-

NUREG/CR - 3369
SANDS3 - 1438
R1

Printed May 1984

An Uncertainty Study of
PWR Steam Explosions

M. Berman, D. V. Swenson, A. J. Wickett

8408130006 840731
DR NUREG PDR
CR-3369 R

Prepared for
U. S. NUCLEAR REGULATORY COMMISSION




Division of Tsﬁmul Information and Document Control

US N
Washi

Available from
and

GPO Sales

&um Commission
National Technical Information Service

uclear
Springfield, Virginia 22161



NUREG/CR-3369
SAND83-1438
R1

AN UNCERTAINTY STUDY OF PWR STEAM EXPLOSIONS

M. Berman, D. V. Swenson* and A. J. Wickett*

MAY 1984

Sandia National Laboratories
Albuquerque, NM 87185
Operated by
Sandia Corporation
for the
U. S§S. Department of Energy

Prepared for
Division of Accident Evaluation
Office of Nuclear Regulatory Research
U. S. Nuclear Regulatory Commission
Washington, DC 20555
Under Memorandum of Understanding DOE 40-550-7%
NRC FIN No. Al030

*Present address: School of Civil and Environmental Engineering,
Cornell University, Hollister Hall, Ithaca, NY 14853

*On attachment from United Kingdom Atomic Energy Authority,
Safety and Reliability Directorate




Some previocus assessments of the probability of containment
failure caused by in-vessel steam explosions in a PWR have
recognized large uncertainties and assigned broad ranges to the
probability, while others have concluded that the probability is
small or zero. In this report we study the uncertainty in the
probapility of containment failure by combining the uncertainties
in the component physical processes using a Monte Carlo method.
We conclude that, despite substantial research, the combined
uncertainty is still large. Some areas are identified in which
improvemente in our understanding may lead to large reductions in
the overall uncertainty.
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Summary

In the unlikely event of a core-melt accident in a PWR,
core material may flow down into residual water in the
plenum of the reactor pressure vessel, possibly resulting
steam explosion. The probability Lt suc in explosion
be large enough to fail containment fc example by e)ec
the vessel top sufficiently energeti ly ¢ ) £

probabllistilc risk assessment

Many studies have addressed this issue [ 12)], and have
offered a variety of probability estimates covering several
orders of magnitude. One of these studies | ] investigated
the probability by assigning probability distributions to
various uncertain parameters in a simple model of the procest
and then sampling at random 1in a Monte Carlo analysis. The
number of containment failuree predicted by the model, out of
10,000 trials, gave the probability of containment failure.

1
an uncertainly estimate for the conditional probability of
direct containment failure by steam explosions (given core
melt). The second 18 to identify important contributors to
this uncertainty, in order to provide understanding of the
reasons for its magnitvde and to indicate (by sensitilvity
studyles) what additiconal information would be needed to reduce
it

The present study has two major goals. The first 18 to provide

Thlis report offers several improvements over the previous
analysis [(1l1]. Uncertainties have been evaluated in a more
complete and systematic manner. The input distributions have
also been chosen more consistently, and the uncertainty ranges
have been explored in greater depth by sampling portions of the
ranges with separate distributions. Changes have been made in
the modeling of the physical processes described. Among the
most important these were: changes 1u the calculation of
the amount of melt that can participate in the explosion:
changes in the conversion ratio estimates; changes in the
calculation of the energy absorbed by the internal structure:
and changes 1n modeling slug impact and vessel and containment
failure The distributions and uncertainty estimates also

reflect some recent research results.

When distributions were selected ) the lower thirds of the
uncertainty ranges, the probabilit failing both the PWR
vessel » lenum and the large, iinment was 2zero.
When dis 1b lons from the middle thirds of the uncertainty
ranges were used, the probability of containment failure was

|
’ A J

essentially zero (i.e approximately 10 4 ‘orrespond

about 21% hen distributions f m 1 q the

ing probabllty of falling the lower plenum o » vessel wat

uncertainty ranges were used, the probabi
the vesse' and containment was very nearly




probability numbers calculated would have been different had a
different parameterization of the problem been used. However,
the ranges of uncer*iinty calculated for these probabilities
covers the entire range of possibilities.

Sensitivity studies indicated that among the most 1mportant uncer
tainties were those in the pour diameter (related to total mass
of molten core mixed) and conversion ratio. When the distribu-
tions of each of these parameters were taken at the upper third
of their ranges, all other parametric distributions remaining in
the middle of their parameter ranges, the probabilities of vessel
and containment failure increased significantly. Similarly., when
these parameters were sampled in the lower third of their uncer
tainty ranges, the failure probabilities were significantly
reduced, even when all other parameters were sampled at the high
parts of thel ranges.

The modeling described above refers to accidents in which the
pressure in the reactor vessel is at or near atmospheric. Exten
sions of these results to accidents that occur at higher ambient
pressures in the vessel introduces additional uncertailnty. There
may well be differences in mixing, triggering, conversion ratio
and vessel failure due to higher ambient pressure, but the current
stete of knowledge is insufficient to account for these differ
ences.

lhe calculations reported here assumed that strong enough loading

of the reactor pressure vessel upper head would produce a large
migsile, rather than a more benign failure mode. A large missile,
if energetic enough, could penetrate the containment; if the
explosion produced only small missiies or none at all, the large
dry containment would very likely remain intact. Thus the pres
gure vessel failure mode is another important uncertainty.

For consistency in these calculations, dimensions were taken from
the Zion PWRs. The resuits calculated in this report may, in
principle, be extended to other PWRs by accounting for differences
in geometry, containment strength, missile shields, etc. Appiica
tion to BWReg entails a large uncertainty because of major plant
differences. Differences in BWR vessel geometry and strength
could strongly affect the characteristics of the steam 2xplosion.
Differences in containment geometry and strength will also influ
ence the failure mode (penetration by missiles or overpressuriza
tion due to rapid steam release)




Introduction
Background

Although accidents in light water reactors (LWRs) involving core
melting, breach of containment, and release of radionuclides to
the environment are unlikely events, they were considered in the
Reactor Safety Study of 1975 [1] and have recelved renewed
research emphasis since the accident at Three Mile Island Unit 2
in March of 1979.

The analysis of such accidents requires consideration of phenom
ena accompanying damage to the core which could cause a breach in
containment allowing the release of radiocactive materials outside
the plant. Severe damage to the reactor core will occur because
of overheating by decay heat, even 1f the reactor 18 shut down,
if the core ceases to be covered with cooling water and remains
uncovered for longer than about 10 to 30 minutes (depending on
accident scenario). The core will be uncovered either 1if the
primary circuit leaks and the lost coolant is not replenished
(loss-of-coolant accident) or 1if the capabilit to remove decay
heat from the primary circuit is lost, in which case the coolant
will boil off through safety valves uncovering the core unless,
again, coolant is replenished Severe fuel damage will begin 1if
the fuel temperature exceeds about 1300 K at which point rapid
oxidation of the zircaloy cladding begins If reflooding with

| 4

heat and exothermic clad oxidation until melting begins at about
2000 K (the melting point of zircaloy) Gross fuel liquefaction

water does not occur, the core will continue to be heated by decay

may begin at this point (UO, is soluble in liquid zircaloy under
some clrcumstances) or 1t may be postponed as late as the time at
which the melting point of UO,, about 3100 K, is reached. When
gross lliquefaction occurs the melt will at first flow down and
refreeze on cooler fuel below At thils point a number of alterna
tives exist. One possibility is that an impermeable crust forms
at the bottom of the core, holding up subsequently formed melt in
a4 pool; another poselbllity 1s that such a ¢ 81 oes not form 1in
which case the melt will flow out from the ge the core as 1t
is formed In the _atter case the melt will be steadily quenched
by residual water in the lower plenum of ) reactor pressure
vessel (RPV): the water will steadily boil o Whether these or
other processesg occur 1s highly uncertailn

The former case leads to the possibllity that when the melt
becomes 80 large that the crust can no lenger hold it

| Uy,
coherently flow down into residual liquid water n the
plenum of the reactor pressure vessn] po!

explosion which might @ large enough t

could breach the containment building

would be of high significance to risk bec

barriers to the release of radioactivity,
ment bullding, almost simultaneously [ f




breached simultaneously there would be a path for release
radionuclides to the environment potentially affording
attenuation, These events may occur relatively =oon (

after reactor shutdown which also enhances the possibillity that
the release of radloactivity would be large

A steam explosion 18 caused by the rapld transfer of thermal
energy from a hot liquid (in this case liquefied core material)
to water on a time scale s0 short ( l ms) as to produce effects
agssoclated with the more famillar chemical explosilives Industrial
experience with these thermal explosions (13)] has shown them to
be often capable of doing significant damage.

An important issue which emerges from these considerations 1is the
need to estimate the probability that, given the required condl
tions (liquefled core mater l1als contacting ligquid coolant), a

. 1

containment-breaching steam explosion will occur This 18 the

1

"conditional probability" discussed in this document

A second 1ssue which emerges 18 the need to assess the degree of
certainty which may be attached to the probability estimate
degscribed above. One way to perform such an uncertainty assess
ment 18 to provide bounds which exprees the range within which we
are confident the probabllity liles If the bounds turn out to be
guitably narrow or skewed to the low probablility side, we may
onclude that a probabllity estimate within these bounds 18 satis
ictory and that further effort to refine the estimate 18
innecessary On the other hand, wide bounds that include the
i1ty of high conditional probabllities may signal the need
improved resolution of the issue
study addresses the steam explosion 1ssue for a pressurized
water reactor (PWR) located 1n a large dry containment structure
(for convenience only, data were taken from the Zion PWRs [14).
r'he reader 8 cautioned not to apply the results given here to
other reacto containment vy 3 without appropriate reformula
f the problem

Asgessments

Safety OStudy l] contains the rst quantitative
this problem Its authors concluded that a broad
ncertainty must be assoclated with a guantitative evalua
the likelihood of fallure of the containment as a result
ram explosion 1n the primary vessel To express such
ag they had achleved, they adopted a range If

the onditional probabill { containment
melt (These number: ) ‘ 1.th and 951
Kew 10

cleal




The German Risk Study (4] came to essentlially th

in 1979; on the one hand a destruction of the containment vest
as a4 result of a steam exploslioa 18 very unlikely, but on the
other, problems of meltdown, fragmentation and heat transfer were
“open", leaving a degree of incertainty reflected 1n the range
10"+ to 10-3 chosen for the conditional pr yabill y 0of contailn
ment fallure (fifth and 95th percentiles ognorm listribution,
median 10-4), pending the results of

The recent (1982) UKAEA PWR Degraded Core Ana
1 simllar view, stating "despite recent work
perly recognized by the Reactor Safety Study
Study has not been significantly diminished an
adopt a narrower range than that of the Reactor

The view expressed by the authors of these thre

18 thus that, although containment fallure 18

unlikely or impossible, physical uncertainties have 8o . pre
vented this from being demonstrated A number of other studles,
however, have arqgued that these uncertainties less important
and that a small or zero probabllity can be adopted with certalinty

The Report of the Swedish Government Committee on Steam Explosions
[6] advanced several arguments that containment fallure 18 1mposs
ible and concludes that lt 18 possible to exclude completely the

1

posslbllity of steam exploslions such fo that they could lead

to rupture o. the reactor vessel and containment

Fauske and Assoclates, Inc have arqgued (7] that large steam explo
glons are 1mpossible at amblent pressuret near to atmospheric
because steam production would prevent formation o a large enough
coarse premixture; and at higher pressures becaus triggering will
nct occur 'hey conclude that containment fallure by this mecha
nism 18 1mpossible Similar arguments have been advanced by
‘heofanous and Saito [8, 9] who conclude that the steam explos]
nduced containment fallure probabillity 18 Jjudged essentially
incredible, 1.e., at least two orders-ofmagnitude lower than the
104 egstimate given in WASH- 1400

Mayinger [10] irgued that molten c¢ 8l ut from a
degraded col ¢ that steam explosi large amount of
melt cannot in a4 reactor, and that even juch an explosion
did occur,
converted into kinetl enerqgy as preclude lang ng eilther the
reactor pressure , L Oor contalinment bul

percentage )f the heat n me would be




Squarer and Leverett [12] assigned the following probabilities in
an event tree:

probability of large coherent melt

mass, given core melt 10-1
probability of presence of subcooled
water 10-1

probability of containment failure,
3iven large melt mass and subcooled

water 10-2

Taken together these give 10-% for the probability of contain-

ment failure, given a core melt accident. Despite acknowledging
some phenomenological uncertainty, Squarer did not estimate the
uncertainty in his probability.

