14 {0.86
[do nothing - yes | yes | uniform 0.5 10.1410.86
do nothing] - no | yes none 0.0 - -
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Table 6.12
Conditional probabilities for node ECF

Case P(ECF)
AM DI HQI | R | VB | EVSE | mean |5%[95%.
L_VYes - - - - - ]
No Flood M - iPME [ Yes [0.01 Q
" ’ ’ - ’ N Jo -
- BH Yes 1001
: - - No 0
Fajl Yes |HPME - -
; No ! - 0.0281 0
. Yes RH Yes 001
No ; No 0
DepressurizelSucceed |Yes Yes 001
. No Q
Fail HPME - -
! No ) - 0,028
Yesg BH Yes 0.01
. : No Q
Both Succeed - HPME Yes 0.01
. - i No 0
- BH Yes 001
- . No 0]
Fail Yes HPME - -
" No ' - 0.028
Y BH Yes 1l 001
: Na 0
Nothing Yes | HPMF = -
. No ! - 0.028
Yes| BH Yes 0.01
" " No 0
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R D2 HQ2 VHS VS

D1 HQ1 RP CDA VB

SGTR HSF CFE AM

EVSE: Ex-vessel steam explosion

AM: Alpha mode failure
P HQ: Human reliability and hardware

VB: Vessel breach

CDA: Core damage arrested avaialbility
. i i HSF: Hot leg or surge line failure
: t

CEE: Sore fractian ejected R: AC power recovered before VB

DCH: Direct containment heating

D1: (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 regarding the 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
numerical criterion to the eight decision altenatives through the chance nodes of
the decision model, which are intended to represent the possible ways the accident
sequence might progress, given the decision alternative and initial conditions.
The occurrence of various events and the values of parameters modeled by the
chance nodes may be highly uncertain. How this uncertainty is characterized and
propagated through the decision model depends on the type of uncertainty being
considered.

Results of the following calculations are also described in 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 preferred best 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 uncertainty in 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
reduction in the variance in the output distribution of the Value.

7.2 Types of Uncertainty

As discussed in Chapter 6.1, two basic types of uncertainty are considered
here: that due to stochastic variability and that due to inadequate knowledge or
data (state-of-knowledge uncertainty). Some of the chance nodes in the influence
diagrams describing severe accident management represent phenomenological
events that are deterministic in nature, i.e., they will always occur or never occur
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 probability of 1.0) or
never occur (with a probability of 0.0).

A few nodes, however, represent phenomenological events that are stochastic
in nature, i.e. they will occur with a rate of occurrence A, but, due to inadequate
data, the value of A 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
described by a distribution 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

stochastic variability.
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Sometimes the distinction between a deterministic event and a stochastic event
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
distribution that characterizes the uncertainty associated with this event reflects
this, in that there is a finite probability that it would never occur or always occur.

7.3 Analysis

The evaluation of the strategies modeled by the influence diagram described
in the previous chapter involves four different types of analysis, each of which
provides different information. The first is a best estimate assessment, which
involves evaluating the influence diagram with the best estimate values of the
variables for inputs, as was done in Chapter 3. For distributed variables, the best
estimate is their mean values. This analysis results in a ranking of the decision
alternatives with respect to the expected value of the output of 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 x,.. ,Xp, i.e.

y =f(xlv"’xn)v (7.1)

and if x0 = (x0,...,x,0) represents the base case, or best estimate case, then the
partial derivative sensitivity measures are
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|dy/0x1]1x0,...,[dy/0Xn]x0. (7.2)

These sensitivities represent the slopes of the tangents to the response surface at
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 rcasonable 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
their impact on the output, in this case the conditional probability of early
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 others 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. There are several methods developed for
the propagation of uncertainty; the method employed here is Monte Carlo
Simulation. How each variable is sampled is determined by what kind of
uncertainty is associated with it. Deterministic variables are sampled zero-one.
This means that every sample observation contains either the value of 0.0 or the
value of 1.0 for the occurrence probability of 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
uncertainty about the occurrence of the event in question. For nodes that model
stochastic events, the continuous distribution of the occurrence frequency of the
event in question is sampled. Every sample observation then results in a point
value of the event occurrence frequency. The influence diagram is evaluated for
every member of the sample, and results in a point value for the conditional
frequency of early containment failure for each decision alternative, for each
member. The sample set of these probabilities can be shown as a sample
distribution (one for each decision alternative), and can be ranked with respect to
the mean value of the output distribution (or the median) and the variance of the
output distributions.

The fourth type of analysis, uncertainty importance analysis, determines the
effect of changes in the input variable distributions on the output distribution.
Here, the uncertainty in each of the uncertain variables is reduced to zero, one at
a time , and the remaining distributions are propagated through 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
uncertainty input, whichever is more likely, according to the split fraction that
expresses our state-of-knowledge uncertainty. Given a decision alternative,
therefore, the uncertain variables can be ranked according to the reduction in 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 estimate values for the rates of occurrence
of the events modeled by the nodes of the influence diagram described in Section
III. As mentioned earlier, the best estimate values are the expected values of the
uncertainty distributions, and they are shown in Table 7.1, The distributions are
discussed in Chapter 6. The influence diagram shown in Figure 6.1 was
evaluated using these values, as described in Chapter 5, and the results are shown
in Table 7.2, for each of the eight decision alternatives. It can be seen that the
preferred decision alternative is A3, depressurize the primary system and initiate
feed-and-bleed cooling of the core, if and when AC power is recovered. The
next best alternative is Al, flood the reactor cavity and feed-and-bleed, and so on.

An important point to note is the fact that cavity flooding and primary system
depressurization are equally effective in preventing early contairinent failure due
to DCH, given that the strategies are successfully initiated. However,
depressurization is preferred over cavity flooding in the base case because the
depresurization strategy has a higher probability of being successfully initiated
and cavity flooding has the drawback of possible early containment failure due to
an ex-vessel steam explosion. They are both preferred over AS (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
frequency that either will be successfully initiated, and there is no benefit gained
in terms of preventing early containment failure.

The uncertain variables were ranked according to the partial derivative
measure of sensitivity described above, for the two preferred decision
alternatives: Al (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 Al are X9,
X16 and X8 (the a-mode failure probability at high RCS pressure).
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It can be seen from Figures 7.1 and 7.2 that X9 is by far the most important
in terms of its effect on the expected value of the frequency of early containment
failure. Furthermore, it appears that the variables related to the probability of
early containment failure have the most impact on the value of the output (given a
decision alternative).

For the second type of sensitivity analysis (nominal range sensitivity
analysis), in order to identify which variables are important in terms of changing
the preferred decision alternative, all nineteen of the uncertain variables were
varied over their plausible ranges. The uncertain variables are 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
containment failure for each decision alternative is shown as a function of the
value of the uncertain variable being studied. For most of the uncertain
variables, the relative ranking of the decision alternatives does not change. The
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 failure given no SGTR), X7 (the failure of vessel given water in the cavity,
low RCS pressure and no core damage arrest), X16 (early containment failure
due to ex-vessel steam explosion), X17 (early containment failure due to direct
containment heating given a high pressure melt ejection), X18 (high pressure
melt ejection given a dry cavity and high RCS pressure at vessel failure) and X19
(the RCS pressure is low at vessel failure given that RCS depressurization is
initiated by the operators). All of these variables actually 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) 1s between 0.0 and about 0.2, the preferred decision
alternative is A1 (flood and feed-and-bleed only), and if it is greater than 0.2, the
preferred decision alternative is A3 (depressurize and feed-and-bleed only). All
three of the preferred decision alternatives include feed-and bleed cooling of the
core, i.e. it is always better to feed-and-bleed, regardless of what other strategies
are initiated, and regardless of 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 Al is preferred over A3 is driven by how the value of X3 affects
the conditional frequency of ECF, given decision alternative Al 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 Al 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 Al. If there is a hot leg or surge line
failure and AC power is recovered, Al 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, Al 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 alternative. 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 alternatives 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 A1l 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 X19 (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 Al is preferred, but
above 0.25 AS (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 alternative. The ranking of the decision
alternatives with respect to the mean and the variance of the distributions is
shown in Table 7.3. Decision alternative 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 alternatives 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.
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Table 7.1 Base case values for node probabilities.

Base
Variable Case

Value
X1 | PHQ2) 0.91
X2 | P(HSF/SGTR) 0.022
X3 | P(HSF/no SGTR) 0.76
X4 | P(SGTR) 0.014
X5 P(EVSE / BH) 0.5
X6 | P(no VB /flood, high RP) 0.1
X7.| P(no VB/flood, low RP) 0.1
X8 | P(AM /high RP) 0.0008
X9 P(AM / low RP) 0.008
X10| P(high RP/SGTR) 0.67
X11| P(HQI /flood) 0.73
X12| P(HQI /depressurize) 0.91
X13| P(HQI /both) 0.67
X14 | P(CDA /HQ2) 0.9
X15| P(R) 0.51
X16 | P(ECF/EVSE) 0.01
X17 | P(ECF/DCH) 0.028
X18 | P(HPME /no flood, high RP) 079 |
X19 | P(high RP / depressurization) 0.0
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Table 7.2. Best estimate probability of early containment failure for

the base case.
Decision o
Alternative Description P(ECF) | Rank
Al flood only/ feed-and-bleed 6.34E-3| 2
A2 flood only / do nothing 1.1ISE2| 6
A3 depressurize only / feed-and-bleed 5.25E-31 1
Ad depressurize only / do nothing 1.04E-2| 5§
AS flood and depressurize / feed-and-bleed | 7.14E-3| 4
A6 flood and depressurize / do nothing 123E-2| 8
A7 do nothing / feed-and-bleed 6.89E-3] 3
A8 do nothing / do nothing 1.20E-2| 7
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Table 7.3. Expected value and standard deviation of the probability of early

containment failure
Expected
Decision | value of | Standard Rank
Altenative| P(ECF) | Deviation
Al 6.4E-3 0.056 2
A2 1.2E-2 0.095 6
A3 5.3E-3 0.053 1
A4 1.1E-2 0.093 5
AS 7.5E-3 0.065 4
A6 1.3E-2 0.100 8
A7 7.1E-3 0.058 3
A8 1.2E-2 0.092 7
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Table 7.4. Uncertainty importance ranking of input variables.

Zero-
Variable |Uncertainty
Variance

X9 0.015
X16 0.046
X17 0.046
X15 0.048
X1 0.049
X12 0.050
X14 0.050
X3 0.051
X5 0.051
X8 0.051
X18 0.051
X2 0.052
X4 0.052
X10 0.052
X13 0.053
X11 0.053
X6 0.053
X7 0.053
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Figure 7.3. ECF sensitivity to the probability that feed-and-bleed is
successfully implemented.
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Figure 7.7. ECF sensitivity to the probability that ex-vessel steam
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X17: P(ECF/DCH)
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Figure 7.19, ECF sensitivity to the probability that ECF dye to DCH occurs.
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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 uncertainties.
Influence Diagrams represent a valuable tool for examining and illuminating the
various interrelationships among the many factors involved. Decision Trees,
equivalent to the Influence Diagram, both represent a second way of illustrating
complex relationships and provide an automated tool for solving for the various
outcomes of the potential strategy.

It appears to be practical to propagate uncertainties through the Influence
Diagrams and Decision Trees, thereby providing much more information for 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,

The use of Influence Diagrams/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. The factors required include
feasibility, effectiveness and adverse effects. As a result of this requirement, a
more complete examination and evaluation of candidate accident management
strategies may result, and factors sometimes overlooked, such as spurious
information and errors of commission, may be identified and factored into the
assessment.

In this study, Influence Diagrams and Decision Trees have been used first to
examine two severe accident management strategies, PWR cavity flooding to
prevent vessel failure, and BWR drywell flooding to prevent vessel failure and/or
containment failure. A commercially available computer code called SUPERTRE
was used to quantify the Decision Tree, and a method for direct quantification of
the Influence Diagrams was developed in this study. Data and models relied
heavily on NUREG-1150, and on independent analyses by UCLA and other NRC
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 generator tube rupture versus surge
line failure, and the potential for 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 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.

For the BWR drywell flooding case, the major uncertainty is 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
concern even without a steam explosion. The steam explosion is only one of the
several competing mechanisms to fail the containment. The analysis shows that
flooding is favorable regardless of the conditional probability of early
containment failure given a steam explosion.

In addition to evaluating the single PWR cavity flooding strategy, a
combination of three strategies was assessed: 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; and initiating feed-and-bleed cooling of the core if
AC power is recovered before vessel failure in order to arrest core damage and
prevent vessel failure. As a result of this study, the following can be concluded.
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. In ranking the three strategies, taken singly or in combination, the
major uncertainties include the potential for direct containment heating, ex-vessel
steam explosions and hot leg or surge line failure due to natural circulation.