1.3 8 t Report

Two points of view are summari:ed in Subsection 1.2; that our
understanding of the physics of steam explosions and their effects
is, or is not, sufficiently certain to justify the conclusion that
containment failure is impossible or very unlikely.

Although contlict can arise over single estimates of the proba-
bility of containment failure, we are more concerned here with
different perceptions of the degree of the uncertainty of this
probability. Resolution of the conflict concerning uncertainty
lies in a proper clarification of the combination of the various
component uncertainties into an expression of the overall uncei-
tainty. This report attempts such a clarification and resolution.

This report therefore has two aims: The first is to provide an
uncertainty estimate for the conditional probability of contain-
ment failure by steam explosions (given core melt). The second
is to identify important contributors to thls uncertainty, in
order to provide understanding of the reasons for its magnitude
and to indicate what additional information would be needed to

reduce it.

This report offers several improvements over a previous analysis
of this problem by Swenson and Corradini [11). The uncertainty
is evaluated in a more complete and systematic manner. Also,
modeling changes have been made. One modeling change that
influences the results strongly is that a more realistic, and
lcwer, limit is placed upon the capability of the upper internal
structure within the reactor pressure vessel to dissipate explo-
sive energy. Other changes were made in several of the assumed
input distributions, including those describing the amount of
melt that participates in an explosion and the fraction cf
thermal energy converted toc mechanical energy (conversion ratio).



- Methods
2.1 Uncertainty and Sensitivity Analysis

We first distinguish between uncertainty and sensitivity analysis.
Uncertainty is a state of incomplete knowledge, and our uncer-
tainty of the value of a quantity is expressed as the range within
which we are reasonably sure that it lies. Uncertainty analysis
is the prccess of determining this range, and this can be accom-
plished by finding the smallest and largest values of the gquantity
of interest that are obtained by varying the parameters upon which
it depends over their ranges of uncertainty.

The sensitivity, S;., of dependent variable F to a change in ocue
of the independent variables, xj, can be defined as

i aP(xl. x

N rL"')
axi

Hence, a change in the function F, i.e., &§F;, which results
from a small change in the independent variable xj, i.e.,
8xi. is given by

6?1. Si 6xi

However, sensitivity is used here in a more general sense, to
include the effect of changes in F when the underlying variables
are varied over their ranges of uncertainty.

This study incorporates both uncertainty analysis and sensitivity
analysis to attain the aims set out in Subsection 1.3. The sensi-

tivity study will identify the important factors contributing to
the overall uncertainty.

v onte Carlo Method

The earlier study [11] used a simple parametric model of a steam
explosion and its effects which determined whether or not contain-
ment failure cccurred as a function of values of uncertain para-
meters (such as fraction of core molten and conversion ratio).
The uncertain parameters were sampled by the Monte Carlo method.
In this method probability density distributions are assigned to
each uncertain parameter. A value for each parameter is sampled
at random according to these distributions. The model then deter-
mines whether containment failure occurs. Such trials are
repeated many times, each time with a newly sampled set of para-
meters. The fraction of trials in which containment failure
occurs is then an estimate of the probability of failure.



The uncertain parameters used in reference 11 and in this study
have the fecllowing features in common:

1) Each parameter is known (with greater or lesser certainty) to
lie within an interval bounded by values based on physical
arguments.

It is not known whether each parameter takes the same value
(or range of values) for different accident sequences.

It is not known whether each parameter takes the same value
for hypothetically repeated occurrences of the same accident
sequence. Some may well do €0 but others, being random
variables, may not.

If there &are parameters which take different values for
hypothetical repetitions of the same accident sequence, their
probability distributions (conditional on accident segquence)
are unknown.

In these circumstances, if probability distributions are assigned
to the uncertain parameters, they must be interpreted as distribu-
tions of subjective probability for consistency in calculations.
The concept of subjective probability has been extensively dis-
cussed in textbooks; the points required for this study are
summarized in Appendix A.

For consistency of method with the previous study [11], this study
uses Monte Carlo sampling of subjective probability distributions
of the parameters that the previous study found to be important.
As explained in Appendix A it is necessary to vary these distribu-
tions, within their possible ranges. Each subjective probability
distribution is therefore systematically varied within the range
of its parameter. A complete variation of such a distribution
would include distributions of all possible shapes, widths and
means. The selection made here is of three flat distributions
covering the high, middle and low thirds of each parameter range.
Evidence does not exist to determine the choice of distributions
used, so it is essentially arbitrary. The present choice of
rectangular distributions was made because these distributions
cover the whole parameter ranges used, they allow sampling from
different parts of the ranges separately, they avoid giving the
erroneous impression that they are derived from direct measure
ments, and they do not express any preference for different parts
of the ranges. Other choices of distributions could equally well
have been used, however. Subsection 5.5 below discusses the
effect of this choice upon the conclusions of this study. The
numerical results show that the selection of distributions used
did not cause underestimation of the uncertainty in the contain
ment failure probability. This selection also cannot cause over
estimation of the uncertainty because it is only a subset of the
possible distributions.




The probability of containment failure due to in-vessel steam
explcsions may depend on the accident sequence. Thus, with com-
plete knowledge, the probability =~ould be evalvated for each
sequence; if desired, a weighted average could then be obtained
for all sequences or a <ubset of them.

The calculations in this report refer to an unspecified sequence
where the ambient pressure is near to atmospheric with water in
the vessel. The same uncertainty intervals for the uncertain
parameters apply for each such sequence. Thus our calculated
uncertainty interval for the probability of containment failure
will encompass the values corresponding to each of the above-
mentioned sequences and their weighted average. The fraction of
core-melt sequences having no water in the vessel is unknown but
it could be zero. 1Including such sequences, in which steam explo-
sions cannot occur, would reduce the weighted average probability.
Anticipating results obtained later in this document, the calcu-
lated range of containment failure probabilities includes the
value zero. Thus our calculated uncertainty interval will also

apply to the weighted average probability for all sequences near
to atmospheric pressure.

Sections 5 and 6 discusgs the effect of relaxing the restriction
on pressure.



3. Modeling Assumptions

3.1 General

Section 3 describes the model of steam explosions and their
effects used in this study. It indicates which parameters are
uncertain and over what ranges, and the distributions and values

that are sampled from these ranges.

The core-melting process is characterized by the fraction of the
core molten at the time of the steam explosion (Subsection 2.2).
This molten core is modeled ar flowing out from the core region
in a stream having a particular diameter; the melt mixes with
regsidual water in the RPV lower plenum and after a delay, param-
eterized by the length of the pour, an explosion is triggered
(Subsections 3.3 and 3.4). Subsection 3.5 discusses recently-
proposed hypotheses that melt-water mixing is limited by steam
production and concludes that while they are within the realm of
possibility they have not yet been established well enough to
justify an upper bound on mixing. The quantity of the available
water that is in the mixture is deduced from current data

(Subsection 3.6).

When a steam explosion occurs, a certain fraction of the heat
“available” in the hot melt, i.e., of that in excess of the
temperature of the water, is converted into kinetic energy. This
fraction is called the conversion ratio; appropriate values of
this are discussed in Subsection 3.7. Subsection 3.8 discusses

the heat content of the hot melt.

The kinetic energy produced in an explosion is shared among the
materials thrown off. In the present case the geometrical
arrangement of melt and water immediately prior to the explosion
affects the partition of this energy (Subsections 3.9 and 3.10).
This partition is also affected by whether or not the RPV fails
at the bottom; this can mitigate the effects of a steam explosion
upon the top of the vessel by venting explosion products and
kinetic energy downwards {Section 3.11).

The destructive potential of the upward-moving slug of material
driven by the explosion depends on its density as well as its
energy (a denser slug of the same mass and energy will exert a
higher pressure on an obstacle it encounters). The slug density
depends on its composition including any voids within it

(Subsection 3.12).

As the slug traverses the upper internal structure (UIS) above
the core region in the RPV it may damage it and be decelerated by
it (Subsection 3.13). If the UIS does not stop the slug, the
slug next impinges on the vessel top head. The resulting pres-
gure loadings are discussed in Subsection 3.14, together with the
criterion for failure of the bolts retaining the top head and

consequent missile generation.
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If a missile is generated, it may be stopped by a missile shield.
Alternatively the shield will reduce the missile energy. The
missile energy will be further reduced by gravity. The missgile
may then hit the containment dome and, depending on its speed at
impact, fail it (Subsection 3.15).

Subsection 3.16 summarizes the modeling descctibed in Section 3 by
listing the equations used.

This study only considers pressurized water reactors. Physical
dimensions have, where possibie, becen taken from the Zion plants,
Units 1 and 2 [14]. The results should not be assumed to apply
to other PWRs without a careful comparison of the important
initial and boundary conditions. The calculations refer to acci
dents where the ambient pressure in the primary system is near to
atmospheric. In Subsection 5.1 below, we describe the ratioral:
for this constraint, and possible effects of relaxing it

This means the fraction of the reactor core molten at the time of
the postulated steam explosion or, if more than one explosion
occurs, at the time of the largest one. This quantity is deter
mined by the processes of core degradation and the sequences of
core degradation and melting which are at present not well under
gstood. On the one hand it is argued [10] that melt issues
steadily from a degraded core as soon as it is formed over a
period of many minutes and therefore the fraction molten at the
time of any explosion will be small (< 0.1%); on the other hand,
the possibility remains that a self-heated pool of melt will be
retained and held up by a crust of refrozen melt until a large
fracticn of the core has melted {2]. Thus our range for the
fraction of core molten is 0.0 to 0.75. The higher value corre
sponds to the whole core except a layer 160 mm thick over the
side, top and bottom; it is difficult (but not impossible) to
envisage a larger melt pool than this. Subsection 4.3 describes
a sensitivity study in which the effect of fractions of core
molten in the range 0.75 to 1.0 was investigated For the cases
studied, these higher values made little difference: this is
because the pouring parameters (Subsections 3.2 and 3.4) generally
provide the strongest constraint on the mass of melt in an explo
sion. The total mass of fuel elements in the core is 125,200 kg,
80 0.75 of this is 93,900 kg. Figure ) shows three uniform proba
bility distributions used for the fraction of core molten (low:
0-0.25%; middle: 0.25-0.5; and high: 0.5-0.75).
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SUBJECTIVE
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0.25 0.50

FRACTION OF CORE MOLTEN

Figure 1: Three Uniform Distributions
of Fraction of Core Molten

3.3 Pour Diameter

The gquantity of molten core that mixes is parameterized here in a
different way from that in the earlier study [1l1). Instead of
using the fraction of molten core that mixes, melt is assumed to
pour out through a circular hole of constant diameter over a
distance called the pour length before an explosion is triggered.

The volume of melt participating in the explosion is the product
of the area of the hole and the pour length.