The highest ranked strategy, with respect to minimizing the probability of
early containment failure, is depressurization and feed-and-bleed cooling if AC
power is recovered. This is followed by cavity flooding and feed-and-bleed
cooling, and third ranked is feed-and-bleed cooling 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 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 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 uncertainty associated with the adverse effects.
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THERMAL CONSIDERATIONS
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EXECUTIVE SUMMARY

Flooding of the cavity of a Pressurized Water Reactor (PWR) and the
drywell of a Boiling Water Reactor (BWR) is one of many accident man-
agement strategies being proposed to manage severe accidents in light
water reactors. In this work the cffect 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 shell temperature,
pool temperature and the crust thickness for both unsteady state (PWR)
and steady state (PWR and BWR) conditions. For both cases, the ther-
mal 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), the core shroud (BWR) and the upper structure; and the
temperature of the upper structure, Steady state resnlts were obtained
by using two different heat transfer coefficients for the natural convection
in the molten pool. This was done to understand as to how uncertainties
in the modeling of a physical process can influence the evaluation of ac-
cident management strategies. For a certain set of parameters, nucleate
boiling on the 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 oceur and that for most of the cases,
melting of the BWR baflle plate would occur.

The axisymmetric distributions of effective stresses and displacements
in the vessel shell are obtained by using the numerically calculated tem-
perature distributions in the hemispherical and cylindrical (BWR) vessel
shells when the cavity (or the drywell) is flooded with water. A finite
element scheme implemented through the computer code, NASTRAN is
used. The stresses in the vessel shell in accordance with Von-Mises crite-
rion arc obtained for the clamped and the roller conditions at the upper
region of the vessel shells. From the elastic analysis the stresses across
the PWR vessel shell are predicted to exceed the yield stress of steel ves-
sel, introducing the possibility of a large plastic deformation, in which
casc the survival of the vessel shell is in question. The present calcula-
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tions suggest a high probability of the PWR vessel failure. However, the
stresses in the BWR vessel shell are predicted to be lower than the i
stress of steel. For a given system pressure, the creep rupture times after
slumping of the core material into the lower vessel head are determined
by using the relationship between the Larson-Miller parameter and the
equivalent stress. Because of large temperature gradients across the ves-
sel wall, 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
area (m?)
radiation shape factor
gravitational acceleration (m/s?)
pool depth (1n)
latent heat of fusion (J/kg)
heat transfer coefficient (W/m? K)
thermal conductivity (W/m K)
total number of nodes in r-direction
total number of nodes in #-direction
pressure (Pa)
rate of heat transfer (W)
heat generation rate (W)
heat flux (W/m?)
volumetric heat generation (W/m?)
Rayleigh number
inner radius of core shroud (m)
inner radius of vessel lower head (m)
outer radius of vessel lower head (m)
radial distance (m)
equivalent stress (Pa)
temperature (K)
melting temperature of the pool (K)
time (sec)
displacement (m)
volume (m?*)
height of water in the downcomer region (m)
vertical distance from the top of the hemisphere (m)
vertical distance from the upper surface of the pool (m)
vertical distance from the vessel inner wall (m)
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€ emissivity
6 angle along the vessel wall (deg)
6y pool angle (deg)
6 crust thickness (m)
p density (kg/m?)
a thermal diffusivity (m?/s)
i) coefficient of thermal expansion (1/K)
v kinematic viscosity (mn?/s)
o Stefan-Boltzmann constant (W/m? K1)
oy yield stress (Pa)
Oij stress tensor (Pa)
Subscripts
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
max maximum
p pool
r rupture
8 upper structure (PWR)
t upper structure (BWR)
u upper
\' cylindrical vessel shell

spherical vessel shell
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I.1. INTRODUCTION

Severe accidents in light water reactors initiate with core uncovery and
continued undercooling the reactor core. During prolonged undercooling,
the core starts to degrade and lose its geometry. If the operators are suc-
cessful in injecting water into the vessel during the degradation period,
the accident can be terminated as was demonstrated in the Three 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 will 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 consequences of
energetics of the interactions still exist. If the fuel-coolant interactions in
the lower plenum are not energetic or not of sufficient strength to fail the
reactor vessel in time and quenching of the core material is 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 here 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 mears 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
sufficient cooling of the reactor vessel lower head to maintain the molten
core within the vessel.
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I1.1.1 Overview

The earliest study on the effectiveness . . nuling the outer wall of the
vessel in containing the relocated core in th: vessel is that of Condon et
al [2]. In their analysis, the pool containi.g molten core material was
assumed to be in the form of stratified layers of UO,; and steel. One
dimensional steady state analysis was conducted with a specified tem-
perature for the vessel outer wall. It was shown that for realistic decay
heat generation rates, the flooding of the reactor drywell will prevent the
vessel melt through. They did not consider the creep rupture of the ves-
sel shell because they performed the steady state analysis. It was also
concluded that for Browns Ferry plant, RHRSW pumping capacity will
have to be upgraded to flood the drywell in 30 minutes (the time elapsed
between beginning of melting and major core slumping calculated with
MARCH code). Also, an issue was raised with respect to overpressuriza-
tion of the drywell which could prevent flooding unless the containment
was vented.

O'Brien and Hawkes [3] have performed the thermal analysis on the
viability of external water flooding of the cavity of the PWR in case of
a severe accident with partial core melting and core relocation to the re-
actor vessel lower head. For the molten pool in the reactor vessel lower
head, the turbulent natural convection heat flux distribution predicted
from the FIDAP simulation was used to determine the vessel wall tem-
perature. Vessel wall temperature and heat fluxes were obtained over a
range of decay heating values using a one-dimensional heat conduction
model. It was concluded that if the numerically predicted turbulent nat-
ural convection heat transfer coefficients are correct and the higher water
level can be maintained, some localized wall thinning may occur, but
vessel thermal failure is unlikely.

Hodge et al [4] have investigated the external flooding of a Boiling
Water Reactor (BWR) vessel as a late accident mitigation strategy. Cal-
culations were made based upon the short-term Station Blackout severe
accident sequence for Browns Ferry or Peach Bottom plant. The HEAT-
ING code was employed in their study for detailed analyses of the reactor
vesse] wall temperature including heat conduction through the wall. The
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thermal behavior of the debris in the vessel lower head and the effect of
this debris bed upon the recator vessel wall temperature were considered
in their study by applying the BWRSAR code developed at ORNL. Their
lower plenum debris bed models represent decay heating, heat conduc-
tion and radiative heat transport within the debris as well as the effects
of material melting, relocation and freezing. While their model has no
representation of the liquid circulation, the associated increase in heat
transport was crudely represented by increasing the mass-averaged and
phase-averaged local thermal conductivity by a factor of 10 whenever the
liquid mass within a control volume exceeded 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
anticipated. For the case with complete venting of the vessel support skirt
(so that the pocket of trapped gas is entirely eliminated), creep rupture
of the wall was not predicted. It was concluded that the most impor-
tant contribution of drywell flooding will be to shift the expected failure
mode from penetration failure to creep rupture of the vessel bottom head
beneath the support skirt attachment.

Thinnes (5] performed the TMI-2 lower head creep rupture analysis
by using ABAQUS, a structural element code with geometric and mate-
rial nonlicar capabilitics. Material creep behavior and ultimate strength
properties were derived from data resulting fromn material tests preformed
up to 922K. The results of the creep analysis showed that the stress gra-
dient throughout accident was dominated by the temperature effects even
though the maximum integration point temperature was only about 1000
K. The conclusions drawn from his calculations were that rupture of the
lower head resulting from large temperature differences across the vessel
wall is not probable and that even though the wall inner surface tem-
perature is important, average wall temperatures are more critical to the
structural capacity of the vessel.

Stress calculations by Thinnes to assess creep failure of the reactor
vessel lower head during the TMI-2 accident showed the need for creep
properties at very high temperatures. To extend the structural property

1.9




database and to aid further structural calculations, creep tests at tem-
peratures up to 1473 K have been performed at INEL [6]. Because of
high oxidation rates on the test coupons, the creep tests were performed
in an inert atmosphere, which requires an environmental chamber 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 uniform. Due to the high ductility of the
material at high temperatures, extensometers were installed inside the
environmental chamber to measure the entire time-dependent creep re-
sponse. The test coupons for the creep tests were fabricated from samples
oriented with longitudinally (meridional orientation with respect to the
vessel) and transversely (radial or through-wall orientation) in the vessel
plate material.
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1.1.2 Objectives 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
analyses (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 carried out [9]
including the heat loss by radiation to the unwetted portion of the vessel
lower head, the baffle 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 available in the literature.
In carrying out the analysis, various constituents of the core material are
assumed to be mixed homogenously.

Known temperature distributions in the vessel shell are used to cal-
culate the thermal stresses and to assess the possibility of failure of the
reactor vesse] 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 boundary 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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I.1.3 Problem Analysis

In carrying out the analysis, it is assumed that the cavity of a PWR
and the drywell of a BWR are flooded prior to slumping of the core.
Insulation on the lower head is generally installed in sections and is not
required 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 boiling 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-8Ni 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 than the vessel
shell thickness (17.15 cm for a PWR and 24 cm for a BWR), the clad 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.\ct temperature between the relocated core material and
the vessel inner we il is 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 are
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
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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 10? to
10'? which are much smaller than the Rayleigh numbers of interest here
(Ra=1.57x10'" for a PWR and Ra=1.24x10!" 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-empiriczl
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-H;0 electrolyte was used as the heat generat-
ing liquid. Frantz and Dhir [14] performed experiments to investigate
natural convection heat transfer in inteinally 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



current density decreases radially 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 I.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 spberical (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 (FClIs) occur upon core slumping.

4. The pool temperature remains constant until the heatup of the pool.



Table 1I.1: Properties used in the calculations

Corium | p, = 8200 kg/m?
cpp = 470 J/kg K
k, =3.6 W/m K
ap = 9.3 x 10°7 m2/s
vp =4 x 107" m?/s
By =14 x 107 1/K
Qpenp = 29.5 MW (Veore, PWR)
genp = 16.757 MW (2/3 V., BWR)

Vessel Shell | p, = 8000 kg/m3

cpw = 600 J/kg K

k, = 50 W/m K

ay = 1.04 x 1078 m?/s

Crust p = 8100 kg/m3

¢, = 520 J/kg K

k=8 W/mK

ap = 1.9 x 1078 m?/s

hy, = 2.7 x 105 J /kg

Qgen (PWR) = 8.0 x 10° W/m?
qgen (BWR) = 3.0 x 10° W/m?




Subcooled Water

I Reactor Vessel Lower Head

R; : Inner Radius of Vessel Lower Head

Rj : Outer Radius of Vessel Lower Head

H : Pool Depth

6o : Pool Angle

V, : Pool Volume

T, : Pool Temperature

Qgenp : Heat Generation in the Pool

Q. : Heat Transfer to the Top of the Pool

Qg : Heat Transfer to the Lower Part of the Pool
Q; : Heat Transfer to the Upper Structure

Qu : Heat Transfer to the Dry Wall of the Vessel Lower Head

Figure I.1: Schematic of the core material relocated in the PWR vessel
lower head
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10.
11.

The heatup time of the pool to reach steady state temperature is
about the same as the time needed for natural convection process to
attain steady state.

Mean values of the thermophysical properties of corium can be used.

The temperature of the upper surface of the pool is uniform.

. The radiative transport of heat is independent of wavelength and

direction.

The radiation shape factors can be calculated by assuming that
structural elements between the pool free surface and the core plate
do not participate.

Steam is totally transparent to radiative transfer of energy.

The linear elasticity thoery can be used to calculate the displacement
and stress fields in the vessel shell.



1.2 THERMAL BEHAVIOR OF THE PWR VESSEL SHELL
I.2.1 TRANSIENT ANALYSIS

Governing Differential Equation of the Vessel Shell

The differential equation for the two-dimensional transient tempera-
ture in the spherical shell of the vessel is given by
16(287‘.,,) 1 8( 08Tw) 1 8T,

"2 or or r25in0o0 \""" 08 )= a, Ot (L1)

where the finite difference form of Equation (1.1) is shown in Appendix
LA,

The initial temperature of the vessel shell is arbitrarily assumed to be
420 K at t=0. 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 mxtxal temperature
of the shell.

The corresponding boundary conditions at t > 0 are
m‘ aTcd

kw"‘é"""=k¢d-5:z—, 0<0<6y, r=R;,z2=0
-k.,,%? = Qurady B0 <0< T/2, r=R
T,
—kw'—é';l-u' = hL(Tw - TL), r= R2
ww — —
20 =0, 6=0,7/2

For single phase natural convection on the outside of the vessel, the
correlation proposed by Churchill and Churchill [18] is used. Since in the
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lower portion of the hemisphere heat transfer coeficient is a weak function
of position, an average heat transfer coefficient is used. In case subcooled
boiling occurs on the vessel outer wall, approximate correlations reported
in references [19,20] are used. The radiative heat fluxes from the upper
surface of the pool to the unwetted vessel wall and the upper structure are
calculated by using the enclosure theory of the radiation heat transfer [21].
After the pool temperature increases above the melting temperature of
corium, heat transfer from the pool to the crust/pool interface is assumed
to take place by natural convection. For free convection with internal heat
sources, the correlations developed by Mayinger et al [12], Gabor et al
[13], Kulacki and Emara (22] and Jahn and Reineke [23] are employed.

Yariation of the Crust Thickness

After relocation of the core material into the vessel lower plenum, the
corium in the vessel lower head can have both the liquid and the solid
phases. It is assumed here that the partially molten pool remains at a
uniform temperature, Ty, until the pool heats up to a temperature above
its melting temperature.

At any location along the wetted vessel wall, one-dimensional transient
heat conduction equation with a distributed heat source in the lower crust

is given as
OTeq — 'chZTCd + Ggen,cd
ot 0z% " PedCped

(1.2)

The corresponding initial and boundary conditions are
Tcd = Tma t=0

Tcd=Tma Z=6cd,t>0
Ty =T,, 2=0,1‘331,059S90,t>0

The equation governing the time dependent thickness of the lower crust
is

db. oT.
pcdh!a"a"t“!‘ = kcd"é’f‘i |:=6,¢ "'hd(Tp - Tm) (1.3)

where hg 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

m'.cu 8 2 Tcu

Bt =gy (14
where

Tu=Tn, t=0

oT,

keu a;u = Quead(t), y=0,t>0
Twu=Tn, y=6nt>0
The time dependent thickness of the upper crust is given by
db, oT,
Pcuhh“'a;‘! = "7¢:m”"'§'i;i'i 'vﬂm ~hu(Tp = Tm) (1.8)

where h, 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 (qgencu/2key)
6c? 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
to be within 1 %. Therefore, in writing Equation (I.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 coefficient for
natural convection from the pool.

Radiation Heat Transfer

Assuming that the surfaces are diffuse and gray and that the steam
above the pool surface is totally transparent to radiative transfer of en-
ergy, the relationships for radiative heat exchange using the enclosure
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theory can be written as

n A n
Q- 5 Rl - ) 509 = o (n‘ -3 n,r;) (16)

fort >0andi,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 be
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 T\, as the average temperatures along the unwetted vessel wall,
the desired radiation heat transfer rates and the shape factors are ob-

tained as
Qu = (fs + fe)fs;‘-‘(fx - fa)fr (L7)
Qu = (fo = fq)faf: (fa+1)fr (18)
and 1
Feu=1-3 (z- vZT=a7?) (1.9)

where the expressions for f's, Y and Z are listed in the Appendix I.C.

The value of Q,, can be used as the boundary condition along the dry
wall and Q, can be used to determine the pool temperature for a certain
set of parameters of ¢, €, ¢, and T,.

Convective 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.
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The average heat transfer coefficients for the hemispherical wall were
obtained from the work of Mayinger et al [12] and Gabor et al [13] and
for the upper surface of the pool from the result of Kulacki and Emara
[22]. Assuming that these correlations can be extended to large Rayleigh
numbers as encountered in this problem, the average heat transfer coef-
ficient based on the correlation of Mayinger et al can be written for the
lower curved surface as

0.2
9ﬁ»vmﬂx°) k
h.,‘,.,uo.ss( o 7 (1.10)

The correlation of Gabor et al on the other hand yields

0.18 1.1
- gﬁgq!... ER;' Icz ( H
haan 0'55( apvpk ) R, R,) 1)

Based on the data of Frantz and Dhir [14], weak effect of H/R, on Nus-
selt number is found and their experimantal data appear to lie closer to
the numerical predictions of Mayinger et al. Therefore, the heat transfer
coefficients predicted from Mayinger et al's work is more reliable.

For the flat top of the hemispherical pool, the correlation of Kulacki
and Emara gives

5\ 0.226
gﬂgq!m,gH Eg
hyav = 0.345( a,,u,,k,, ) H (1.12)

Streamlines shown in reference [3] indicate the presence of a single
convection cell for turbulent natural convection, with upflow near the
centerline and downflow along the hemispherical boundary. An experi-
mental investigation performed by Frantz and Dhir (14] shows that local
heat transfer coefficients increase monotonically 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 a semicircular obtained in ref-
erence [23].

Based on the theoretical results of the local distribution of heat trans-
fer coefficients in a semicircular cavity (23], the local heat transfer coeffi-
cient along the hemispherical wall is assumed to vary sinusoidally and is
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expressed as

hd(0) = hgay (b12in?d + by) (113)
The constants, b; and by, can be determined by integrating the above
equation over the pool angle, 6y, equating it to the average heat transfer
coeficients given by Equations (1.10) or (1.11) and choosing the appro-
priate value of hy(0)/hy ¢, from [23]. This approach yields b, and b, as

9.1(1 - costy) _ 4,

b= g 9cosf, + cos36,’

and

The above expressions for the local and average heat transfer coeffi-
cients can be used to calculate the crust thickness and heat flux into the
vesse] wall at any time,

Time-Dependent Pool Temperature

After the start of the heatup 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

dT,
chPaPVP“&f = Ql"l.P - (Adhd.cw + Auhu.au) (Tp - Tm) (114)

with Tp = T\, at t = t|, where t, is the time when the pool begins to
superheat above its melting temperature,

The solution of the above equation is
T, = T + Ga(1 - ezp|-Gi(t = 1)) (115)

where

Qpenp
Go = diham + Avhum
G Adhd,av + Auhu.w
b -

PeCopVp

Since the upper crust is thinner than the lower crust, during heatup of
the pool the upper crust would disappear at some time t = t3. Thereafter
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the pool temperature without the upper crust (by assuming a uniform
temperature of the upper surface of the pool) is determined as

p’cP-P%% = QICR.P - Adhd.uv(Tp - Tm) - Auhu,gu(Tp -— Tg) (1.16)

for t > t3.

From Equation (1.7), the pool temperature can be related to the tem-
perature of the upper surface of the pool, T,(t), as

(fs + fo)fs + (Sr = fa) fr (117)

Qu = Auhu.au(Tp -T.) = f“

Heat Transfer to Subcooled Water

The outside vessel wall temperature, T,,(8), varies along the hemi-
spherical surface of the vessel lower head. Heat transfer coefficients for
natural convection, nucleate, transition and film boiling at different outer
wall temperatures are needed to calculate the heat loss into the subcooled
water. In this study it is 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 hemisphere is obtained from the general correlation suggested by
Churchill and Churchill [18]. The proposed overall correlating equation
for all geometries is of the form

Ra/300 1"
1+ @g)o/xo)wo]

where Nuy is equal to 2 for spheres, 0.36 for horizontal cylinders and 0.68
for vertical plates.

Nu'/? = Nug!/? + [ (1.18)

It can be seen that in the above correlation, the effect of Nuy is rela-
tively small compared to the second term which is only dependent upon
the characteristic length and the Prandtl number. Hence, the relation
for a sphere can be used to approximate the heat transfer coefficient of
natural convection around a hemisphere.
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For a liquid subcooling of 50 K, the heat transfer coefficient is deter-
mined from Equation (1.18) as

hy = 0.135(1.414 + 21.76(Ty, - I1)'/%)?, 323 < T\, < 409K  (1.19)

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 are approximately same. It is reasonable to assume
that the heat transfer coefficient for fully developed nucleate boiling on
a hemisphere can be approximated 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

Twa - Tmt )3

( N
= (). <
h;, = 0.55 Tou = T,) , 409 < T,, <633k (1.20)
and 553 5.393
hy = 532.5 (1""“"’“) . 633<T.o <926K  (L21)
wo — 4 sat

Since even with the radiative contribution included the total amount
of heat transfer in the film boiling region is much less (by a factor of 10)
than that in the nucleate boiling region as shown in Appendix 1.D, the
outer wall temperature in the film boiling region was found to exceed
the melting temperature of the steel vessel. Therefore, when vessel out-
side wall temperature exceeds the minimum film boiling temperatures,
complete failure of the vessel wall is expected to occur.

Concerns have been raised about the applicability of the nucleate boil-
ing at the very bottom of the hemisphere. Due to the downward-facing
orientation of the hemispherical lower head, vapor film may form on the
wall, leading to film boiling at a reduced heat flux compared to nucleate
boiling heat fluxes. Simple calculations are performed in Appendix 1.E to
assess the possibility of the formation of vapor film on the vessel bottom
surface. As an illustration, insulated boundary condition is used on the
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bottom wall for the angular position (8) from 0 to 4.5°. It is found that
the predicted temperature of vessel bottom at § = 0° is lower than the
minimum film boiling temperature (about 926 K). Therefore, it can be
assumed that the formation of vapor film on the bottom wall is rare due
to the high degree of liquid subcooling.

During the cooling process of the reactor vessel lower head, the water
surrounding vessel wall will be heated, resulting in a reduced heat loss
from the outer wall, as a result the vessel shell temperature will increase.
An extreme case is considered in Appendix I.E to assess the increase of the
vessel shell temperature when saturated water instead of subcooled water
is present around the vessel lower head. It is found that the vessel outer
wall temperatures will exceed the melting temperature of steel vessel
(1700 K) over a wide region and the complete failure of vessel shell is
expected.



1.2.2 STEADY-STATE ANALYSIS

For various pool volumes, several equilibrium states are characterized
by the steady state pool temperature and the thickness 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

198 (,07T, 1 0 (. 0T\ _
2 9r (r or ) + r2sind 80 (”"9'6—6) =0 (122)

The corresponding boundary conditions are

k2 kT2 0<0<8, r=Ryz=0
or dz
—kwgg} = Qu,rad, 6y < @ < ”/2’ r= Rl
oT,
‘k""é'r' = hy(Ty - T1), r= Ry
oT,
30— = 0, 0 = O, 7!'/2

The boundary conditions along the vessel wall are determined as fol-
lows :

Equations (1.10), (1.11), (1.12) 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 (1.9) 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 ¢, €,, €
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 crusi «« btained as follows :

Qgcn,p = Adhd,au(Tp - Tm) + 4 v 'V,,’av(Tp - Tu) (123)
or ' AghgaTom + Ay a T,
Tp - Qgen.p + A4 davdm T “ultyal ly (1'24)
Adhd.mr + Auhu.M
where
1
Avhuao(Tp = Ty) = n (fs(fa — fofo) + fr(fr + fafo) + fro(fiSfe + faf4))

(1.25)

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

dzTcd 9gen,cd -

T T =0 (1.26)

The corresponding boundary conditions are

Tcd=Tw, Z=0,T‘=R1
Ty=Tn, 2z2=64

The equation governing the equilibrium crust thickness is

chd

kcd dz

|2=6u= hd(Tp - Tm) (1.27)

The resulting expression for the equilibrium crust thickness at any
location along the vessel wall is obtained as

""h T, - Tm + h T, - Tm 2 ch en,c Tm - Twi
. d(Tp = Trn) \/[ d( pq ))° + 2kcaggen,cd( ) (1.28)
gen,cd
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where Ty; = Ty(r=R;).

The heat flux into the wetted vessel wall is obtained as

ch en kc
Qui = ket~ |io= 52604 4 (T, - Tui)5® (1.29)

In the above equations T, 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

d*T,
dy;m = (1.30)
where
Taw=Ty y=0
Tou=Tn, y=0bc
The equation governing the upper crust thickness is
dT,
kcu—a—f ly=6:s= Puav(Tp — Trm) (I.31)

The resulting expression for the upper crust thickness is obtained as

kcu(Tm - Tu)
huav(Tp = Trm)

where T, is determined by considering the radiative heat transfer from
the upper surface of the pool.

beu = (1.32)

In writing equation (I1.30) 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 Differential 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

10 (,0T, 1 a aT,
?‘far( or )+r93m080 (" "9""56‘) 0 (1.33)

and 10 [ 8T, O,
ror (r Or ) + 9z 0 (1.34)

where the finite difference forms of Equations (1.33) and (1.34) are shown
in Appendix L.F,

The corresponding boundary conditions are

ke o, T gchga, r=Ryz=0
or dz
"kw% = Qu,rads 6p <6< "/2a r=R
or
k2 = hu(Ty=T0), 0S6< 0,6, <0< /2 r=PR
kG = ho(Tu~Tw),  G<OSH  r=R
QZ—=, 6; <6 < 0, r=Ry
o,
%0 =0 9=0
T, =T, 6 =1/2, =0
oT,
kwg? h (T ng) r= Rl
T,
—ky 5 = hL(Ta"vT- 1), r =Ry
5 = 0, r=X
where

6, = Angle of subtended by free surface of water in the vessel support
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skirt.
6,, 63 = Angles between inner and outer walls of the vessel support skirt
and the vessel outer wall.