The two ways melt can pour into the lower plenum are either down-
ward penetration through the lower core plate (Figure 2), or side-
ways penetration of the melt through the baffle plate, core barrel
and thermal shield (Figure 3). For failure of the lower core
plate, the two conditions that limit the flow rate are the exit
hole diameter and the flow area through the diffuser plate. The
exit hole diameter will be determined by the size of the initial
failure and any ablation as the pour proceeds. The 96 support
columns provide redundant support of the lower core plate: thus
initial local failure of the plate may well not lead
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Melt Pour Into Lower Plenum by Failure of the
Lower Core Plate
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Figure 3: Melt Flow Into The Lower Plenum by Sideways
Penetration of the Core Barrel
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directly to a massive collapse. On the other hand an initial
small pour may cause a steam explosion large enough to disrupt
the lower core plate, causing a subsequent larger pour. Multiple
explosions have frequently been observed in Sandia's steam explo-
sion experiments [15, 16). The second limiting flow area is the
flow passages in the diffuser plate. If the lower core plate
fails massively due to a steam explosion, the diffuser plate would
probably be disrupted at the same time. If the diffuser plate
remains intact the flow area would initially be limited by the
open area in the diffuser plate - about 1/4 of the core area:
this would lead to an estimate for pour diameter of 1/2 the core
diameter. However the diffuser plate may be rapidly ablated, so
this limitation on the pour diameter may not be effective.

Factors which can limit the effective pour diameter into the lower
plenum due to sideways penetration include the size of the exit
hole through the baffle, core barrel, and thermal shield, and the
flow area available for the pour to enter the lower plenum by
flowing down the downcomer. Because of the secondary core
supports and the radial keys, it is unlikely that the entire
circumference of the core barrel could fail simultaneously if the
initial penetration is local. This will be the case unless melt
progression is highly symmetrical. The size of the penetration
will grow due to ablation, but the secondary supports will pre-
vert the lower support structure from cocking and further opening
the hole. The pour area is limited by the annulus between the
core and the reactor vessel which, neglecting the thermal shield,
is approximately 0.26 m wide. Assuming the pour occurs over 1/4
of the circumference leads to a flow area of 0.84 m2. For the
whole circumference it would be 3.4 m2. Thus, the maximum flow
area for sideways penetration and pouring is 3.4 m2, correspond-
ing to an effective diameter of about 0.3 of the core diameter.

The above arguments show that the upper limit of the effective
pour diameter is the full core diameter. Hence, the distribution
used for this parameter are those shown in Figure 4.

3.4 Pour Length (or Trigger Time)

Experimental data at intermediate scale indicate that a steam
explosion can be spontaneously triggered at almost any time after
melt entry into the water and up to about 30 ms after the mixture
contacts the bottom of the vessel [16-18]. Furthermore, the melt
front in the mixture appears to fall through the water with an
approximately constant velocity (19, 2C]. All the melt in the
water at the time of triggering is assumed to be mixed and to
participate in the explosion. This is consistent with the method
used at Sandia to calculate conversion ratios, which employed the
same assumptions. (Note that some experiment:c [21] have been
analyzed by subdividing melt in the water into "mixed" and
“unmixed" fractions). The possibility of limitations on the
extent of mixing is discussed in subsection 3.5 below.
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Figure 4: Three Uniform Distributions of Pour Diameter

In the reactor vessel, a likely trigger location would be the
lower support plate, about 1.8 m below the core. It is also
possibple that the melt will pass through the support plate and be
triggered at the bottom of the vessel, for example because the
support plate may have been damaged or moved by the first of two
steam explosions. Thus, the effective upper limit of the pour
lergth is the depth to the bottom of the vessel, 3.0 m. The
probability distributions used for this parameter are shown in

Figure 5. Thus, the middle distribution includes the case where
triggering occurs preferentially at the lower core support
plate. The high distribution corresponds to triggering at the
vessel base. Recent experimental data indicate that the ease of
triggering of melt-coolant mixtures may increase with increasing
scale [18); i.e., larger masses might tend to be triggered at
gshallower depths. The low distribution allows for this

possibility.
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Squarer has suggested that the water has to be subcooled for
spontaneous triggering of an explosion [12]. This idea is called
into question by two explosions ohserved in one test with satu
rated water by Buxton and Benedick [15] and by three spontaneously
triggered explosions observed by Krein and Berman with hot water
(subccoling only 2-5K) [22-24].

3.5 Mixing Limitations

The volume of melt participating in the explosion is assumed to
be the product of the area of the pour and the pour lenqgth, or
tae total volume of the core molten, whichever is the smaller.
The mass of melt is calculated using a density of 7000 kg/m3.
Table I indicates the ranges in melt mass available that result
from grouping the various distributions together. For low distri
butions, the largest mass that could be mixed is 7000 kg. For
the middle distributions, the mass range is 7000-56000 kg. For
the high distributions, the range is 56000 to 94000 kg. The upper
limit of 94000 kg corresponds to 0.75 of the core and is also the
maximum that was used ip the previous study [11].

TABLE I - RANGES OF POURED MASS

Core Pour Pour Pour
Molten Diameter Volume Mass
(1000 kgqg) (m) (m3) (1000 kq)

0-31 0.0 -1.13 .0-1. 0.0-1.0

31-63 1.13-2.27 . ‘ 1.0-8.0 7-56

63-94 2.27-3.40 . y. 8.0-13.4* 56-94*

*Limited by mass of core molten

It has been suggested (7, 8] that large coarse mix*tures of liquid
fuel and water cannot form because the resulting steam production
would drive the mixture apart. This would preclude steam explo
sions invelving large quantities of melt. Where these arguments
are developed quantitatively (7, 25]). they depend strongly upon a
number of simplifying assumptions, notably those of a steady state
and one-dimensional flow pattern [5]. The Henry-Fauske model [7,
25] predicts that only a few hundred kilograms could mix in the
lower plenum, and that this guantity is independ¢nt of water
depth. Theofanous has postulated that 2-3% of the core would




represent the maximum mass that could mix in-vessel [8, 9]: this
would correspond to 2500-3750 kg. The Corradini model (19, 20,
26-31) predicts that the amount mixed increases with water depth
and with coarse particle size. The latest formulation of this
model [30, 31) predicts mixing of 3000 to 5000 kg corresponding

to particle diameters of 50 to 100 mm.

Because of the simplifying assumptions in each of the modeis, all
of the predicted upper limits tec the extent of mixing are uncer-
tain. For example one assumption made by Henry and Fauske is that
melt particle diameters less than 1 cm are necessary for a steam
explosion. However, although there is a wealth of data indicating
that mixtures of cm-sized particles can explode (for example
reference 17) it has been suggested [8, 9] that much larger par-
ticles can also participate in steam explosions. Another assump-
tion made by these models is to ignore the potential of steam
flows to enhance mixing as well as to suppress it. Two recent
experiments, in which initially stratified configurations with
water on melt exploded, demonstrated the possibility of such
enhancement, because melt-water mixing appeared to take place

spontaneously [23, 24, 32].

A complete mechanistic uncertainty analysis does not exist for
any of these mixing models. Two examples show that they can be
very sensitive to changes in assumptions, however. Corradini
[30, 31] showed that changing the limiting criterion in the Henry-
Fauske model from a critical heat flux criterion to a fluidization
criterion changed the maximum fuel mass mixed from 100 kg to
550-750 kg for 10 mm particles or 5300-12000 kg for 100 mm par-
ticles. The ranges given in each case are due to uncertainty in
the effective water particle size for fluidization. The current
Corradini model [30, 31] assumes that the melt is initially in a
spherical configuration. 1If, as in eome earlier formulations [26]
it is assumed that a cylinder of the same diameter and having
length equal to the water depth can mix, this changes the range
of vpper limits from 3000-5000 kg to 14000-20000 kg.

These variations, although they cause large changes in model pre-
dictions, by no means take account of all uncertainties or span
the whole range of possible mixing limitations. Corradini's model
is the most detailed. It allows for transient break-up of the
melt [29-31]; however the formulation used for this process is
itself uncertain. None of the models allows for the possibility
of the transient existence of mixtures which would be unstable
due to large steam flows in a steady state. An extreme, but often
observed, transiont mixture of this kind is that formed by the

first of two explosions.

Direct experimental evidence is inconclusive in distinguishing
between large-scale mixing models because the bulk of the world's
data was taken for melts of mass about 20 kg or less and is
consistent with all proposed limits to mixing. Some recent
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experimental data [33, 34] imply that the Fauske ([25] model may
underestimate the size of the mixtures that can be formed, but
this has not been conclusively demonstrated.

Regardless of the accuracy of any of the models, there may well
be a tendency for mixing to become more difficult with increasing
scale. This could strongly influence failure probabilities.
However, at present, evidence does not exist to allow an upper
limit to be imposed on the mass of melt mixed that is less than
all the available melt. The distributions used in this study
effectively cover the whole range of possibilities. As shown in
Table I, combinations of distributions that include "low" pour
diameter or length allow for the possibility of very small amounts
of coarse mixing. In addition, the maximum value in the low range
is less than twice the Theofanous estimate of a maximum of 3,800
kg [8]. The uncertainties in the current coarse mixing models do
not preclude any of the distributions studied here.

3.6 Fraction of Water That Mixes

The zones of mixed fuel, water and steam in the FITS experiments
were observed to be roughly paraboloidal [17]. The data for the
volume and depth of the mixing zones [19, 20] show that the dia-
meter of the mixing zone tends to about four times the initial
fuel diameter. The mixing zones contain 40-60% by volume of
liquid water. Here we estimate the water mass mixed by assuming
a cylindrical mixing zone with four times the diameter of the pour
diameter. Thus, the masses of melt and water are approximately
equal. For this analysis, the mass of water that mixes is set
equal to the fuel mass or the total water mass (28000 kg), which-
ever is smaller. 1In these calculations, this mass only affects
the partition of material between upward and downward moving
slugs. A sensitivity study, described in Subsection 4.3, showed
that the results were insensitive to changes in this partition.

3.7 Conversion Ratio

By conversion ratio, we mean the fraction of the heat in the melt
participating in the explosion (assumed to be all the melt that
mixes with water) above the water temperature, that is converted
to kinetic energy.

Various estimates of the conversion ratios in reactor accidents
have been made. Mayinger [6, 10] and Becker [6] refer to a report
by Haag and Korber [35] which suggests that conversion ratio falls
with increasing melt mass. This conclusion appears to arise from
limited experimental data. Squarer [12] predicts conversion
ratios of 1% or less. Theofanous and Saito (8, 9] estimate an
explosion energy of 600 MJ which, together with their estimates
of the mass mixed and of the heat in the molten core, implies a
conversion ratio of 15%. Ultimately they expect that it will be
possible to demonstrate a reduction of a factor of 5 from the
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value, giving 3%. The Gittus Report [5] similarly estimates an
upper limit of 4% subject to a factor of 4 uncertainty either way.

In the Zion/Indian Point study [3], calculations indicated the
potential for a significant increase in conversion ratio with
increasing scale. When an overlying molten pool was assumed to
exist, steam expanding away from the explosion was further heated
in passing through the molten region. Effective conversion ratios
as high as 14% were calculated, much higher than the experiment-
ally measured results discussed below. 7The difference was due to
the calculated heating of the steam, compared to experiments where
the steam is cooled by expanding through cold water, and possibly
also due to increased inertial confinement. The predictions of
these calculations however, are uncertain because of several
simplifying assumptions used [5,6]. However they do indicate
effects that should be taken into account when assessing the
uncertainty introduced in extrapolating to larger scales.