Equations (1.10), (I.11), (1.12) and (I.13) for the average and local
heat transfer coefficients can be used to calculate the equilibrium crust
thickness and 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 baffle 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

Assuming 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, ¢ and t where
the subscript s stands for the arbitrary black surface along the top of the
hemispherical vessel lower head.

Using T\, Ty and T, as the average temperatures along the unwetted
vessel wall, the baffle plate, and the core shroud respectively, the desired
radiation heat transfer rates and the shape factor are obtained as

1

Q.= Ar (A1E) + A2Ey + A3E3) (1.35)

1
Qu = As (A4Ey — AsE) — AgE;) (1.36)

1
Q= A; (A7E) + AsEy + AgE;) (1.37)

1
Q.= Z— (B;Gl - B2G2) (1.38)
and

Foow=1-= (z VZI -4y ) (1.39)
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where the expressions for A’s, B's, E's, G’s, Z and Y are listed in the
Appendix 1.G.

The values of Q,, Qy and Q. can be used as the boundary conditions
along the dry vessel wall, the baffle plate and the core shroud respectively,
and Q, can be used to determine the pool temperature for a certain set
of values of ¢, €y, €, €., ¢ and T;.

Equilibrium Pool Temperature

The temperature of the pool bounded by the upper and lower crusts
is obtained from an energy balance as

Qgen.p = (Adhd,av + Auhu,av) (Tp - Tm) (1.40)
or Q
T,=T genF 1.41
P m+ Adhd.av + Auhu,av ( )
where y
Auhu'av(Tp —Tn) = -A—E (A]El + AEq + A3Ej) (1.42)

For a uniform temperature of the upper surface of the pool, T, the
temperature of the pool without the upper crust is obtained as follows:

Qgen = Adhd,av(Tp - Tm) + Auhu.av(Tp - Tu) (143)
or
T = Qgen,p + Adhd,ava + Auhu.avTu (1'44)
P Adhd,av + Auhu,av
where 1
Avhuoo(Tp = Ty) = An (A1Ey + A2E2 + A3Ey) (1.45)

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 and the steam
in the air pocket of the vessel support skirt.
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Heat Transfer from the Vessel Outer Wall

Equations (I1.20) and (1.21) 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 drywell 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
vesse] outer wall. For the steam in the air pocket, the heat transfer coef-
ficient is found to be

hs = 0.00367(1.414 + 13.84(Tuo — Tuar)'/®)? (1.46)

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



plate is obtained from Berenson (27). The heat transfer coefficient ex-
cluding radiation is found to be

he = (451.4 + 0.3T)(Tei = Toat)~/* (1.47)
where T,; is the inner wall temperature of the baffle 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 Dhir and 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(Ty — T,at)*®, 373 < T.; < 393K (1.48)

he = 4.512 x 10"(Ty ~ Toat)~2%%, 393 < T, < 517K (1.49)

and
h. = (463.8 + 0.31T ) (T = Toar)~ /4, 517K < Ty (1.50)

where T,; is the inner wall temperature of the lower core shroud.

In writing the heat transfer correlations (1.47) and (1.50), the variations
in vapor properties with temperature are included by using a least square
linear fit.
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1.4 STRESSES IN THE VESSEL SHELL

The temperature distribution obtained in the hemispherical (PWR
and BWR) and cylindrical (BWR) vessel shells can be used to calculate
the effective stresses at a given system pressure. In this work, linear
elasticity theory is used as a first step in obtaining the distribution of the
stresses and displacements in the vessel shell and no allowance is made
for relaxation of stresses. The results of present analysis are accurate for
the regions of vessel wall in which the stresses are lower than yicld stress
of steel. For regions in which stresses are above the elastic limit, the
analysis only provides the possibility of plastic deformation. In order to
get more reliable results, large deformation theory or plasticity analysis
will be required.

Using the axial symmetry of the vessel shell, the equilibrinm equations
in spherical coordinates (r,8,¢) are given by [28]

80",‘ 1 0”"0 1 ) d—— 5
By + Y? + " (200 — G0 = 349 + arocotf) = 0 (51)
and
dog 100 1
o + - 0;0 + - (700 = 749)c0td + 30,4) = 0 (52)

where oy; is the ij component of the stress tensor,

The linear stress-strain-temperature relations can be expressed as [28)

O = A+ 200y = (3N + 2p0)aT (53)
aop = Ad + 2pegg — (3X + 2)aT (54)
Tgp = Ad + 2jte gy — (3A + 2p)T (55)

T = 2)1Cyg (56)

where e;; is the ij component of the strain tensor, d is the dilatation, T
is the temperature increase, A and g are the Lame constants and « is the
coeflicient of thermal expansion of the material.

d= e+ o+ 4
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The strain-displacement relations are given by (28]

Ou,
=5 (57)
w1 (S + ) (58)
1 :
Cop =~ (u,8in0 + ugcost) (59)
_1(10u, Ouy up)
=3 (it T (60)

where wu; is the i component of the displacement vector.

Using stress-strain and strain-displacement relations given by Equa-
tions (1.53) - (1.60), stresses can be expressed in terms of displacements
and temperature gradients. Substituting these in Equations (1.51) and
(1.52), a system of coupled second-order differential equations for the
displacement components u, and up are obtained.

0%, 2 Ou, 6%, [t Ou,

(A 4+ 24) == I ;—;(/\+2u) B + = 3 58 + cotl-— 50
2 1 g cotb Oug

—(A+2/t)ur +o(A+n Waaar T (A+n )-5;-

(,\+3 ‘95;" ‘:’0(A+3,¢)u.,—(3A+2,¢)a1 =0  (61)
and Ou, 2 Ou,  O%ug  2ubu
SO+ g+ (A+2l)86‘+’09+r ot
;;15()\ + 2;4)%29“2" + A+ 2Il)rot9%b—-
(A s = HAA+ 2y = 0 (62)

The above equations can, in principle be solved for the displacements
in the spherical shell once the temperature profiles are known. The ob-
tained displacements can then be used to calculate the strains given by
Equations (1.57) - (1.60) and the stresses given by Equations (1.53) -
(1.56). However, it is difficult to obtain an analytical solution due to
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the complexity of the temperature ficld. In this study a finite element
code (NASTRAN) in conjunction with the linear elasticity theory is em-
ployed to caleulate the displacement and stress fields in the spherical
vessel shell. Large deformation theory or plasticity analysis are required
to obtain more reliable results, Sinee at temperature near 1000 K, car-
bon steel undergoes a ferrite-to-austenite phase transformation [6) which
affects the material properties considerably, the coefficient of thermal
expansion is evaluated at 800 K. Axisymmetric analysis using a 6-node
trinngular element is used. In the FEM modeling, when the average tem-
perature of an elewent exceeds the melting temperature of steel (1700
IX), the corresponding element is elimminated,

The calculated principal stresses are used to determine the effective
stress in accordance with the Von-Mises eriterion that yielding occurs
when the effective stress reachies a value that is equal to the yield stress,

\j;} (01 = 000)? + (000 = 048)* + (T4 = 01,)%] 2 (63)

In order to implement the finite element code it is necessary to specify
the boundary conditions. The vessel inner wall is subjected to the system
pressure. The vessel outer wall is asstied to be traction free, neglecting
the atmospheric pressure. This assumption is not valid for the system
pressure less than 1 MPa, Becanse of the geometrie symmetry of the ves-
sel shell, a roller type boundary condition is applied at the bottom of the
hemispherical shell (8 = 07). Since the upper portion of the hemispherical
(PWR) vessel shell merges into the evlindrical vessel shell, it is difficult
to obtain the exact boundary condition on the lower vessel head unless
the upper cylindrical shell is ineluded in this analysis, Because of this
uncertainty, two types of boundary conditions are employed to estimate
the extreme belhiavior of the vessel shell due to thermal stresses, The two
extreme conditions are a clamped and a roller type boundary condition
on the upper part of the vessel shell,

Figures 1.3 and L4 show the typical finite element modeling of the
PWR and the BWR vessel shells respectively with the boundary condi-
tions at the lower and at the upper parts of the vessel shell,
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Clamped B.C.
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Clamped B.C.

Roller B.C. @&

Clamped B.C. ;

Figure [.4: Finite clement modeling (BWR) with boundary condition
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It should be noted that the roller boundary conditions are only approx-
imately satisfied in the FEM model, due to the fact that the vanishing
of the shear stress at the support is satisfied in a global sense. In the
present problem, the FEM code yielded shear stresses at the boundary
nodes whose magnitudes are of the order of 0.3 MPa. Since the other
nonzero stress components in the vessel wall are significantly higher than
this. the FEM solution is deemed to be satisfactory.
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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 fabricated 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-squares 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 — 13.106l0gS] (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

Lty

7T 3R~ Ry (65)

Since the hoop stress from the above equation is the principal stress,
the equivalent stress in the hemispherical shell subjected to system pres-
sure P; is obtained by using the criterion that yiclding occur when the
maximum shear stress reaches a value that is equal to the yield stress in
the tensile test, [30].

S=o0p+ D (66)

I1.42



L ' | l | l  § I 1§
- 1 ksi = 6.895 MPa -
~
~
~
10 e .
- “a p
E i N Least-Squares fit -
e B . \\ / -l
/5] - N A
[ \\
o “~ -
% ® \Q\O
n SO i
g
v [ @ \. -
5] e
~
1 o ~ .
A Y
~ -
b -
B -
0.1 1 l | | 1 | 1 1 1

34 36 38 40 42 44 46 48 50 52 54

Larson-Miller Parameter, [T(20 + logt,)]x10~3

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
(1.64).

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 hased 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.
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1.6 RESULTS AND DISCUSSION
1.6.1 FLOODING OF THE PWR CAVITY

Transient 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, €,, of the vessel, the emissivity, ¢,, of the upper structure and
the emissivity, €., 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.

Tl | Behavi f A PWR. 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 crust at § = 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 V, = 1/2 V.

Figure 1.7 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 vesse! 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 tie 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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Steady state pool temperaturer when vessel lower head contains the
full core or half of the core are plotted in Figure 1.9 as a function of
emissivity of the pool free surface. Since the correlation of Mayinger et
al yields average downward heat transfer coefficients that are about 12
times (for Vp = Vo) and 19 times (for V, = 1/2 V) 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 V, = 1/2 V,,, mainly 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.

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
angular positions larger 40° is 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 crust (250v K) for angular positions
larger than about 40° and remains at this high temperature near the pool
free surface.

Under steady state conditions the fraction of generated energy that
goes into structure, the unwetted and the wetted portion of the vessel wall
are plotted in Figure 1.12. It is seen that for Mayinger 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 al'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, = V. For
the correlation of Mayinger et al 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 wall 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 €, 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 allowec 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
Qu = ‘6"‘(Tms - wo) = hL(Two - TL) (167)

or

Qo = Qgen, cdé + ( (168)

)

where Ty, is the melting temperature of steel (1700 K) w is the mini-
mum wall thickness, h; is given by Equations (1.20) an (I 21) and the
equilibrium crust thickness is given by Equation (I.28) in which T,,, and
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h4ma: 8t § = 6y can be used instead of Ty, and hg(8). Using T, = 2865 K
with the set of parameters as shown in Figure 1.14, the maximum outer
wall temperature T\, of 770 K which is in transition boiling region, the
crust thickness 6.4 of 4.5 mm and the minimum wall thickness é,, 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 V, = V.. 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 1n 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 unwetted 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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melting and relocation. Hodge et al [4] suggested that about 80.3 % of
the total decay power at the time of lower plenum dryout is predicted to
remain within the fuel in the debris bed. An additional release of 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 PWR vessel lower head was considered. Using
the base case with the decay heat of 29.5 MW for full core, the decay
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 Qgenp = 22.66 MW when Mayinger et al’s correlation is
used for V, = Vg, It is seen that lower temperatures of the pool and
vessel shell compared to those of the base case (shown in Figure 1.14) are
predicted. The inner wall temperature under the crust still exceeds the
melting temperature of steel vessel over a region.

Since the thermal conductivity of the steel vessel (Kyesset) decreases
as vessel temperature increases, the effect of the lower value of Kyeseer
(smaller than that for the base case with Kyesser = 50 W/mK) on the
vessel shell temperature was considered. Figure 1.19 shows isotherms
obtained by using kyesser = 30 W/mK (value of thermal conductivity of
carbon steel at about 1000 K obtained from reference [6]) when Mayinger
et al’s correlation is used for V, = V.. 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 [.19, the temperature of unwetted wall is predicted to
be about the melting temperature of steel vessel.

Mechanical Behavior of the PWR Vessel Shell

It appears that for the range of emissivities and structure temperatures
studied in this work, molten core material can he 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
when V, = 1/16 V... The temperature distributions in the vessel shell
such as those shown in Figures 1.13 - 1.15 need to he used to calculate
effective stresses in the reactor vessel shell and to determine the reponse
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of the reactor vessel to creep rupture before an unequivocal conclusion
with respect to indefinite retention of core material in the vessel can be
drawn. Since the heat transfer correlation predicted from the work of
Mayinger et al is more representative of the physical situation than that
of Gabor et al as mentioned earlier, the temperature distributions in the
vessel shell obtained by using Mayinger et al's correlation are used to
predict the thermal stress distributions in the vessel shell and the creep
rupture times.

Figure 1.20 shows the stress distributions in the hemispherical vessel
shell for the roller boundary condition on the top of the PWR vessel shell
during the normal operation. Temperature of the vessel shell is taken
to be 580 K which is about the mean temperature of the coolant of a
PWR with the system pressure of about 15 MPa. The calculated stresses
arc uniformly distributed in the vessel shell (between 13 and 15 ksi) and
much lower than the yield stress of the steel vessel (about 50 ksi). The
primary stresses in the PWR vessel lower head (due to system pressures
ranging from 4 to 15 MPa) are 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 results obtained by using the NASTRAN
code seem to be reliable in the prediction of the stress distributions in
the vessel shell. Using the clamped bonndary condition at 8 = /2,
the calculated stresses exceed the yield stress of the steel vessel near
the area of the top of the hemispherical vessel shell, Therefore, use of
the clamped boundary condition at # = 7/2 seems to he conservative in
predicting the stress distributions near the top of the vessel shell, In the
absence of quantitative information as to how the vessel is restrained, the
rigid boundary condition at § = 7 /2, can be considered as an extreme
boundary condition that is used to predict the stress distributions in other
regions of the vessel shell,

Based on the temperature distribution in the vessel shell, the effective
stresses are determined for a given system pressure, Figure 1,21 shows
the distribution of the effective stresses in the vessel shell for the two
types of boundary conditions on the top of the hemispherical shell when
Mayinger et al’s correlation is used and the system pressure is 15 MPa.
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For the clamped boundary condition at 8 = 7/2, the caleulated stresses
are predicted to exceed the ultimate stress of the steel vessel (about
100 ksi as an upper limit) over a wide region of the vessel shell.  For
the roller boundary condition at 8 = 7/2, the stresses are predicted to
exceed the ultimate stress over a relatively narrow region across the vessel
shell. For both cases minimum stresses occur along the mid plane of the
vessel shell because the inner half of the shell is in compression whereas
the outer half is in tension. Because of the deformation of the vessel
shell due to the large temperature gradient across the shell thickness,
the stress distributions in the outer elements which are in tension are
higher at some angular positons than those in the inner elements which
are in compression, This can be explained by the fact that the tangential
stress inereases with the radial position when the temperature gradient
exists across the spherical shell [31]. Sinee the minimum stresses along
the wid plane of the vessel shell exeeed the yield stress of the steel vessel
for both types of boundary conditions imposed on the top of the vessel
shell, a large plastic deformation is predicted to ocenr in that region,
The survival of the vessel shell is in question unless it is proven otherwise
when relaxation of stresses is considered,

In order to investigate the effect of the system pressure on the effective
strosses, the effective stresses in the vessel shell are considered for the
low system pressure, Figure 122 shows the distribution of the effective
stresses in the vessel shell with the roller boundary condition at 6§ = 7/2
for V), = V. when Mayinger et al’s correlation is used and the system
pressures are assumed to be 5 and 1 MPa. Comparing the stresses with
P; = 15 MPa (shown in Figurc 1.21), it is seen that the system pressure
does not play a dominant role on the effective stresses in the vessel shell.
Most of the contribution to the stresses comes from temperature gradient
across the vessel shell,

Figure 1.23 shows the distribution of the stresses in the vessel shell with
the roller houndary condition imposed on the top of the hemispherical
shell with V), = 1/2 Voo In obtaining the effective stresses Mayinger et
al's correlation was used with system pressures of 15 and 5 MPa. Since
the melting of the inner wall of the vessel shell when Mayinger et al’s
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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 § = 7 /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 6 = w/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. Hence, 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 V, = Ve, It
is seen that differences between displacements for different system pres-
sures are very small.

Based on the results of the steady state 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 Larson-
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 shell and the maxima of steady-
state outer wall temperature of the vessel are obtained for V, = Ve, €u
= ¢, =€ = 0.5 and T, = 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 maximum value of steady-state average wall temperature across the
vessel shell is used.
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Cnaieiios into the reactor vessel lower head,

After slumpmg «. 1o o
" -emperature of corium

tire pool temperatu  oeroases above the
(2500 K) and the vessel shell temperature a1+ increases and reaches a
steady state value. From to the transieut anaiysis o1 the thermal behavior
of the PWR vessel lower head, time periods longer 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 V,, = Ve and 1/2 Vo, when Mayinger et al’s
correlation is used and the system pressure is assumed to be 15 MPa.
The creep rupture times are determined by using the highest average wall
temperature ((Tgy)maz), the highest mid plane temperature ((Tmid)maz)

and the highest outer wall temperature ((Ty=R,)maz) at any 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 V, = V. and V, =1/2
Veore When (Tay)maz and (Tig)mar are used. However, much longer creep
rupture times are predicted when (Ty=g,)maz 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 tempcrature 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 for 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=pg,)mez) 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 based 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 and by evaluating time integrated damage
to a particular element in the vessel wall.
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1.6.2 FLOODING OF THE BWR DRYWELL

Steady state temperatures in the BWR vessel shell were obtained when
two-thirds of the core was assumed to be present in the vessel lower head.
Calculations were performed by varving between 0.2 and 0.8 the emissiv-
ity, €y, of the vessel, the emissivity, €,. of the pool surface, the emissivity,
€5, of the baffle plate, the emissivity, €. of the core shrond and the emis-
sivity, €, of the upper structure. The upper structure temperature was
assumed to lie between 1000 X and 1500 Iv. For the caleulation purposes,
the temperature of the upper structure is limited to 1500 K. Melting
and subsequent relocation of the core material are not considered in th
study.

Thermal Behavior of A BWR Vessel Shell

The thickness of the crust on the pool free surface is plotted in Fig-
ure 1.28a as a function of the cmissivity of the pool free surface. For
the correlation of Gabor et al which vields average downward heat trans-
for cocfficients that are about 10 times lower than those obtained from
the expression of Mayvinger et al. no upper crust is predicted to. form
for emissivitios less than 0.3. However. as heat loss from the free sur-
face becomes high enough. a crust forms and its thickness increases with
emissivity. With the use of Mayinger et al's correlation, a nmch thicker
crust is predicted to form at the pool free surface. Fignre 1.28h shows the
dependence of pool temperature on the emissivity of the pool free sur-
face. In the absence of a crust, the steady state pool temperature shows a
strong dependence on the emissivity. The pool temperature decreases as
the emissivity increases or heat loss from the pool free surface increases.
However, in the presence of crust, the thermal resistance of the crust
dominates and pool temperature is nearly insensitive to the emissivity of
the pool free surface. In the presence of a crust. the pool teraperature
predicted by using the correlation of Mayinger ot al is about 100 K less
than that obtained by using the correlation of Gabor et al. This is due
to the higher heat loss to the vessel predicted by using the correlation of
Mayvinger et al.

Figure 1.29 shows the thickuess of the erust along the vessel inner wall
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correlation of Mayinger et al, the crust thickness profile shows an inverse
dependence on the variation of the hieat transfer coefficient along the pool
houndary. However, when the heat transfer coefficient is small, a thicker
crust is predicted to he present along the vessel inner wall. Also, as is
shown by the dotted line, for a low value of the internal heat transfer
coefficient, the crust thickness increases as the cooling conditions on the
outside wall improve. It can be seen that the crust thickness variations in
the region of the vessel support skirt (6, <6<6,) arc different from those
in the other regions,

The steady state vessel inner wall temperature is plotted in Figure
1.30 as a function of angular position. DBecause of internption by the
air-steam pocket of good cooling conditions created by water, the tem-
perature along the vessel wall shows oscillatory behavior. For higher
internal heat transfer coefficients, conduction along the vessel wall be-
comes important and no distinct hot spot over the area covered by the
steam pocket is observed. Since the pool temperature in the case of Ga-
bor et al’s correlation is higher, radiative heat transfer causes a rapid rise
in temperature of the unwetted portion of the vessel wall. However, a
drop in temperature is predicted when the correlation of Mayinger et al
is nused. Becanse of the much higher heat transfer rate into the lower part
of the pool and the lower pool temperature when Mayinger et al’s cor-
relation is used. less radiation heat transfer into the unwetted portion of
the vessel inner wall is predicted. This, in turn, results in a temperature
drop along the unwetted wall of the vessel. It can be seen that the inner
wall temperature increases sharply for angular positions greater than the
angle 6. The large temperature oscillations in the vessel will lead to high

thermal stresses.

The fractions of decay heat that are transferred downward, to the
unwetted vessel wall, the upper structure, the core shroud and to the
baffle plate are plotted in Figures 1.31a and 1.31h for the corrclations
of Gabor et al and Mayinger et al. It is seen that for Mavinger et al’s
correlation as nmch as 52 % 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
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vessel when Gabor et al’s correlation is used. It should be noted that
these fractions do not include the energy that is generated in the crust
hut is also transferred to the vessel wall. Since the predicted crust is
much thicker when Gabor et al’s correlation is used, actual fraction of
encrgy transferred downward can be as high as 40 % when Gabor et al’s
correlation is used.

Figures 1.32a and 1.32b show the cffect of emissivity of the pool free
surface on the vessel inner wall temperature. Comparison of the predic-
tions plotted for the two correlations shows that emissivity of the pool free
surface has little 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 al and Mayinger et al respectively. It is seen that in both cases
the baflle plate temperature is predicted to be 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 recirculation pump seals to superheated steam.
This failurc of the seals will cause radioactivity to escape into the contain-
ment. The isotherms plotted in Figure 1.34 show the two dimensionality
of conduction heat transfer in the vessel wall.

The effect of the pool volumes on the thermal bhehavior 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 amount of heat generation in the pool
decreases due to the reduction of the pool volume, the inner wall tem-
perature decreases as the pool volume decreases. However, the inner wall
temperatures in the skirt region, for V, = 1/3 Veore, arc predicted to be
higher than those for other pool volumes. This is due to the fact that the
local heat transfer coefficient is high near the skirt region when the pool
angle, 8y, is approximately equal to the skirt angle, 85, Also, less heat is
removed from the outer wall of the vessel in the skirt region.
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Figure 136 shiows the isotherm in the vessel shell for V,, == 1/3 Vi,
Highest inner wall temperature is seen to reach the melting temperature
of steel vessel,

The flooded water within the skirt region is not well mixed with the
water outside the skirt, especially the water near the vessel hottom and
the free surface of water in the skirt, The subceooled water near the vessel
hottom will be heated and eventually reach the saturation temperature
of water. As water temperature near the vessel bottom reachies its sat-
uration temperature, the vapor filin will be formed on the outer wall of
the vessel bottom head, resulting in inerease of vessel wall temperature,
Considering the water volue (Vi) between the vessel hottom head and
the free surface of water in the skirt, the temperature inerease of water
volume (Vy) is determined by using a simple lnmped-capacity method by

T,
o ,f;,-,-'- = (), (69)

where Qq is the amount of heat transfer rate from the wall to water vohune
and Ty =T, at t =0,

The time required for the water volume to reach its satnration tem-
perature is obtained by

- (Tml - TI. )/’I“]{J‘;

tinar = (JI ( (0)

Assuming that a fraction of heat transferred from the vessel bottom
wall during nucleate boiling is used to heat up the water volume, it is
found that about 4 hours are needed to reach the saturation temperature
of water volume (shown in Table 1.2) when about 10 4 of heat trans-
for rate from the vessel is nsed, Figure L37 shows the isotherm in the
vessel shell for V, = 2/3 Vi, with Ty = T, It is seen that the wall
temperatures aronnd the vessel bottour and the skirt region are increased
by a maximum of 170 K. With such an inerease in temperature the ves-
sel wall temperature is still mmch lower than the melting temperature of
steel vessel (1700 ). This is due to the fact that the surface avea of the
hottom head submerged in water is very small,
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Table 1.2: Times required for water volume to reach
its saturation temperature

Vp = 2/3 Veore ,&i's = 0.5, Ty = 1200 K
Qboit totat = 37.074x 10 W

Qi/ Quoittatat (%) | tmae (sec./min./hrs.)