Many experiments have been conducted at Sandia over the last few
years to measure conversion ratios. Fifty-nine intermediatescale
(< 20 kg) experiments were conducted in a cylindrical steel tank
using iron-alumina aud corium melts [15, 36]. The largest conver-
sion ratio measured was 1.34% when a cover plate was used to
increase the degree of confinement. In one other test, the con-
version ratio was estimated to be nearly 1%. For the other 57
tests, it was 0.6% or less. Fifty-five tests have been conducted
in the FITS and EXO-FITS facilities using corium and iron-alumina
melts ranging from 1 to 20 kg [16, 17]. The largest conversion
ratio measured was about 2.5%; as with the earlier tests, many of
the explosions resulted in conversion ratios in the range of 1 to
2N, The relevance of these experiments has been questioned by
Fauske and Henry [37]. Their criticisms have been answered by
Corradini and Berman [23, 24]. The largest conversion ratio ever
measured at Sandia National Laboratories was about 4.4% for a
single-droplet explosion at an ambient pressure of 0.96 MPa [26,
38). The accuracy of all these conversion ratio measurements is
probably better than a factor of two.

Guided by these data, the range of conversion ratios from O to 5%
was used for most of the calculations in this study, Figure 6.
This range does not, however, fully account for the uncertainty
introduced by extrapolating from kilogram-scale experiments to
accidents at the scale of thousands of kilograms. At larger
scales the conversion ratios may decrease as suggested by Haag
and Korber, remain within the range currently observed, or
increase (perhaps due to increased inertial confinement).
Estimates of the largest conversion ratios possible may be made
by considering calculations of maximum work thermodynamically
possible. Such calculations have been made by Corradini and
Swenson [11, 39] and by McFarlane [40]. Both of these assume
that stated masses of molten core and water mix and come to
thermal equilibrium at constant volume and then, with no further




heat transfar, expand up to the volume of the reactor vessel.
The two calculations differ mainly in that Corradini and Swenson
assume that the initial state has a 50% volume fraction of steam,
while McFarlane does not. Table II gives the results of these
two calculations. Corradini and Swenson predict lower maxiiaum
conversion ratios because their mixtures expand from larger
volumes. Based on these calculations, we choose 16% as a repre-
sentative upper bound on the conversion ratio. This value is
also consistent with the upper limits of references 5 and 8.
Additional flat distributions over the lower, middle and upper
thirds of the range 0-16% were used to examine the sensitivity of

the results of the study to the possibility that conversion ratio
increases with scale.
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Figure 6: Three Uniform Distributions of Conversion Ratio

TABLE II. Thermodynamic Maximum Conversion Ratios (%)

Mass Mass of Water (1000 kg)
of Fuel
(1000 kg) 5 5 10 10 20 20
Ref 39 Ref 40 Ref 39 Ref 40 Ref 39 Ref 40
5 3953 13.2 4.8 6.3 3.8 2.3
10 15.9 19.3 9.3 10.3 27 4.6
20 Ly PR 2.2 11.4 15.9 6.3 5.3
40 i 4 16.9 12.8 5 8.0 13.38
80 T3 10.9 7.6 16.2 4 16.9
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3.8 nt o lten Fuel

The heat content c¢f the molten fuel depends on the course of melt
progression and the constituents of the melt. Because of uncer-
tainty in core melt progression, the heat content is uncertain.
In this study, we have assumed a base water temperature of 400 K.
The lowest temperature at which core material may liquefy can be
estimated at 2000 K, when liquid Zircaloy begins to dissolve solid
UO,. Using a specific heat of 500 J/kg-K for solid U0y, and
neglecting a small contribution from the latent heat of Zircaloy,
gives 0.8 MJ/kg in the melt over 400 K as an estimate of the lower
limit of the melt's heat content. An upper limit can be esti-
mated by considering UO,; heated up to its melting point, approx-
imately 3100 K, and then melted with latent heat 0.27 MJ/kg. This
implies a total latent plus sensible heat above 400 K of 1.6
MJ/kg. For most of this study the single value of 1.2 MJ/kg is
used for the melt heat content; a sensitivity study investigates
the effect of the values 0.8 and 1.6 MJ/kg as well.

The kinetic energy produced in the explosion is the product of
the mass of melt in the water at time of triggering, the heat
content of the melt, and the conversion ratio.

3.9 Fraction of Remaining Melt Above Fxplosion

For calculations of events after the explosion we need to know
the position of the melt that did not participate. In the pre-
vious study [11] the fraction of the remaining melt above the
explosion was regarded as an undetermined parameter in the range
0.0 to 1.0, the rest of the melt was assumed to be below the

explosion.

For simplicity, we have assumed that all the melt that did not

participate in the explosion remains above the explosion in most
of the calculations in this study. Alternative assumptions used
are discussed in Subsection 3.10.

2.10 Fraction of Remaining Water Above Explosion

Similarly to their treatment of remaining melt, Swenson and

Corradini [11] assumed that, of the water not participating in
tne explosion, a fraction between 0.0 and 1.0 could be located
above the explosion. As in [11], we assume that all the water
not participating in the explosion lies below the explosion for

most calculations.

Both the assumptions in this Subsection and Subsection 3.9 may
not be right; but they counteract one another in determining the
slug energy and so do not represent an extreme combination. The
possible extreme combinations in which all the melt and all the
water not participating in the explosion are either both above or
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both below the explosion are investigated in a sensitivity analy-
sis discussed in Subsection 4.3. This shows the results to be
insensitive to these assumptions.

3.11 Energy Dissipation by Bottom Failure

In common with the previous analysis [l11] we assume that the base
of the RPV fails if the explosion energy exceeds 1000 MJ.
Reference 3 placed this threshold in the range 1000 to 1500 MJ.

In Subsection 4.3, a sensitivity study shows that the results are
insensitive to the value of this threshold within the range 500
to 1500 MJ.

Swenson and Corradini [11] assumed that failure caused dissipa-
tion of between 0.0 and 0.5 of the explosive energy: the remain-
der being kinetic energy of the upward moving slug. Here we
assume that, if the bottom of the vessel fails, two masses are
accelerated: a downward moving one consisting of the vessel base
(30,000 kg), the water below the explosion and one-half of the
water and melt participatring in the explosion; and an upward
moving slug being the other half of the melt and water in the
explosion and the melt above the explosion. On the assumption
that there is no net transfer of momentum from the body of the
vessel to the slugs, these share the explosion kinetic energy in
inverse proportion to their masses.

KE mass below

slug ° mass above + mass below s

explosion

These simplifying assumptions neglect the delay before bottom
failure (which would increase the upper slug's energy) and side-
ways venting of steam and work absorbed in failing the bottom
(which would reduce it).

3.12 Slug Composition

If the vessel bottom does not fail the upward moving slug is
assumed to consist of all of the melt and water participating in
the explosion and the melt above the explosion. If the bottom
does fail, only half of the exploding materials are assumed to
move upwards.

Steam formed in the explosion may impregnate the upward moving
slug witn bubbles or break it up into a spray of droplets. This
would change its mechanical effects by altering the momentum flux
in the slug and hence its stagnation pressure.

We treat the volume fraction of condensed phases (liquid plus
solid) in the slug as an uncertain parameter. )n the one hand
the volume fraction of condensed phases might be large, as steam
might not penetrate forward into overlying melt, and might be
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compressed during interaction between the slug and upper internal
structure. We take 1.0 as an effective upper limit. As a lower
1imit we take a volume fraction of 0.25. Figure 7 shows the dis
tributions of this parameter used.

In calculations of the effects of slug lmpact (Subsection 3.14)

the slug density is calculated from the masses of water and fuel
and volume fraction of steam in the slug.
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3.13 Enerqgy Dissipation by Core and Upper Internal Structure

The remains of the reactor core after a core-melt accident are
unlikely to be able to withstand substantial forces and hence to
be the cause of significant dissipation of energy following a
large explosicen. Effects of the order of the gravitational poten
tial energy of the core, 1 MJ, are to be expected but this is
negligible in comparison with the explosion energies considered

here. Thue we ignore absorption of slug kinetic energy 1n the
residual core.




The space between the upper core plate (at the top of the core)
and the upper support plate (at the level of the vessel flange)
is 3.22 m high. It contains 48 support columns which hold the
core down against hydraulic friction forces in normal operation,
and control rod guide tubes and drive shafts and any control rods
in the withdrawn position. The space above the core is needed to
accommodate withdrawn control rods.

For our present purposes we call the components between the upper
core plate and the upper support plate the "upper internal struc

ture" (UIS). Interaction between a fluid slug and this structure
will dissipate energy produced by a steam explosion

E8s ' IX),

The extent of this dissipation is difficult to estimate because
of the uncertain material properties of the slug and the trans
ient nature of the slug loading and the structural response.
Reference 11 assumed, by analogy with experiments in which water
was forced through an undeformed scale model of the upper internal
structure of a fast reactor, that the whole UIS would absorb 90%
of the slug's kinetic energy. and that this factor would be pro
portionally reduced if part of the UIS had been melted away.
Squarer proposes a similar formulation in which 75% of the kinetic
energy is absorbed [12].

We retain the description in reference 11 here with two modifica
tions. First, the UIS is assumed to be fully intact. This is
because it might initially be protected from high temperatures
and heat fluxes (radiative and convective) from the center of the
degraded core by the upper layer of the core. However, recent
calculations have demonstrated that, particularly in accident
sequences in which the RCS pressure is high, convective heat
transfer from the core can cause melting in the UIS before core
melting begins [41]. The error introduced if the assumption that
the RCS remains intact is wrong is small, as discussed at the end
of this Subsection.

Second, the energy absorption in the UIS is limited by its capa
bility to withstand the corresponding forces. These can be
estimated simply and roughly. We assume the coupling between the
slug and undeformed UIS can be described by a constant friction
factor. Then the resultant retarding force exerted on the slug
by the UIS will be proportional to its kinetic energy. This
force, F, reduces the kinetic energy, E, as a function of distance
traveled,




Since E is presumed to fall by a factor of 10 over a distance 3.22
m (corresponding to absorption of 90% of the kinetic energy), C =
0.715 m~1. Thus the restraining force on a slug of given energy
can be estimated.

The force decelerating the slug is transmitted through the UIS to
the upper support plate and thence to the RPV. We now roughly
estimate the capacity of the UIf to transmit this force. Its only
components designed to withstand forces in this direction are the
48 support columns. These are slotted steel tubes of outside dia-
meter 190.5 mm and thickness 12.7 mm and total cross-sectional
area, taking account of the slots, of 0.155 m?. Assuming a yield
stress of 468 MPa implies a maximum sustainable force of 72.5 MN.
This will be a substantial overeetimate of the average force during
crushing because slight asymetries in plastic yielding will produce
buckling which will be enhanced by the slots and will reduce the
force required to collapse the columns. However it will be a
better estimate of the force required to initiate crushing.

From the calculation of the frictional forces above, this crushing
threshold corresponde to a slug energy of 101 MJ. Thus we presume
the UIS to absorb 90% of the kinetic energy of slugs less energetic
than this. More energetic slugs will be presumed to crush the UIS
against a constant force of 72.5 MN (probably an overestimate as
noted above) until their kinetic enerqgy falls below 101 MJ. Thus
the maximum energy absorbed is 233 MJ when this force acts over
the whole length, 3.22 m, of the UIS, and this energy will be
absorbed from the slugs of initial energy greater than 233 + 101 =
334 MJ. Slugs of intermediate enerqgy will first be decelerated by
a constant force and then an exponentially falling one, but for
simplicity we interpclate the energy absorption linearly between
the two extreme cases as shown in Figure 8.
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Figure 8: Energy Dissipation in Upper Internal Structure
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Because of the possibilities that the UIS is weakened by heating
and that its crushing strength is less than calculated here. the
dissipation calculated is an upper bound. Since the greatest
possible dissipation calculated, 233 MJ, is approximately a factor
10 smaller than the slug energy required to fail the vessel top
head, extra uncertainty caused by overestimation of this dissipa
tion will not be considered further.

3.14 Slug Impact Model

The six degree of freedom slug impact model described in Ref. 10
is one dimensional and hence less realistic than calculations [3,
4] which demonstrate the importance of two dimensional effects.
The slug exerts a pressure on the RPV top head of approximately
puc where p is the slug density, u its speed and ¢ its sound
speed. This corresponds to the Plane reflection of a sound wave
of velocity u. Additionally the valrves of c¢ used depend upon the
particular prescription assumed for the speed of sound in a compos
ite medium [11)].

Instead here we approximate the pressure to be expected in two
dimensional flow, in which fluid moves up, across the vessel head
and down again, by the stagnation pressure pu?. This is equal
to the flux of momentum across a plane through which the slug
passes. We take the total force on the RPV head to be this pres
sure multiplied by the cross sectional area of the vessel, 14.1
m< , Thus we assume that the Part of the veqsel's area not occu

pied by upward flowing material contains material flowing downwards
whose acceleration makegs a contribution to the total force on the
head.

It may be that the upper support plate, which spans the vessel at
the level of the top head flange and which is reinforced by a web
of cross members, is strong enough to withstand the pressures
exerted by the slug. This will not change our analysis because if
this plate does not fail it transmits the force exerted on it
directly to the upper head just above the bolts.

In Appendix B, we discuss some of the possible vessel failure
modes resulting from slug impact. The most damaging failure would
occur if the studs fractured and allowed *he head to fly off. The
criterion used in thesge Calculations for failure of the top of the
RPV is that the force on It exceeds the failure tension of the
bolts. Multiplying their combined cross-sectional area, 1.341
mZ, by the failure stress of 870 MPa gives a total bolt failure
tension of 1170 MN. Note that bolt fracture occurs while the bulk
deformation is elastic, before plastic deformation of the bolts
occurs.

As shown in Appendix B, the period of natural vibration of the
vessel 1is short enough relative to the loading that the loading
can be assumed to be static. We can then calculate the loading
pressure and compare it to the failure pressure to evaluate vessel
failure.




Subsection 5.2 discusses the effect of other possible failure modes
of the top of the RPV.

. "

In this report, we are interested in containment failure resulting
from impact by the head. The Zion containment structure is in the
shape of a cylinder with a shallow, domed roof and a flat foundat
ion slab. Some approximate dimensions of the reactor containment
are: inside diameter 42.7 m; inside height 64 m; containment dome
height above reactor 4% m: vertical wall thickness 1.07 m; and dome
thickness 0.81 m. The entire structure is post-tensioned and lined
with 6.35 mm-thick welded steel plate to provide vapor tightness.

In addition to the barrier provided by containment, a concrete
missile barrier is positioned above the reactor vessel to block
any missiles generated by the failure of the control rod housings.
Approximate dimensions of the barrier are a radius of 2.5 m and a
thickness of 1.3 m. The approximate mass igs 65,000 kg. Other

equipment above the missile shield includes the polar crane.

The sequence of events leading to hypothesized containment failure
starts with failure of the studs, which allows the head to rise
and impact the missile shield. Impact with the misszile shield
absorbs some of the head energy. The head then continues tO rise
and impacts containment. Some additional energy is then absorbed
in breaching containment.

In this calculation, we have estimated the velocities to perforate
the missile shield and containment using both the NDRC formula
modified for low-speed impact [42, 43) and the CEA-EDF formula
[44]. These perforation velocities then give the energy absorbed
during these impacts. These formulae are listed in Table III.
Alternately, we assumed that impact with the missile shield reduced
the head velocity in half. This is equivalent to an inelastic
collision between the head and shield assuming that a part of the
shield, equal in mass to the head, continues to travel with head.

For missile shield perforation, the NDRC equation gives a required
velocity of 39 m/s, while the CEA EDF equation gives 55 m/s For
the containment, the NDRC equation gives a velocity of 23 m/s,
while the CEA - EDF equation gives 29 m/s.

We now can calculate the range of possible required initial veloc
ities for containment failure. For the emallest velocity, we
assume the head perforates the missile shield with energy 1loss
calculated by the NDRC formula and impacts the containment with a
small velocity that nevertheless damages it. Summing the kinetic




Table II1. Perforation Formulae [5]

Nomenclature:

migssile diameter (m)

missile mass (kg)

concrete density (2400 kq/na)

concrete compressive strength (28.6 X 106 Fa)
wissile velocity (m/s)

target thickness (m)

¥ < Q ©» 3 &

Modified NDRC Formula [42, 43]:

G(z) = 2.55 x 100 kNa "2 pvt?®
1.49 x 10"
K = .l = Concrete Penetrability Factor
o
c

N = 1.0 for spherical-nosed missile (dimensionless)

o
i

!3 (kg/n3) = Calibre density
d

G(2Z)

Ty

CEA - EDF Formula [44]:

-3/8 -1/8 m 1/2

3/4
X = 0.82 Oc p d \Y

20 < V < 200

0.3 < 2/d < 4
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energies absorbed in perforation and the gravitational potential
energy needed to rise through 45 m gives a required initial veloc-
ity of 49 m/s. For the largest velocity, we assume first an
inelastic collision between the head and missile shield in which
the head loses 3/4 of its kinetic energy, and subsequent perfora-
tion of containment with erergy loss calculated by the CEA-ELF
formula. Then the required initial velocity is 83 m/sec. 1In
Section 4, we tabulat: missile velocities of 50 m/se. and 90 m/sec
to include the range o: these results. This range of missile
velocities should nc: be regarded as a fully justified uncertainty
interval because some extrapolation from the experimentally tested
ranges of the correlations was used and because of the possibility
of effects, such as spinning, which differ from the ideal vertical

missile trajectory assumed.

3.16 Summary of Modeling

This subsection summarizes the modeling described in Section 3.
First the meanings of the symbols used are listed. Then the
equations defining the model are set out, with references to the
Subsections where detailed discussion can be found.

Nomenclature:

Ap total cross sectional area of bolts

Ay cross sectional area inside vessel

dp pour diameter

Ep threshold explosion energy for vessel bottom failure
Egq slug energy dissipated in UIS

Ee explosion energy

Ep residual slug energy after dissipation in UIS

Ey initial upward slug energy

Ey initial kinetic energy of top head

Ep kinetic energy of top head after missile shield impact
Ej kinetic energy of top head at containment impact
Fe volume fraction of condensed phases in slug

Fn fraction of core molten

g acceleration due to gravity

h height from missile shield to containment dome
H heat content of melt

1p pour length

Mp mass of vessel base

Mo mass of core

Mg mass of downward-moving slug

Mp mass of vessel top head

Mp mass of melt mixed with water
Hp mass of melt poured out from core

My mass of water

My mass of upward-moving slug

My, mass of water mixed with melt

P pressure exerted by slug on top head
R conversion ratio
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Pm density of melt

Pu density of upward-moving slug

Pw density of water

op failure stress of bolts

u velocity of slug at impact on top head

Ve volume of condensed phases in upward-moving slug
Va volume of upward-moving slug

Mass of melt in explosion (Subsections 3.2 to 3.5):

wa % 1 p-)
“p p’m

Mass of water in explosion (Subsection 3.6):

M, = nin(ut. M)
Energy of explosion (Subsections 3.7, 3.8):
Ee = Mp H R.
Condition for vessel bottom failure (Subsection 3.11):
Ee > Ej————=bDbottom failure.
Mass and volume of upward moving slug (Subsections 3.9 and 3.10):

Vessel bottom intact Vessel bottom failed

Water mass My, 1/2
Melt mass MoFn McFp - 172 My
1
M M F i MF - =M
Total volume Vcs - c m Vc = 2—5! o SN _ A N
(condensed pw pm pw p-

phases)
(Different assumpticns are used in a sensitivity study -
Subsection 4.3)

Mass of downwa:? moving slug if vessel bottom fails (Subsection
Fv11)

Water mass My - 172 My,
Melt mass 172 My
Total mass Mg = Mg - 1/2 My, + 1/2 Mg + M,

(Different assumptions are used in a sensitivity study -
Subsection 4.3)
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Kinetic energy of upward moving slug (Subsection 3.11):

=
+
u "u "d

Volume and density of upward moving slug (Subsection 3.12):
Vy = Veo/Fg
Py = My/Vy
Energy dissipation in UIS (Subsection 3.13):
Eq depends on Ey as shown in Figure 8.
Er = Ey - Eg

Impact velocity and pressure of upward moving slug (Subsection
3.14):

1/2

2E

i |
P.puuz

Condition for bolt failure (Suhsection 3.14):
P Ay > o Ap ~——=bolt failure
Initial kinetic energy of top head:

- L__H_D__B
1 2 (H + Hh)

Energy reduction due to missile snield (Subsection 3.15):
Inelastic collision: Ej; = 1/4 Ey

Penetration formula: E; = E; - kinetic energy needed
to perforate

Condition for containment failure (Subsection 3.15):

- Mpgnr
33 > kinetic energy needed to perforate —e failure.
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q. Calculations and Results

4.1 Outline of Calculations

Subsection 1.3 of this report listed its aims. These are to pro-
vide an uncertainty estimate for the conditional probability of
containment failure by steam explosions (given core melt) and to
identify important contributors to this uncertainty. Subsection
2.1 explained that these aims would be attained by uncertainty
analysis (to find bounds on the probability) and sensitivity
analysis (examining the dependence of the probability on various
samplings of the uncertain parameters, to determine which para-
meters have the greatest effect).

Section 3 described the uncertainties in modeling the various
processes involved. Our modeling of these processes is relatively
simple. Nevertheless, the number of different uncertain para-
meters in thie simple model makes a fully comprehensive sensitiv-
ity study difficult. We have used one of many possible sampling
schemes and selected calculations so that our conclusions are, as
far as possible, independent of the particular cases studied.
Since the selection of the sampling scheme used was essentially
arbitrary, the reader is cautioned against attributing special
significance te any individual calculated probability number.
More attention should be given to the way in which the calculated
probabilities depend upon the different parameters varied.
Subsection 5.5 below dircusses the effect of an arbitrary choice

of a sampling scheme upon the validity of the conclusions that we
draw.

As explained in subsection 2.2, it was desired to use a Monte
Carlo sampling technique (with an adequate sample size) in order
to make explicitly clear that any differences between the results
of this study and the previous Monte Carlo study [11) were not
due to a difference in statistical method. The five uncertain
parameters judged to have the most important influence on the
overall uncertainty were sampled by the Monte Carlo method as
described in subsection 2.2.

These five parameters are called here the "first set." The first
set parameters are the two found to be important in the previous
ctudy [11], conversion ratio and slug condensed phase volume
fraction; and the three parameters which determine the amount of
melt participating in a steam explosion, namely the fraction of
core molten and the pour diameter and length. The importance of
the amount of melt in the explosion is potentially high but it
was not explicitly investigated in reference 11. The remaining
parameters are called the "second set."

For each of the first set parameters, three alternative flat
distributions of subjective probability were assigned covering
the low, middle and high thirds of the uncertainty range of the
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parameter. In the main study different combinations of these
distributions were selected systematically as set out in Table IV.
Single vaiues of the second set parameters were used.

The second set parameters were the heat content of the melt, the
location of melt and water not participating in the explosion,
and the explosion energy required to fail the vessel base. As
well as these parameters, three upper limits of first set para
meters were varied in additional calculations: fraction of core
melted, conversion ratio and pour diameter.

The second set parametiers were varied over their ranges of uncer
tainties in additional calculations in which one or two additionel
single values of them, selected to cover their ranges, were used.
Each of these values was combined with all the low, all the middle
and all the high distributiuns of the first set parameters. This
sampling thus spans the whole range of each of the first set
parametars These additional calculations are set out in Table
V. They show that the second set parameters generally had, as
expected, less important uncertainties than the first set para
meters.