100 1440.8 / 24.01 / 0.40
80 1801.0 / 30.02 / 0.5

60 2401.3 / 40.02 / 0.67
40 3601.9 / 60.03 / 1.00
20 7203.8 / 120.05 / 2.00

10 14407.7 / 240.13 / 4.00
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Effects of the decay heat in the corinun pool and the thermal conduc-
tivitios of the corium and the reactor vessel shell on the thermal behavior
of the BWR vessel lower head are considered in Appeadix LI It is found
that the maximum inner wall temperature obtained by using the lower
value of Qgenyp is predicted to be about 200 K lower than that of the
base case (the upper bound of Qgenp for V, = 2/3 Vo). The effects of
Kyesset and ky on the BWR vessel shell temperature are found to be not
significant.

Based on the temperature distribution in the BWR vessel shell, the
effective stresses are determined for a given system pressure. Figures .38
and 1.39 show the distribution of the stresses in the BWR vessel shell
for the two types of boundary conditions on the top of the cylindrical
shell when Mayinger et al's correlation is used and the system pressure
is 7 MPa. The miniimmun stresses occuring along the mid plane of the
hemispherical vessel shell are lower than the yield stress of steel vessel
(about 50 ksi) except. in the region near the vessel support skirt. However,
the stresses in the cylindrical vessel shell are higher than the vield stress of
the steel vessel over a wide region. Since the largest temperature gradients
occur across the hemispherical vessel shell above the skirt attachment, the
corresponding stresses in that region are high. Bending moment around
the skirt attachment will result and affect the stress distribution in the
cylindrical vessel shell connected to the hemisphere,

In order to investigate the effect of the system pressure on the ther-
mal stresses, the thermal stresses in the vessel shell are considered for a
low system pressure. Figure 1.40 shows the distribution of the thermal
stresses in the vessel shell with the roller boundary condition on the top
of the cylindrical section when Mayinger et al’s correlation is used and
the system pressure is assuied to bhe 1 MPa. Comparing the thermal
strosses with PP; = 7 MPa (shown in Figure 1.38), it is seen that the sys-
temn pressure does not play a dominant role on the thermal stresses in the
hemispherical vessel shell. It is also noted that the hending eoffect on the
cylindrical vessel shell is reduced as the system pressure decreases,
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Figure 141 shows the deformed shape of the vessel shell for the roller
boundary condition on the top of the eylindrical seetion. Even though
the severely deformed shape of the support skirt is obtained by using the
clastic theory, it can be expected that the effective stresses in the skirt
structure will be mmeh higher than the yield stress of steel, especially
near the armpit weld region. If the skirt armpit weld fails, water existing
outside the skirt can flow into the skirt region and displace the trapped
gas.

The total displacements of the outer wall of the vessel shell are plotted
in Figure 1.42 when Mayinger et al'’s correlation is nsed for V, = 2/3 V.
It is scen that differences between displacements of the outer wall of the
hemispherical vessel shell for different. system pressures are very small,

Figure 1.43 shows the distribution of the effective stresses in the ves-
sel shell with thie roller boundary condition imposed on the top of the
cylindrical section for V), = 1/3 V. In obtaining the effective stresses
Mayinger ot al’s correlation was used with a syatem pressure of 7 MPa.
Since the vessel wall temperatures in the skirt region, for V, = 1/3 V.,
are higher than those for other pool volumes as shown in Figure 1.35, the
aleulated stresses are predicted to exceed the yield and ultimate stresses
of steel over a wide region across the hemispherical vessel shell. This
raises the possibility of a large plastic deformation and the survival of
the vessel is placed in question.

Figure L.44 shows the total displacements of the onter wall of the vessel
shell for different pool volumes when Mayinger et al's correlation is used
for P; = 7 MPa. It is seen that larger displacements in the skirt region
for V,, = 1/3 Vo are predicted to oceur due to higher wall temperature
distributions in that region,

A drywell flooding strategy to completely cover the BWR reactor ves-
sel lower head with water in which a gas release pathway from the vessel
skirt might he provided is obtained by drilling several small holes through
the skirt at points just below the attachment weld [4]. From the stand-
point of regulatory requirements. cost-henefit analvses, radiation expo-
sure to personnel, ete., this is clearly not a practical proposal for existing
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facilities; it might be considered, however, for advanced plant designs,

Figure 1.45 shows the isotheris obtained by releasing the gas trapped
in the support skirt when Mayinger ot al's correlation is used for V, =
2/3 Vepre. It is soen that the onuter wall temperatures in the skirt region
are significantly lower than those without venting the trapped gas in the
skirt,

An optimistic case for the distribution of the effective stresses in the
vessel shell without the trapped gas in the skirt is considered, Based on
the temperature distribution in the vessel shell as shown in Figure 1.45,
the thermal stresses are obtained for a system pressure of 1 MPa and V,
= 2/3 V. Figure L46 shows the distribution of the thermal stresses in
the vessel shell for the roller houndary condition on the top of the cylin-
drical section, The minimum stresses oceur along the mid plane of the
hemisphierical vessel shell and are lower than the yield stress of the steel
vessel, Because of a very large temperature difference across the hemi-
spherical vessel shell above the skirt attachment and the high thermal
stress distributions in that region, the bending effect on the eylindrical
vessel shell is observed,

Figure L47 shows the distribution of the stresses in the vessel shell
without the support skirt attachment (assumed to be failed) on the outer
wall of the vessel lower head for a system pressure of 1 MPa and 'V,
= 2/3 Viore. The minimum stress occuring along the mid plane of the
hemispherical vessel lower hiead is lower than the yield stress of steel
vessel exceept in the narrow region just below the pool free surface where
the largest temperature differences oceur across the vessel wall, Since
there is no bending moment on the evlindrical vessel shell for this case,
the stresses in the evlindrical vessel shell are lower than those obtained
in the presence of the skirt,

From the rvesults of the steady state temperature distribution in the
BWR vessel shell for V= 2/3 V., and when Mayinger et al's correla-
tion is used, stresses across the hemispherical vessel shell are found not
exceed the vield stress of steel exceept in the narrow region aronnd the
skirt, However, for V, = 1/3 V.. stresses in the hemispherical vessel
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shell are predicted to exceed the yield stress over a wide region around the
skirt and a large plastic deformation is predicted to ocenr. Large defor-
mation theory or plasticity thoery needs to be applied before a conclusive
statement with respect to failure of the vessel can be made.

To assess the failure of the BWR vessel shell due to ereep rupture, rup-
ture times are calenlated by using the relationship between the Larson-
Miller parameter and the equivalent stress in the vessel shell, The de-
pendence of rupture times on varions vessel shell temperatures is shown
in Figure L48 for different system pressures. Fromn the transient analysis
of the therimal behiavior of the PWR vessel lower head, it was found that
time period longer than 3 hours after slumping of the core material into
the vessel lower head is needed for the vessel wall temperature to attain
a steady state condition, Isotherms in the vessel shell for V,, = 2/3 V.
when Mayinger ot al's correlation is used are shown in Figure 1,34, The
corresponding maxinnun steady-state inner wall temperature, the maxi-
i steady-state mid plane temperature and the maximum steady-state
outer wall temperature are obtained to calenlate the ereep rupture times
for different system pressures. It is found that for systemn pressures of 4
and 7 MPa. immediate ereep failnre of the vessel shell will occur if the
maxitnm steady-state inner wall temperature of the vessel lower head
is used, However, about 1 hour of rupture time after ¢uasi-steady con-
ditions are obtained is predicted when the maximum steady-state onter
wall temperature of the vessel lower head is used,

For a system pressure of 1 MPa, about 1 hour of rupture time after
the pool attains its near steady state temperature is predicted when the
maxinmmm steady-state inner wall temperature is used, However, rupture
time of the order of 10% hours is predicted when the maximum steady-
state outer wall temperature is used,

If the trapped gas in the skirt region is vented by some means as men-
tioned carlier, the maxinnun steady-state onter wall temperature (shown
in Fignre 1L45) is predicted to be lower than that withont venting the
trapped gas in the skirt, Using this outer wall temperature, nneh longer
rapture times are calenlated,
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The creep rapture times are dependent upon the vessel wall temper-
ature chosen for the caleulations, The estimated rupture times can be
used to assess the probability of vessel failure during flooding of the dry-
well of a BWR. It should again be noted that creep rupture times have
not been caleulated by carrving ont time dependent stress calculations
and by evaluating time integrated damage to a particular element in the
vessel wall.

Calculations are performed in Appendix 1J to determine the effect of
the water level in the dryvwell on the upper vessel wall temperature when
complete venting of the support skirt occurs by some means. It is found
that., for the attainable water level (about two-thirds vessel height) in
the drywell, the upper vessel wall temperatures are predicted to be lower
than the melting temperature of steel vessel. This is valid as long as
heat loss rate from debris to the upper vessel wall is less than 10 MW,
Therefore, if the water level in the drywell is kept high enough and the
support skirt is vented. indefinite retention of core material in the vessel
lower head can be achieved.

1.108



1.7 CONCLUSIONS

Two dimensional transient (PWR) and steady (PWR and BWR) state
thermal analvsis of the reactor vessel shell have been performed after
core material relocates into the vessel lower head with cavity (or drywell)
already flooded with water. Results were obtained by using two different
heat transfer correlations for the natural convection in the molten pool. In
the analysis, the emissivities of pool free surface, the vessel wall, the upper
structure, the baffle plate (BWR) and core shroud (BWR) were varied
parametrically. Calculations were performed for structure temperature
between 800 and 1600 K (PWR) and between 1000 and 1500 I (BWR).

Effecitve stresses and displacements in the reactor vessel shell were
investigated by using the numerically caleulated steady state temperature
distributions in the vessel shell when the cavity (or the drywell) is fooded.
An axisymmetric finite element scheme was implemented by means of
the computer code, NASTRAN. The clamped and the roller boundary
conditions on the top of the vessel shell were employed as extreme cases.
For the given system pressure, the creep rupture 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:

o It may take several hours before quasi-steady state conditions are
established in the PWR vessel lower head. During the transient
period the pool temperature will increase accompanied by remelting
of the crust.

e Some melting of the PWR vessel inner wall is predicted to occur.
The thickness of the vessel wall after mixing of the molten steel with
the molten corinmn is allowed is small and may not he able to sustain
the imposed stresses. This in turn may lead to vessel failure.

e Melting of the BWR baffle plate is predicted to occur and this may
open a new path for the release of superheated steam and fission
products.

o The effect of cmissivities of the pool surface. structure. the vessel
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wall, the baffle plate (BWR) and the core shrond (BWR), and the
structure temperature on the vessel inner wall is predicted to be
small when Mayinger et al's correlation is used. However, the emis-
sivity of the unwetted wall has a larger effect on the unwetted wall
temperature,

The effect of variation in the decay heat in the molten corivun on
the vessel shell temperature is predicted to be small when Mayinger
ot al’s correlation is used. However, the thermal conductivity of the
vessel shell has a large effect on the unwetted wall temperature.

From thermal analysis, it is found that for the range of parameters
studied, sotne melting of the vessel inner wall will occur, hence flood-
ing of the cavity of a PWR may not provide an cffective means of
retaining the core material in the reactor vessel lower head. How-
ever, flooding of the drywell of a BWR may provide sufficient cooling
of the reactor vessel lower head to maintain the molten core within
the vessel lower head.

Significant deviations in the predicted temperatures can occur be-
cause of uncertainties in the internal natural convection correlations.
At present no data are available at very high Rayleigh number en-
countered in the caleulation of natural convection in the molten pool.

The effective stresses in the PWR vessel shell are predicted to ex-
ceed the yield stress of vessel steel for both the roller and clamped
houndary conditions and for pool volumes considered in this paper
when Mayinger et al’s correlation is used. The effect of temperature
rariation on the stresses is found to be much more pronounced than
that of system pressure. Therefore, a large plastic deformation of the
vessel shell is predicted to oceur. The present caleulations in which
plastic deformation and relaxation of stresses was not considered
suggest a high probability of the PWR vessel failure.

For V,, = 2/3 V., thermal stresses in the BWR vessel lower head
arc predicted to be lower than the yield stress of steel except in a
narrow region in the support skirt when Mayinger et al's correlation
is used, However, for V, = 1/3 V., the stresses are predicted to
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be much higher than the yield stress of steel and the survival of the
vessel lower head is in question. Again no plastic deformation or
relaxation of thermal stresses have been included in the analysis,

Venting of the trapped gas in the BWR vessel support skirt is found
to lower the stress distributions in the BWR vessel lower head and
in turn increases creep rupture times.

The boundary conditions used in the effective stress caleulations are
only approximate. Further refinement of the model can be achieved
through a more detailed analysis including the upper eylindrical por-
tion of the vessel.

Large deformation theory or plasticity analysis neceds to he applied
to predict more reliable displacement and stress distributions in the
vessel shell. However, the plastic behavior of the vessel material at
high temperature is not yet. clearly understood.