4.2 Results of Main Calculations

In these calculations the different distributions of the first
set parameters were combined while keeping the second set constant
at the following values:

Melt heat content: 1.2 MJ/kg

Position of unmixed melt: over explosion

Position of unmixed wat=r: under explosion

Explosion eneray needed to fail vessel base: 1000 MJ

Th» cases calculated and the results obtained are set out in
f“ble IV. The entries in the Table are now explained, using Case
1 as an example. In this case each of the first set parameters
was given a flat distribution of subjective prcbability, over its
whole range. These full ranges are

Fraction of core molten:

Pour diameter:

Pour length:

Slug condensed phase fraction:
Conversion ratio:

For all cases ather than Case 1 distributions labelled L, M and
are used for these parameters. These mean

L: flat, low third of whole range
M: flat, middle third of whole range
H: flat, high third of whole range.
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TABLE IV. Main Calculations

FAILURES
INPUT CALCULATIONS (per 10,000 trials)
Case Fraction Pour Pour Slug* Convers:on Mean Mean Slug* Mean Mean Slug* Vessel Bolts Large Large
Molten Diameter Length Condensed Ratio Explosion Impact Slug* Mass Bottom Missile Missile
1 (m) (m) Phase Fraction %) l:ncr?y lno:gy vol {1000 kg) v>50 v>90
(%) (MJ (M3 ‘md) n/s n/s
Full 1 0-75 0.0-3.4 0.0-3.0 25-100 0-5 584 283 31.5 53:.3 2017 466 460 267
width
All low 2 L(0=-25) L(0.0-1.13) L{0.~-1.) L(25-50) L{(0.0-1.7) 11 1 9.3 16.7 0 © Q o
All middle 3 M{25-50) M(1.13-2.27) M(1.-2.) M(50-75) M(1.7-3.3) 732 400 40.2 6l1.6 2126 1 i 0
All high 4 H(50-75) H(2.27-3.4) H(2.-4.) H(75-100) H(3.3-5.0) 3828 2088 22.6 53.8 10000 9987 9987 9959
All S L M M M M 407 211 25.2 26.6 172 0 o o
w Middie 3 L 106 24 16.6 50.3 o o 0 V]
s Except 7 { 3 247 98 24.2 $5.1 - 0 o 0
Indiv. B L 738 404 69.3 62.0 2087 0 4] 4]
Low 9 L 248 100 45.8 68.5 5 0 0 0
All 10 H M M M M 735 364 47.3 92.6 2136 0 0 .0
Middle 11 H 1352 683 32.9 43.8 8272 1685 185 2
Except 12 1078 570 39.0 54.3 5335 62 62 4]
Indiv. 13 H 722 396 28.8 62.1 1977 68 68 /]
High 14 H 1203 595 31.3 51.8 5884 384 384 #4
All 15 L H H H H 779 434 14.6 22.) 3479 1719 15587 1]
Hign 16 L 293 147 19.5 84.0 79 0 o (4]
Except 17 L 1116 433 235.1 81.5 5155 460 460 162
Indiv. 18 L 3820 2083 54.6 53.8 10000 4110 4110 4110
Low 19 L 780 392 37.2 87.4 3524 5 5 [¢]
All Low 20 H L L L L 12 1 34.2 79.4 o o 0 0
Except 21 H 118 31 38.5 2¥s3 o 0 ¢] 0
Indiv. 22 H 49 B8 19.8 20.5 0 0 0 o
High 23 H 11 | 3.8 16.7 o o 0 0
24 H 56 9 9.3 16.7 (4] 0 0 0

¥Upward moving slug.



The distributions used in each case are listed in the five columns
under "INPUT." 1In the text these distributions are referred to

as "low," middle"” and "high."

The next four columns give the mean values, out of 10000 trials
randomly sampled from these distributions, of four calculated
parameters. These are the mean steam explosion energy, the slug
impact energy, and the volume and mass of the slug. Thus in Case
1 the mean steam explosion energy was 584 MJ.

The last four columns in Table IV give the number of failures of
different kinds calculated to occur out of 10000 trials. Vessel
bottom failures are listed first followed by failures of the top
head retaining bolts. The last two columns give the number of
containment failures if the threshold values for the initial
velocity of the top head to cause containment failure is 50 or 90
m/s. This estimate of the uncertainty range for this parameter
was calculated in Subsection 3.15. Thus the numbers in these two
columns, divided by 10000, estimate the range of containment
failure probability, conditional on the input distributions listed
under "INPUT" and the values of the second set parameters listed

above.

Caution should be used when the numbers in the last four columns
are small, as they are subject to a sampling error approximated
by their square roots.

Cases 2, 3 and 4 group all the low, middle and high distributions.
The low distributions cause no failures. The middle distributions
give 2126 base failures, and one bolt failure leading to a large
missile with velocity greater than 50 m/s and less than 90 m/s.
This result is very similar to the nominal PWR1 case of Reference
11 which gave 26% base failures and no bolt failures. This is
coincidental because of the different assumptions used. The Case
3 result however differs from Case 1, in which the input distri-
butions have the same means but larger widths. Case 1 permits
parameter combinations leading to larger expleei~nsgs than the
largest possible in Case 3, and so leads to more vessel top and
containment failures. Case -, grou; ng all the high distributions
gives 10000 base failures, 9987 bolt failure and 9959 with missile
velocity greater than 90 m/s. The sharp rise in failure proba-
bilities between Cases 3 and 4 is at first sight surprising as it
appears to indicate a chance coincidence of a threshold with the
boundary chosen between these cases (this boundary corresponds to
an explosion of energy 2218 MJ). However it should be noted that
the explosion energy is less densely sampled near its extreme
values in each case because these extremes correspond to the
coincidence of extremes in pour diameter, pour length and conver-
sion ratio. As indicated in Section 3, all these distributions
are within the bounds of possibility. So also are all their
combinations. Since these combinations cover such a wide range
of calculated probabilities it is necessary to investigate further
combinations to see which parameterc are most influential.
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The next ten cases, 5 to 14, may be regarded as perturbations
about Case 3, in which all the middle distributions were used.
Cases 5 to 9 change one distribution from middle to low at a time,
and Cases 10 to 14 change one from middle tc high.

Cases 5 to 9 show that any low distribution suppresses bolt fail-
ure if combined with the other middle distributions. The changes
have markedly different effects on bottom failure (2126 in Case
3). Pour diameter has the greatest effect, giving zero failures,
followed by pour length and conversion ratio (4 and 5, insignifi-
cantly different) and then fraction of core molten with 172.
Finally, hanging the distribution of slug condensed phase frac-
tion has no significant effect (2087 failures). These results
are easily understood because bottom failure only depends on the
explosion e¢nergy which is proportional to pour diameter squared,
the pour length and the conversion ratio. It is unaffected by
slug composition and is affected by core fraction molten only to
the extent that this imposes a cutoff on the melt mass calculated
from the pour geometry. Table I shows that changing to the low
distribution of core molten changes the range of melt mass in the
explosion from 7000 - 56000 kg to 0 - 31000 kg whereas changing
to the low distribution of pour length restricts the melt in the
exvlosion to 0 - 7000 kg.

Cases 10 to 14 perturb from Case 3 in the direction of greater

damage. The ordering of importance, measured by the change from
the base case value in Case 3, for bottom failure, is similar to
that from Cases 5 to 9. Pour diameter has the greatest effect

followed by pour length and conversion ratio close together; and
fraction of core molten and slug composition have no significant
effect. Fraction of core molten is now less important because it
only makes a small change in cutoffs imposed on the mass in the
explosion (see Table I).

The relative importance of these changes for vessel top failure
is different however. The largest changes are now caused by
changing the conversion ratio distribution, followed by pour dia-
meter, followed by slug condensed phase fraction and pour length.
Changing the distribution of fraction of core molten had no sig-
nificant effect. This provides an illustration of the fact that
the importance ranking of uncertainties can depend on the particu-
lar quantity that is of interest.

Cases 15 to 19 are perturbations from Case 4 in which all the
hijh distributions were combined yielding nearly 100% failures in
all categories. One low distribution at a time is now used. For
vessel bottom failure the largest change is caused by changing
the pour diameters, then fraction of core molten and conversion
ratio (insignificantly different), then pour length. Slug compo-
sition caused no change. These changes can all be understood by
considering the explosion energy. For bolt failure and missile
velocities above 50 m/s changing the pour diameters still produces
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the largest changes, followed now by conversion ratic, opour length
and fraction of core molten, with slug composition still producing
the smallest change. For missile velocities above 90 m/s, the
changes in pour diameter, conversion ratio and fraction of core
molten completely suppress missile formaticn, with pour length
yielding the next largest change from Case 4 and slug composition
still yielding the smallest change.

Cases 2u to 24 perturb from Case 2 in which all the low distribu-
tions were combined, leading to no failures of any kind. These

cases show that this result is unchanged by using any one high

distribution.

Summarizing the main calculations, the relative importance of the
various parameters was found to depend on which particular kind
of failure was investigated, ané on which base set of distribu-
tions was perturbed. Generally the parameters directly defining
the explosion energy, pour length and diameter and conversion
ratio, were most important. Often the pour diameter had the
largest influence, because it enters squared into the expression
for explosion energy. The fraction of core molten often turned
out not to be important because with the modeling and distribu-
tions used it acts as a cutoff on the mass of melt in an explo-
sion; and in many of the cases sampled was either not effective
or not the dominant restriction on the mass of melt in the explo-
sion. To some extent this effect is an artifact of the way this
model is parameterized. The slug condensed phase fraction does
not affect vessel bottom failure:; it scmetimes significantly
affected top failure but always ranked low among the five para-
meters investigated.

4.3 Results of Additional Calculations

In these calculations, values of the second set parameters were
varied one at a time within their uncertainty ranges and combined
with each of all the low, middle and high distributions of the
first set parameters. Thus the effect of these changes over the
whole range of the first set parameters is explored. Comparison
with Cases 2, 3 and 4 allows the importance of changes in the
second set parameters to be compared. Additionally, the effect
of changing the upper limit of three first set parameters, frac-
tion of core molten, conversion ratio and pour diameter, was
investigated. These calculations are set out in Table V.
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Cases 25 to 30 explore variation of the melt heat content. This
enters into the equations modeling the explosion on exactly the
same footing as the conversion ratio, that is, only in a product
of terms defining the explosion energy. Thus it is expected to
be rather important. Case 26 shows a drop from 2126 in Case 3 to
220 vessel bottom failures caused by reducing the heat content
from 1.2 to 0.8 MJ/Kkg. In Case 27 the 10000 vessel bottom fail-
ures are unchanged, the 9987 missiles with v > 50 m/s only fall
to 9394 but the 9959 missiles with v > 90 m/s fall to 5799. In
the presence of the threshold effects in this problem, the effect
vof relatively small changes such as this may or may not affect a
result depending upon whether they cause a large number of trials
to move from one side of the threshold to the other.

Increasing the heat content to 1.6 MJ/kg, Cases 28 to 30,
increased the bottom failures to 4118 (from 2126) and produced 89
bolt failures with missile velocity > 50 m/s instead of 1 in Case
3. Ten of these had missile velocities over 90 m/s (zerc in Case
3). The increase in heat content was enough to produce 10000
missiles nver 90 m/s in Case 30 compared with 9959 in Case 4.
The isomorphism of the problem to conversion ratio and heat con-
nt means that the calculated results can be used to make further
t dictions; for example, results similar to Case 29 would be
expected if a heat content of 1.2 MJ/kg were combined with a flat
distribution of conversion ratio in the range 2.2 to 4.4%.

Cases 31 to 36 examine the effect of changing the assumption that

the water that does not participate in an explosion lies below
the explosion, and any unmixed melt lies above. In Cases 31 to
33 all the unmixed melt and water is located above the explosion,
and in Cases 34 to 36 it is all below. Neither change alters the
results of Cases 2, 3 and 4 significantly. This is because for
explosions large enough to cause bolt failure there is little or
no unmixed water; for the middle distributions, explosions strong
enough to cause bolt failure will involve almost all the melt;
and for the large distributions, again most of the melt is mixed.
This insensitivity to the partition of material between the
upward and downward moving slug means that the results are also
insensitive to the assumed mass of water participating in the
explosion. In the model used here, this water mass only affects
the up/down partitioning.