A large uncertainty exists in the prediction of creep rupture times.
Creep rupture times of only a few hours are predicted if highest aver-
age wall temperature is used. However, rupture times are very long
if vessel outer wall temperature is used. Creep rupture times have
not been obtained by carrying out time dependent stress caleulations
and by evaluating time integrated damage to a particular element in
the vessel.
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Appendix 1.A
Finite Difference Form of the Transient Energy Equation
for the Vessel Shell (PWR)

Using central differences for the spatial derivatives and the forward
difference for the time derivative in Equation (I.1) and defining Ar=(R;-
Ry)/M, Ab=x/2N, r=R;+iAr for i=0, 1, 2,.., M and 0=jA08 for j=0,
1, 2,.., N, tn=mAt for m=0, 1, 2,... and T{P'=T,(r,0,tm), the finite
difference form of Equation (I.1) becomes

T = (1= 20)TP + U T, + USTIT, + UTP) + UTET),

where

Ui = aubt (53 + mags

1
U=t~ o)
1
U"’"’“’At(A i+ iar)
cotb )
2A02 2r2A6?
1 + coté )
riA0? ' 2riAG?

and the superscripts in the above equation denote the time step.

Us = a,At (
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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 stearn
on the radiative heat transfer from the upper surface of the pool. Two
parallel plates are considered to simulate the upper structure and the
pool free surface as shown in Figures 1.1 and 1.2.

It is assumed that scattering is coherent and isotropic and that the
steam temperature distribution is associated with the condition of ra-
diative equilibrium. For the radiative equilibrium condition, equation of
transfer is given by

,,QJ.%.&Q +od(z,p) = %Ll'J(ﬁ)dﬁ (1.71)
where p = cosf, z is the distance from plate 1 having temperature T), o
is the aborption coefficient and J(z,u) is the radiative intensity which is
indendent of frequency.

The corresponding boundary conditions are
acT}* 0 ey g-
S +2l-a)[ VO [Aldp, p>0  (L72)

4n
ach" 1 e g
(L) = e +2(1 - e,)/o J(L,p)adip, p<0  (L73)
where & = ac/4, c is the speed of light, & is the Stefan-Boltzmann con-
stant, L is the distance between two parallel plates, ¢ and €; are the
surface emissivities, and T, and Ty are surface temperatures.

J(0,u) = ¢

Using the definition of the radiative flux of energy in terms of the solid
angle, 1, given by

F(M) = /"ﬁJ(F, (1)d(l (1.74)
and integrating (1.71) over all u, we get
oOF
B = 0 (1.75)

The classical diffusion theory states

(cE) (1.76)

=

1
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where E is the radiative energy density defined as

1 "
E(f) = - S, I (7 (1.77)
Combining Equations (1.75) and (1.76), we find the following
d?
'&';E(CE) = (1.78)
or
cE(z) = A+ Bo: (L.79)

To determine the constants A and B, we need the Marshak boundary
condition corresponding to (1.72) and (1.73). In diffusion theory, we have

J(2,) = o= [eB(2) + uF (2)] (1.80)

Using Equation (1.80) in (1.72), multiplying by 2xu and integrating
over 0 € u < 1, we have for z = 0,

(o |gE_@-a)d
e;&T, = [ﬁ 3 60 dz(cE) - (1.81)
Similarly, at z = L, we have
5To! = Eg .--—-..—--(2 — 62) i
60T, [!2 7 + P (cFE) - (1.82)

Using Equation (1.79) in (1.81) and (1.82), we get

6T\ = 54-‘-A - Q—'—'é—f-!la (1.83)
and 2
€adTy! = %A + [-‘;}aL + L—-’-é-fi“l] B (1.84)

Solving the above two equations simultaneously, the constants A and
B can be obtained as :

AﬂA

(h1g4 + haga) (1.85)
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and 1
B= Z(ham - hi9s) (1.86)

where

A =919 + 9203
¢
91-?"

(2-8;)
g1 ==

pel

(2 -¢)

€@
94340144’ 6

fl; = e,éT,‘
hy = 8Ty*
Using Equations (1.85) and (1.86) in (1.79), the radiative energy density
becomes a
E(2) = o= [(h1g4 + haga) + (g1ha = higy)os] (1.87)

From Equations (1.76) and (1.87), the radiative flux of energy becomes

F(2) = ~3xlgiha = hugs) (188)

The temperature distribution associated with the condition of radia-
tive equilibrium becomes

T42) = 2 o ((higa + haga) + (91hs = higs)os]  (189)

If the radiation heat transfer between two parallel plates without the
participating media is considered, the radiative heat flux from surface 1
to surface 2 is obtained as

(T - ToY)

T e+ 161 (150

F
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Using the participating media as steam between plates, the radiative
heat flux is calculated, in which the emissivities of each surface are taken
to be 0.5. The corresponding surface temperatures are taken to be T,
= 2500 K which is the melting temperature of the molten pool and T,
= 1600 K which is close to the melting temperature of vessel structure.
Absorption coeficient of steam is about 0.7 m~! at T,team = 2200 K and
1 atmospheric pressure. This value is obtained from the reference listed
below.

The calculated heat fluxes reaching the surface 2 with and without the
participating steam between two parallel surfaces are F(with steam) =
0.6393 MW/m? and F(without steam) = 0.7344 MW/m?. It can be seen
that about 13 % of the radiative heat is absorbed by the participating
steam. Therefore, this small amount of the radiative heat abosorbed by
the participating stearr does not affect significantly the calculated vessel
inner wall temperature.

Reference for Appendix 1.B

E. M. SPARROW AND R. D. CESS, Radiation Heat Transfer, McGraw-
Hill Book Company, NY, 1978.
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Appendix 1.C
Radiative Heat Transfer Parameters (PWR)

The expressions for {'s, Z and Y used in Equations (1.7), (1.8) and (1.9)
are listed below :

€Ay

Si=F, (1~ ew)ewAw

f3 = ‘uAua(Tu‘ - Fu—wTw‘ - u-aTl4)
A
Jo=Fu_(1- Eu)%'"'f"""'tg

fi=1~ Fw-w(l - Cw)
fo=Fu_,(1- e.)fwAw

G.A.

fr= cuw‘“wa((l - Fw-w)Tw‘ - Fw—uTu‘ - Fw-—cTn‘)
m=(fi-fiYfa+(fa+1)fs+ (i +1)fs

2
Z=14+ 1+.cc;s 6o
8in%f,
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Appendix 1.D
Comparison of the Heat 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:

Qnucleate = 0-55ATwo,409 < Two < 633K

Qrad = GU(T:,O - T:at)a dfiim = hﬁlmATwo
Qtotal = qfilm + Grad

where ¢ = 0.5, A Ty, = Tyo - Tsar and the film boiling heat transfer
coefficient for the liquid subcooling of 50 K is obtained from the reference
listed below.

im = 0.4
hf ! 5 ﬂuATwoD/ p,Df ATwo
where
o
D= |——
= N\glor = pv)
and

ATaub = Tsat - Tliquid

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 | Uitm (MW/m?) | qrag (MW/m?) | qeotat (MW /m?)

1000 0.2969 0.0280 0.3249
1200 0.3388 0.0586 0.3974
1500 0.4021 0.1437 0.5458
1700 0.4463 0.2375 0.6838

Two (K) Qnucleate (MW/m2)

450 0.2494
500 1.1226
550 3.0421

600 6.4207
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Appendix L.LE
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 vell (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 (8) from
0 to 4.5° in order to determine the temperature increase at the bottom
head. Figure .50 shows the isotherms obtained by using the insulation
boundary condition at the bottom wall when Mayinger et al’s correlation
is used for V, = V... 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 1.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 Tyaer = Tyat
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Figure 1.50: Temperature distribution in the vessel shell obtained by
using the insulation B.C. for § = 0 ~ 4.5°
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Appendix L.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 (1.22), (I1.33) and (1.34)
are used to solve the partial differential equations. Defining Ar=(Rj3-
R1)/M, Ab=r/2N, Ax=X/L, r=R;+iAr, =jA6 and x=kAx for i=0, 1,
+M,j=0, 1, .., N, and k=0, 1, ..., L, and TP =T, (r,6) and T{P=T,(r,),
the finite difference form of Equations (1.22), (1.33) and (1.34) become

OIS = Tl + 6T + 1) 5 + CT
and

DT = DT + DT} + Dy (T + THHY)
where

r? 1
C= (A 5+ ABQ)
2

r r

Cy = ey
1 cot

Cs = za'g'm
C*“m’fzg
1 cot
Ca-—?-f-'%z'a
Dy =2(55+573)
1 1

D, =75+ 547
U .
37 Ar 2r41\r
Di=35

Initial values T,(?) and T,-('g) are assumed to be given for all variables and
the superscripts in the above equations denote the iteration number.
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Appendix 1.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
(1.35), (I1.36), (1.37), (1.38) and (I.39) are listed below :

A= fr+ fu(fL+1)

Ay = fa—- fe(fL+1)
Ay = —fafu = fcfr
Ay=-fe(fk+1)-1
Ay = fe = fu(fx +1)
As=—fcfe— fu
Ar = fe(fr+ 1)+ fr(fx +1)
As = falfe +1)+ fx+1
Ay = fr = fafe
By =gr -gE
, By =gp+1
Ap = (fetV)(fr=1)+fu(fat+fL+1)+fe(frfo+fu—fa)+fx(fafu+Tfrfc)

Ac =gp(gp+1) +gr(g9a +1)
_ _ €Ay
fA = Fu-w(l 6w)ewAw
_ €Ay
fC = Fu-—b(l fb) 56Ab
_ _ €A
fE - Fw-—-u(l eu) quu
fr=1-Fy_ (1 —¢y)
€A
= Fw.. - wiw
Su (1 — &) s
A,
€A,

fl\' = Fa-—u(l - fu)
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A,
fu= Fc—w(l - fw)ewAw

Ey = e,Avo (Tu4 Fu-wTw‘ - I'-‘u--nT'a4 - Fu-bTb‘)
Ey = e, Auo ((1 - Fw-w)T ‘- w-uTu Fw-nTl‘ - Fw-—bﬂa‘)
E3y=A,0 (Ta - Fo-—uTu - Fo-wTw‘)

gaA= Fn-—c(l - ec);"""

9 = Fii(1 - €)1

gec=1=F. .(1-¢)
A
o = Feui(1 - 6) 25
Gi=A,0 (Ta - Fa—cTc - Fc--tTt‘)
Gy = ¢ Ac0 ((1 - Fc—c)Tc4 - Fc-—aTo‘ - Fc-!ﬂ‘)
1 + cos*,
81n26,
1
sinf,

Z=1+
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Appendix I.LH
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. According
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, t,,.:, were correlated in terms of the Fourier num-
ber (Fo = at/H) of the fluid layer with the Rayleigh number (Ray =

g8qgenH® Javk) by

tmal’ -
Fomg; = ﬁﬁr = 23.577Ray 0% (1.91)
where z/H = 0 for 1.266 x 10® < Ray < 2.90 x 10'3 and
Fomg: = .a.;:}.".é‘.’_f = 58.055[{0”—0.266 (1.92)

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
2/H = 0.5 1.62

Frantz z/H = 0.0 1.86
2/H = 1.0 2.57

measured for different sizes of the hemispherical bell jar. Based on the
experimental results, the time scales for obtaining steady convection is
correlated in terms of Fo with Ray by

Fopg, = 2imaz _ g 00 R, ~0.208 (1.93)

where z/H = 0 for 1.38 x 10° < Ray < 2.74 x 10'? and

Fomas = 27282 = 5.350Ray =1 (1.94)

where z/H = 1.0.

Assuming that these correlations for the time scales for obtaining
steady convection in the volumetrically heated pool can 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 natural convection
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in the volumetrically heated pool.