Cases 37 to 39 explore the effects of fraccions of core molten

higher than 75%. Cases 37 and 38 which use a flat distribution

from 75 to 100% show no significant difference from Cases 20 and
10 in which the range is 50 to 75%. Case 39 shows a very small

reduction in bolt failure compared with Case 4 probably caused by
increased tamping by unmixed mel*t over the explosion leading to

lower slug velocities.




Cases 40 to 42 examine the effect of increasing the conversion
ratio upper limit from 5 to 16%. These three cases use the same
distributions as Cases 2, 3 and 4 except that the low, middle and
high thirds of the range 0-16% are used for the conversion ratio.
Case 40 shows that conversion ratios up to 5.3% are not sufficient
to overcome the combined effect of the other small distributicns.
This is consistent with Case 24. Case 41 shows that a substantial
number of failures of all kinds 9284 vessel bottom and 3053
bolt failures with missile velocity greater than 90 m/s are
produced by combining all the middle distributions with conversion
ratios from 5.3 to 10.7%. These are the highest numbers obtained
in this study from any single change from Case 3 (all middle Zdis
tributions). Case 42 using all large distributions and conversion
ratios from 10.7 to 16.0% gives, as would be expected, 10000
failures in each category.

Cases 43 to 48 examine the effect c¢f using different valuns for
the energy required to fail the vessel bottom. As would be
expected, *his affects the number of vessel bottom failures where
this is not 0 or 100%; Case 44 with a 500 MJ threshold gives 7101
failures, compared with Case 3 using 1000 MJ giving 2126 and Case
47 using 1500 MJ yielding 250 failures. The lack of any effect
on the numbers of bolt failures is presumably because explosion
energies up to 1500 MJ would not cause bolt failure even without
vessel bottom fallure.

Case 49 explores the effect of restricting the pour diameter to
the size of one of the holes in the lower core plate. The maxi
mum melt mass implied is 93 kg which by a wide margin is insuffi
cient to damage the vessel. This mass is also similar to the
limit proposed by Henry and Fauske (7, 25]. No failures were
predicted.

To summarize the results of the additional calculations, varying
the position of unmixed melt and water, varying the maximum frac-
tion of core molten and varying the vessel bottom failure thres
hold did not significantly affect bolt failure or missile forma
tion; varying the melt heat content had significant effects: and
varying the maximum conversion ratio had a substantial effect.




S. Other Areas of Uncertainty

5.1 The Effects of High Pressure

The calculations and models described above all refer to steam
explosions at ambient pressures at or near atmospheric. However,
many important PWR accident sequences involve pressures up to
about 17 MPa, the set point of the primary cystem safety valves.
For example, in the Zion Probabilistic Safety Study the frequency
of core melt following a large break loss of coolant accident is
calculated to be 1.15 x 10 per year [45]. These are the
sequences in which the pressure in the RPV is expected to be near
to atmospheric. The total calculated core melt frequency for
Zion is 4.21 x 10-5 per year ([45). Thus, the low pressure
sequences are calculated to be 27% of all core melts for Zion.
This percentage is uncertain and plant-specific.

The experimental data on steam explosions at elevated pressures
are very sparse and inconclusive. Single droplet experiments
indicate that, for constant water temperature, the triggering of
explosions becomes easier for pressures above 0.1 MPa until about
0.8 MPa [33, 38, 46]. At 1.0 MPa, explosion triggering is com-
parable again to the 0.1 MPa case. At 1.1 MPa (the limit of the
apparatus), triggering becomes slightly more difficult than at
0.1 MPa. At intermediate scale, 5.4 kg delivered to the water at
an ambient pressure of 1.09 MPa did not explode spontaneously
(17). An explosion was, however, triggered with a detonator.
Experiments have been conducted at Ispra which resulted in
externally-triggered explosions under ambient conditions as high
as 3.0 MPa [47]. Based on these and other data and models, it
has been assumed that spontaneous triggering of steam explosions
becomes less likely as the pressure increases, although explosions
can still be induced by sufficiently large external triggers.
While some external triggers, falling objects for example, may be
found during reactor accidents, it is not known what trigger
strength is required as a function of ambient pressure, nor what
triggers will be available with what frequency.

Although the extrapolation of smalland intermediate-scale data at
relatively low ambient pressures to large-scale events at much
higher pressures seems plausible, it could conceivably be quite
wrong. Single-droplet exveriments show that exolosion triggering
becomes more difficult if noncondensable gases :.e present (hydro-
gen, oxygen, air) in the film around the droplet, or if the water
subcooling is low. Intermediate-scale tests indicate that these
suppressive mechanisms are not operative when tle volume of the
melt delivered is above a certain threshold (18]. It is not
inconceivable that the suppressive effects of high ambient pres-
sure might also be overcome at larger scales. There are simply

no reliable data in this regime.
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The following summarizes the effects that must be connidered in
any study accounting for high ambient pressure:

) Trigger strength required as a function of pressure and
scale.

2. At higher pressures, the volume production rate of steam in
a coarse premixture will be lower than at low presfure, so
that any limitation on mixing caused by steam generation may
be weaker.

e Smail-scale results indicate that conversion ratio increases
with ambient pressure [26, 38]. This may also be true at
larger scale.

4. If the primary system is under pressure, the additional
pressure increment to reach the failure threshold will be

lower.

5. 1f lower plenum failure occurs, additional blowdown forces
may contribute to the vessel's subsequent motion. [5]

6. Variation of material properties of water as a function of
pressure.

Item 1 above would have the effect of reducing the calculated
probabilities, possibly to zero, b cause of the possible improba-
bility or impossibility of triggering steam exp.osions at high
pressure. Items 2 through 5, on the other hand, have the poten-
tial to increase the calculated probabilities of failure. Thus
the effects of uncertainties in steam explosion behavior and
effects at high pressure may be either to increase or decrease
the probabilities of vessel and containment failure calculated in
Section 4. This is similar to the position adopted in Squarer's
probabilistic analysis; he did not assign a probability for sup-
pression of steam explosions at high pressure [12].

5.2 Uncertainty in d Becoming a Missile

In this calculation, we have assumed containment failure due to
impact by the vessel head. This failure mode requires that the
head become a missile with a > 50 m/s velocity.

If the head is to become a missile, failure must cccur at the
bolts rather than at the top of the vessel top head. As discussed
in Appendix B, it is uncertain whether the actual failure location
is at the bolts or the top» head. A second necessary condition is
efficient coupling of the slug energy to the head. This requires
that all the studs fail at approximately the same time. If this
does not happen, the head may "can open" and the slug will con-
tinue, leaving the head behind.
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If failure at the top of the vessel top head occurs before, or
instead of, bolt failure, it is very uncertain what effect this
would have on the failure probabilities calculated in Section 4.
If the threshold for top head failure is lower than that for bolt
failure, top head failure would generally have higher probabili-
tieg than those indicated for bolt failure. If there is to be
any possibility of direct containment failure, a missile is
required. This could either be a fragment of the top head, or
the slug. Fragmentation of the top head, as distinct from the
formation of flaps (open can-1id)., might cccur because of the
substantial nonuniformity of the top head. he size and speed of
any such fragments would be difficult to estimate. This would
make their penetrating capability very uncertain. A similar
situation could occur if, instead of the studs failing at approxi
mately the same time, the studs fail in a zipping pattern. If
this happens, the head could be spinning as it flies upward. In
this situation, it is uncertain how much of the slug energy would
be transferred to the head and what would be the consequence of a
spinning head that may fly sideways to impact containment. The
potential for the slug itself to be a damaging missile would
appear to depend on whether it remains coherent or spreads out.
This depends on details of the failure, and the slug flow pattern
and so also is very uncertain.

The uncertainties in large missile formation that are due to
uncertainty in the details of the failure processes at the top of
the vessel nay thus be bounded by two possibilities. On the one
hand, formation of a large missile with penetrating power suffic-
ient to breach containment may occur according to t* *riteria in
Subsections 3.14 and 3.15. On the other hand the alternative
mechanisms discussed in this Subsection and in Appendix B may
always prevent the formation of missiles capable of damage.

Multidimensional and Geometric Effects

The modeling described in Sections 3 and 4 of this report only
accounted for the gross geometiical features of the reactor pres
sure vessel and its internals. In particular, mixing of melt

flowing from the core into the lower plenum with residual water
there was assumed to be unimpeded except for the uncertain influ
ence of steam production. Also the model of slug formation and
propagation was one-dimensional. Geometrical features of the

vessel can be identified which might affect the correctness of
these assumptions and which contribute uncertainty. These are
discussed in this subsection.

Almost all steam explosion experiments to date have been conducted
in relatively uncluttered vessels. The lower plenum region of a

PWNR 1s relatively cluttered compared with these experiments.
(The bottom of a BWR vessel is much more cluttered than a PWR.)

This clutter may tend to inhibit 1@ coarse mixing process prior
to an explosion, by restricting lateral mixing [33)] The




increased surface area might also tend to trigger a number of
(smaller) steam explosions, rather than a single large one. ‘nese
possibilities have not vet been investigated experimentally. It
is also conceivable that the presence of clutter (control rod
tubes, instrumentation tubes, grates, etc.) could enhance mixing,
and increase the amount of mass mixed and the ultimate explosion
energy. The diffuser plate in a PWR might increase the degree of
mixing of any melt passing through 1it. Furthermore, turbulent
wakes and vortices might develcp as the melt passes over and by
various surfaces. This turbulence could increase mixing. In
premixed gas phase combustion, obstacles and clutter can greatly
increase the burning rate because the turbulence generated by
those structures enhances mixing in front of a flame [26, 23].
Because the effects of lower plenum clutter are not known, they
were not modeled in this study.

The actual vessel geometry is much more complex than the simple
one-dimensional approximations employed in this study. Under some
conditions, an explosion in the vessel lower plenum could vent up
the downcomer annulus as well as up the core barrel. It is pos
sible that such venting would ameliorate the forces on the uppel
head, but a detailed multidimensional calculation would be
required to quantify this effect Two-dimensional calculations
have been performed with both the SIMMER [3] and CSQ [33] codes.

The SIMMER calculations identified important effects in the down
comer, water speeds of ~200 m/s were associated with explosions

of peak energy ~1000 MJ and water slug impact peak pressures at
the top of the downcomer were 30-100% of those calculated at the
top head.

In the CSQ calculations "a small portion of the water slug" was
forced the downcomer [33]. Any difference between these
results ani those in the ZIP study is probably caused by differ
ent assumed boundary conditions. Further calculations of this
kind would be needed to investigate the implications of downcomer
flow more fully.

It is thus clear that multidimensional and geometric effects have
the potential for both aggravating and mitigating the consequences
of in-vessel steam explosions. Their neglect is thus a potential
cause of underestimation of uncertainty, although in this study
it is not important because of the wide range already identified.

The Effect of Correlations

The sampling from distributions described in Section 4 assumed
that all the sampled parameters were independent; that is to say
that knowledge of one ¢f them does not change our knowledge of
any other. [f this assumption is wrong the affected parameters
would be correlated Our state of knowledge about these para
meters is consistent with either the presence or the absence of
correlations.




The qualitative effect of some potential correlations may be
discussed by simple arguments. For example, it is possible that
the heat content of the melt is correlated with fraction of core
molten because a larger core melt may take longer to accumulate
and hence may also accumulate more decay heat per unit mass. 1In
comparison with Case 3 in Table IV, in which the melt heat content
was constant, the range of possible explosion energies would be
widened if heat content and fraction molten were correlated in
this way. This is because masses of melt in explosions that were
limited by small fractions of core molten would be combined with
emall melt heat contents; and explosions involving the largest
melt masses permitted in Case 3 would have high melt heat con-
tents. This effect on the tails of the explosion energy distribu-
tion would be particularly significant for the very low proba-
bility failures, increasing their probabilities to values inter-
madiate between those of Cases 3 and 32 (in which the highest
value of the heat content was used throughout).