References for Appendix I.H

J.H. MIN AND F.A. KULACK]I, “Steady and Transient Natural Con-
vection with Volumetric Energy Sources in 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 LI
Effects of Q'Qn‘pool) kpool and kwucl

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 and relocation. Hodge et al suggested that about 80.3 % of the
total decay power at the time of lower plenumn 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 Peach Bottom
or Browns Ferry Plant, the predicted decay heat based on SANDIA-
ORIGEN is about 20.72 MW at 10 hours after reactor scram. The decay
heat after accounting the release of valatiles and noble gases (about 23
% reduction) is obtained as 15.91 MW. Taking 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 Qe in
the pool when Mayinger et al's correlation is used for Vp = 2/3 Veo,. It
is seen that the predicted inner wall temperatures obtained by using the
lower value of Qgenp are 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/mK) is used to predict the
vessel shell temperature. Figure [.52 shows isotherms obtained by using
Kpoot = 7.2 W/mK when Mayinger et al's correlation is used for V, = 2/3
Veore: Since the average heat transfer cocfficient based on the correlation
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Figure 1.51: Variation of the BWR inner wall temperature for different
decay heat values in the pool

L1346



of Mayinger et al for the lower curved surface is enhanced by a factor of
1.74 compared to the base case, the higher vessel wall temperatures are
predicted, especially in the skirt region,

Since the thermal conductivity of the steel vessel shell decreases as its
temperature increases, the effect of the lower value of ke, 0D the vessel
shell temperature is considered. Figure 1.53 shows isotherms obtained by
using Kyesser = 30 W/m K (value of thermal conductivity of carbon steel
at about 1000 K obtained from Rempe et al's work) when Mayinger et
al's correlation is used for V, = 2/3 V.. It is seen that the reduction of
thermal conductivity of vessel shell produces higher inner wall tempera-
tures and lower outer wall temperatures in the skirt region compared to
the base case with Kkyepet = 50 W/mK. The large temperature vaiation
across the vessel shell in the skirt region would result in the high thermal
stresses in that region,

References for Appendix 1.1

R.M. OSTMEYER, “An Approach to Treating Radionuclide Decay Heat-
ing for Use in the MELCOR Code System.” NUREG/CR-4169, 1985.

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 1.J
Thermal Response of the Upper Reactor Vessel Wall
Above the Water Level in the Drywell

Drywell flooding with complete venting of the BWR vessel support
skirt by some means would maintain the core and structural material
relocated subsequently in the vessel lower plenum. Since the water level
in the drywell can not rise above the elevation of the drywell 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 drywell 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

I €A n
Q- £ R - 0250 = aho (T - £ RT) ()
)= =

where i, j = 1, 2, 3.

Using Ty and Tj as the average temperatures along the vessel inner
wall and T 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

0, = C+D) +b(A~ B)
| = A

(1.96)
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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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_aD-bB+1)

Q2 Al (1'97)
_aC+b(A+1)
Qs = A (1.98)
and 1
Fy=1-3 (z-vZT=1) (1.99)
where
A
A= Fp(l- 62);;—‘41-;
A
B = Fi3(1 - 63);;%;
C=1-Fp(l-e)
A
D = Fi(1 - &) 2

a = Ajo(Ty! — FiuTh* — FisT3Y)
b=eyAr0((1 - fzz)Tzq - FyTy* - FuTy')
A =C(B+1)+D(A+1)

Using a one-dimensional heat conduction through the vessel wall, the
vessel shell temprature below the water line is given by

T(z) =T+ (Tr- T) 57

where AR = R; - R; and x is the distance from the vessel inner wall.

(1.100)

The heat loss to the outside water is given by

g = hy(Ty — 1) (1.101)

where the natural convection heat transfer coefficient on the vertical plate
is given by

ky 0.387Ra/8 2

hy = -I-J_Jv— 0.825 + (1 + (0.492/ Pr)%/16)8/21
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where

Ra = gﬁ(T‘l - TL)HW3

vo

For the upper vessel wall above the water level, the insulation bound-
ary condition on the outer wall is used as an extreme case.

Table 1.5 and Figure 1.55 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 (T;) below the water level increases monotonically as
the heat transfer rate increases and approach the upper wall tempera-
ture (T;3). 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 (H, = 2/3 Hy) in the drywell, the upper wall
temperatures are lJower than the melting temperature of steel vessel even
though the heat transfer rate is high enough as shown in Figure I1.55.
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 1.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

Qi (MW) | T; (K) | Ts (K) | T4 (K)
WW
5 847 995 348
6 950 1083 351
7 1053 | 1171 355
8 1156 | 1261 358
9 1259 | 1353 361
10 1361 | 1446 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

Q1 (MW) | T, (K) | Ts (K) [ T4 (K)

pw&—_—_—a

o 1187 | 1323 339
6 1360 | 1472 363
7 1627 | 1624 368
8 1697 | 1779 372
9 1866 | 1937 376
10 2035 | 2097 379

Water Level = 1/3 of Vessel Height

Q1 (MW) | T (K) | Ts (K) | T4 (K)

1——————————~——————————————r-———-—v
834 1066 347
1335 | 1480 362
1834 | 1925 375
2331 | 2392 385
2826 | 2870 394

U b O DN =
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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 Il

EARLY CONTAINMENT FAILURE DUE TO EX-VESSEL STEAM
EXPLOSIONS






I1.1 Introduction

A steam explosion occurs when the time scale for heat transfer from a hot
liquid to water is smaller than the time scale for pressure wave propagation and
expansion in a local region of the hot liquid-water mixture. Industrial and natural
experience has revealed that such explosions are an important or at least
potentially important class of damaging explosion accidents.

When water is present in the reactor cavity (for PWR) or the pedestal region
(for BWR) at the time of vessel failure, the contact of molten core debris with
water may result in a steam explosion, This is called an ex-vessel steam explosion
and may result not only in an impulse load, but also in a quasistatic pressure load
on containment structures, If the consequences of a steam explosion can result in
impairment of the containment function, such as containment failure, then such an
explosion could conceivably contribute significantly to the risk associated with
core melt accidents in light water reactors. Currently, flooding the drywell or the
reactor cavity with the aim of cooling the vessel from the outside and possibly
preventing vessel failure is considered as one of the severe accident management
strategies. Ex-vessel steam explosions muy be the most serious adverse effect of
this strategy. The purpose of the present study is the investigation of the
consequences of an ex-vessel steam explosion when flooding the drywell or the
reactor cavity strategy is used.

I1.2 Issue Definition and Technical hases for PWR

There are three possibilities for the mode of failure of the lower reactor
vessel head (penetration, gravity pour and 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

1.3



requires consideration of upward loads on the vessel. The gravity pour is not
probable at high pressure.

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: 1) no
vessel failure, 2) penetration failure, and 3) gross bottom head failure, The first
is the result of successful accident management, whereas the second and third
require consideration of ex-vessel steam explosions. These two lead to a corium
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 penetration,

A penetration failure at high pressure could result in DCH even though water
exists in the cavity. At least two scenarios are conceivable [1]. One scenario is that
one or more steam explosions will occur after only a fraction of the debris has
been injected into the cavity and the cavity water will then be dispersed ahead of
the bulk of the injected debris. The other scenario is that the cavity water will be
co-dispersed with the debris, exiting the cavity region as small droplets
intermixed with the transported debris, stcam, and hydrogen. Experiments with
water-filled cavities have been inconclusive, in part because of the tendency of the
experimental facilities to be destroyed by the debris-water interactions. Reality
may involve some combination of these two scenarios.

A gross failure at high pressure could result in upward loads 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 a dynamic force of about 300 MN over
about 100 ns [2).

Experimental results [3] show that 32 out of 37 tests (86%) involving the
release of molten thermite at ambient pressure and water temperature resulted in

spontancously triggered steam explosions. The probability of ex-vessel steam
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explosions which occur under ambient 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 cxpand. The amount of water necded to flood the reactor cavity was
estimated to be 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 be more hemispherical in nature and the
pressure pulse generated from the explosion 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 pressurc 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 expansion moves hemispherical and interacts with the structures
inside the containment. However, how the explosion could efficiently couple its
energy to some solid material to form 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 [1], whereas
containment failure by missile generation is uncertain and should be studied.

I1.3 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 decp water pool in the drywell is high during the course
of a severe accident. The threat to the Peach Bottom containment from ex-vessel
steam cxplosions was not considered significant because of the shallow pool of
water in the drywell. However, if the drywell is flooded in the Peach Bottom
plant, the same consequences as those of the Grand Gulf plant should be
considered.



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 arca 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, P;.
* The likelihood of pedestal failure when a steam explosion occurs, P.
* The likelihood of drywell wall failure due to collapse of the pedestal, Ps.
* The likelihood of drywell failure due to the overpressurization by rapid
vaporization of water, Pj.
The likelihood of containment failure due to a steam explosion (Pey) can be
calculated by the equation, Pey =Py x { P, 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.

I1.4 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 decompose 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.

Initj ition

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 (UO, +
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 [8]. 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 [4].
However, it is expected that only the water 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
(20-309C). 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 fraction 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 I1.2, 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 [7].

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.

ccurren f the St Explosi

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.

Subsequent Failure of the Pedestal

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 the 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 [10] modified by Berman [11], as follows:

I =40 W3 (WV3/R)® kPa-s (IL1)
where = 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 (UO, +
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 maximum 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 failurc 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 (P;) 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.

Subsequent Failure of the Drywell Wall

According to NUREG-1150 (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 may be considered as the lower bound

probability for Peach Bottom.
verpressurizatio

This probability, Ps, 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, T) = 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

—pprCp—a—t—-A (hc+0.88hr) (T(t)-T,(£)) =q(t) (11.2)

Coolant Energy Equation

dT,
MW -fc n,g(t) (IL.3)
Steam Generation Rate
. nECJ(t) (1-fc)
v hyq (I1.4)
Steam/Air Energy Equatior
VAP hieohm . P,
<1 ot wh+m h m"pl(r-l) w.h (I11.5)
Containment Vent Rate
;
W-CdAdJ E.(_%'_fﬁ)_ (11.6)

Vessel to Containment Vent Rate

l 2 (P,-P)
W,=CaAqv R (11.7)
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Vessel Gas Space Energy Equation

v, dP
1 (IL.8)
The properties of water and steam are assumed to be constant, Figure II.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. Figure I1.4, I1.6 and I1.7 represent the effects of fc, droplet size and
melt mass, respectively. Assuming the water inside the pedestal and 16.5% 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 1.0), 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 I1.8 shows that the effect of the vessel pressure is not significant
because there is no big difference of the pressures of two cases when the

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 test
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 I1.9, 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, Ps, can be assigned as 0.5, which gives the maximum uncertainty.

With uncertainties mentioned above, Py, 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 Pey =Py x { Pax P3+ (1 -P; xP3)x Py },
0.86x(1.0x0.17+0.83x0.5), in this study.
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Nomenclature

A : area (or surface area)

C : specific heat

Cq : discharge coefficient for venting (0.9)

Cqv : discharge coefficient for gas discharge from the vessel (0.6)

fc  : the ratio of heat used for heating water to total transferred heat from the
debris

h : enthalpy of steam (2700 kJ/kg)

he  : convective heat transfer coefficient

hgg  : latent heat of water (2100 kJ/kg)

hr . radiative heat transfer coefficient

M :amount of water participating in the explosion (225 tons)

my : amount of steam generated per second

np : number of droplets

P : containment pressure

Py  : ambient pressure (0.101 MPa)

Py  : vessel pressure (initial pressure 7.03 MPa)

q : heat transferred from a debris droplet to water

r : specific heat ratio (1.4)

V  :remaining containment free volume after flooding(1415.5 m3)

Vy :vessel volume (585.1 m3)

W . discharge mass rate from containment

W, :discharge mass rate from vessel to containment

p : density

Subscripts

d : for venting

dv  : for discharge from vessel

1 : water

p : debris droplet

\ : Steam
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APPENDIX HI

THE ASSESSMENT OF PROBABILITY DISTRIBUTIONS
FROM EXPERT OPINION

III.1



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.,

n(xIE) = K'' L(EIX) mo(x) (111.1)
where

no(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(Elx) = the likelihood of evidence E given that the true value of the unknown
quantity is x,

n(xIE) = 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 7to(x) and L(Elx)

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 = { xjj, j=1.3;i=1,., N} (IT11.2)

where xijj is the estimate of expert i for the jth percentiles, and we have the
opinions of N experts on three percentiles.

Model
Reference [1] used 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 o= (8, ®) is used for the unknown
distribution.

Therefore, Eq (II1.1) is written as
n(alE) = K L(Elg) mo(Q) (111.3)

Assuming that experts are independent and one has a uniform distribution for
no(Qw) (i.e., we have unknown prior distribution), then the posterior log-normal
distribution becomes :

- 6-0
T0.01B)=K " exp [ o7+ )
w

where
8, o = parameters of a log-normal distribution.

n
(g2 =(3 D, 6;2)"
i=1
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n
(Oo?= (2742, 6"

i=1

n
Gm =?l;' 2 w; (In XZ1 +1In Xz, +In XZ3)

Wi (ln XZ3 -In le)

£
I
M=

n
w; = weighting factor of each expert, Y wi =1.0
i=1

K! = normalization factor

7.1, Z», and Z3 = three percentiles
E = evidence (i.c., expert opinions) (111.3)
"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 (6, ) as follows:

an((o,elE)|mm= 0
o

on(@OIE) g _ g (11L.4)
0

and using the resulting 8m and wm as set of parameters of the final distribution. In

other words, the most probable log-normal curve has the parameters 6 and @ with
0, and O, respectively, which are obtained from Eq (I11.4).
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