The effects of potential correlations between parameters would be
either to increase or to decrease the probabilities calculated in
Section 4. Thus omitting potential correlations from our numer-
ical calculations caused a potential understatement of the over-
all uncerctainty in the probabilities.

5.5 Effects of Model Parameterization

The numerical results of the calculations described in Section 4
might be used to draw the following conclusions: that the proba-
bilities of vessel failure and containment failure are uncertain
over the range from O to 1; that estimates of these probabilities
obtained from "middle" assumptions (Case 3) are about 21% and
104 respectively; and that the most important contributing
uncertainties are those in the pour diameter and conversion ratio.
These potential conclusions may depend on the arbitrary choices
made of model parameterization and distributions. It is there-
fore necessary to consider whether the same conclusions would have
been obtained, had different parameterizations or distributions
been chosen.

First we consider the uncertainty ranges for the failure proba-
bilities. Obviously a different parameterization, or a different
set of combinations of distributions, could produce different
ranges. For example, if all input distributions extended to the
lower end of the parameter uncertainty ranges, having different
upper limite, every combination of such distributions would
include explosions of low energy which would cause no damage.
Hence, all calculated damage probabilities would be less than one.
This was illustrated in some preliminary calculations for this
study published in reference 48. In those calculations lower
limits of zero were used in all distributions for some parameters.
Additionally the conversion ratio distributions were triangular
(as in reference 11). Failure probability ranges of 0 to 51% for
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the vessel and 0 to 33% for the contairment were calculated.
However if such a set of calculations were the only ones available
it would be necessary to consider whether the full range of proba-
bilities had been obtained. The ranges of probabilities set out
in the present paper show that any narrower range would not
include the full range of possibilities.

Second, we consider whether the "middle" probabilities obtained
in Case 3 would be expected to change if different distributions
or parameterizations were used. It is clear that they could
change substantially in either direction. In comparison with the
values in this paper (21% for the vessel and 0 to 10-4 for con-
tainment), the corresponding preliminary calculations in reference
48 yielded 1.5% for the vessel and 0 for containment, from a
different "middle" set of distributions. Additionally, a differ-
ent parameterization of the problem has b2en tfuggested [49] in
which the area of the melt pour out from the core is used instead
of its diameter. If the area parameterization is used, the middle
third of the range of pour areas is 3.0 to 6.0 m?, and if this
is combined with the other widdle distributions used in this
report a mass range of 21,000 to 63,000 kg is obtained. This
should be compared with the middle mass range of 7000 to 56,000
kg in Table I. The main effect of this parameterization change
would therefore be to eliminate smaller melt masses (from 7000 to
21,000 kg) from the combination of middle distributons. The
result would be intermediate between Case 11 (mass range 28,000
to 63,000 kg) and Case 12 (14,000 to 63,000 kg) in Table 1V, and
80 calculated failure probabilities between 53 and 83% for the
vessel and 0 and 1.8% for containment would be expected. Thus
changes in distributions or parameterizations can substantially
change the probabilities calculated from » "middle" combination,
in either direction. Such probabilities must therefore be con-
sidered essentially arbitrary.

Finally, we consider whether the uncertainties in pour diameter
and conversion ratio would continue to have the highest impor-
tance under a different choice of parameterization or distribu-
tions. Here, two points need to be made. First, under some
different parameterizations the particular parameters discussed
here might not be used; for example pour diameter is not expli-
citly included if the area representation described in the pre-
vious paragraph is used. 1In that case, the corresponding area
parameter would assume high importance. More generally, the mass
of melt participating in the explosion is important, because
together with the conversion ratio it strongly affects the total
explosion energy. The second point about relative importance of
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parameter uncertainties is that such importance, if measured by
the probability changes caused by changes of the parameters from
one base case, will in general depend on the choice of the base
case. The present calculations may be described as variations
about _hree base cases (Cases 2, 3 and 4) that are rather widely
distributed over the whole parameter space. Additionally, the
impertant parameters found in these calculations are the same as
those found in the preliminary calculations (48]. However, it is
possible that in some unexplored part of the overall parameter
space other parameters (like slug void fraction, or melt heat
content) may assume high importance. It is therefore necessary
to qualify the important uncertainties identified in the current
calculations by noting that other uncertainties might be shown to
be also important in parts of the parameter space not examined.
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6. Discussion

The calculations in this report refer to in-vessel steam explo-
sions at ambient pressures near to atmospheric. Numerical values
were taken from the Zion reactors. They show that the conditional
probability of containment failure, given core melt during a low-
pressure accident, is extremely uncertain. Indeed the results
span the range of probability from O to 1. This uncertainty
estimate is derived from the particular choice of distributions
and combinations thereof used. Adequate evidence does not exist
at present to exclude any of these combinations, or the proba-
bilities calculated from them, and such evidence would be required
in order to establish a narrower range of probability. 1If all the
"“middle" distributions in this study are combined, a value of ~
10-4 is obtained. This however should not be used as a best
estimate of the fraction of core melt accidents leading to con-
tainment failure by steam explosions, because a different para-
meterization of the problem could give a completely different
number and because it is derived from single assignments of sub-
jective probabilities. The effect of alternative assignments
needs to be considered, and this leads to the range of results
calculated here.

Examination of Tables IV and V shows that the criterion of an
explosion energy > 1000 MJ for vessel failure at the base led to
a significant probability of such failure for many of the cases
sampled. The uncertainty in this probability also covers the
range from O to 1. The possibility of explosive vessel failure
should be taken into account when planning action in response to
core-melt accidents that still have the potential for recovery to
a coolable state in-vessel.

Extension of these results to higher pressures would in principle
require reformulation of the problem to account for the different
characteristics of triggering and possibly mixing. However in
practice the range of uncertainty can be exnlored by qualitative
arguments: on the one hand steam explosions may bLe impossible in
reactors above some value of the pressure, in which case the pro-
bability of containment failure by this mode would be zero. On
the other hand effective external triggering may be probable, in
which case the current calculations would have to be modified to
take account of the effects listed in subsection 5.1. Some of
these effects, namely possibly easier mixing, possible conversion
ratio increases, increased ease of vessel failure, and blowdown
forces from vessel failure at pressure, have the potential to
increase failure probabilities. Thus extension to higher pres-
sures introduces effects that may reduce, and others that may
increase failure probabilities. The uncertainty intervals
estimated for the probabilities would therefore be unchanged.
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Extension of the results to other plants may in some cases in
practice be possible by rather simple comparisons of dimensions
to determine whether any significant differences exist, and if
g0, whether they are large enough to affect the results of the
current calculations materially.

The extensive sensitivity study presented here shows that the
uncertainties in two parameters out of the ones used in the model
are highly important: pour diameter anl conversion ratio. The
prominence of the first of these is to some extent an artifact of
the model, in that it appears squared in the expression for
explosion energy (other parameters appearing linearly). A more
general statement would be that the mass of melt participating in
an explosion is highly important.

This mass is in turn determined by two highly uncertain processes:
the process of core melting which may or may not produce and
release a large pool of melt coherently; and the process of melt

water mixing which may or may not be effectively self-limiting
due to steam production.

The conversion ratio is uncertain because it is not known whether
this parameter decreases, remains within the bounds of current
measurements or increases as the melt mass increases from kilo
grams to thousands of kilograms.

An additional factor influencing the probability of containment

failure, that was not accounted for in the sensitivity study, is
the question whether the interaction of a slug with the top of
the vessel can produce damaging missiles or not. Since the
uncertainty in the vessel failure modes that determine the answer
to this question can reduce the containment failure probability
to zero, this uncertainty is of high importance.

Thus four of the most important contributors to the uncertainty
in the probability of containment failure due to steam explosions
are the conversion ratio, the mass of melt participating in the
explosion, the likelihood of triggering at high pressure and the
failure mode of the vessel top head. Because this study is based
on a finite sampling from a parameter space, other uncertainties
may also be important. Substantial reduction of any of these
important uncertainties would, if the result were favorable, sub
stantially reduce the uncertainty in the probability of contain
ment failure due to steam explosions. For a significant contain
ment failure probability, either a significant probability of
conversion ratios higher than currently measured or a significant
probability of large masses of molten core actively participating
in an explosion would be needed. Additionally, triggering in the
pressure range of importance and large missile formation would
have to be possible.
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APPENDIX A

SUBJECTIVE PROBABILITY



A subjective probability is a numerical expression of an indivi-
dual's degree of partial belief in the truth of a proposition
(A-1, A-2) In the current case, decrees of belief in propositions
such as "the conversion ratio lies between 1.4% and 1.5%" are the
basis of the probability distributions. Textbooks provide opera-
tional definitions of subjective probability similar to the follow-
ing. "If an individual would offer betting odds for small bets of 1
to n that a proposition were true and n to 1 that it were false,
then his subjective probability of its truth is 1/(1 + n)."

The following properties of subjective probabilities follow from the
definition:

1) They comply with the usual laws for combining probabilities.

2) 1f sufficient data or evidence exist to justify a classical
frequentist probability (fraction of successes out of a large
number of trials) the subjective probability must be consis-
tent with it.

3) If a frequentist probability statement cannot be justified,
different individuals aware of the same evidence may quote
different subjective probability values.

This last property, non-uniqueness, means in the circumstances of
the current problem, that any subjective probability distributions
of the uncertain parameters are uncertain and must, in an
uncertainty study, themselves be varied within the ranges of
uncertainty of the parameters that they describe.
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APPENDIX B

FINITE ELEMENT CALCULATION
OF VESSEL FAILURE



Introduction:

In the main body of this report, a fracture criterion was used to
evaluate failure of the bolts. To do this, the slug impact
pressure load on the head was assumed to be transmirted to the
bolts. The resulting stress was compared with the fracture
strength of the bolts. In this Appendix, we justify this approach
and provide additional background into failure of the reactor
vessel due to an internal steam explosion. Similar calculations
and a more detailed discussion are given in Ref. B-1.

The goal is to determine the sequence in which failures will

occur and hence to provide a basis for choosing failure locations
in the vessel. However, failure prediction under high strain

dynamic conditions for as complicated a structure as the reactor
vessel is very uncertain. We have approached this problem using
a simplified finite element model of the reactor vessel. Calcu-
lated stresses and strains were then compared to either a strain
or fracture failure criterion, as appropriate for different parts

of the vessel.

Material Properties:

Typical material properties were used in the analysis to obtain
estimates of vessel response. The vessel is constructed of A533
steel and the bolits are made of SA-540 steel. Valueg of the

material properties were obtained from References B-2 and B-3 and

are listed in Table B-1.

TABLE B 1

Table BD-1: Material Properties at 288°C (Typical Values from
Raferences B-2 and B 3)

YOUNG'S YIELD ULTIMATE STRAIN* DENSITY FRACTURE

MATERIAL MODULUS  STRESS STRESS~ AT (kg/m?)  TOUGHNESS
(10%a) (10%pa) (10%Pa) FAILURE (10 N-m-3/2)

VESSEL 177 422 598 0.20 8000 27%

A-533

BOLTS 177 892 1052 0.19 8000 175

SA-510

—— —

*These are the Engineering stress and strain, that is, the force
divided by the initial area and the deflection divided by the
initial length. The logacrithmic setrain at tailure, that is, the
natural logarithm of the current length di ded by the initial

length, is 0.18 for the vessel.



Faiiure Criteria:

In this analysis, two failure criteria were used: strain failure
and brittle fracture. Strain failure occurs if a material is
excessively deformed until voids form and coalesce, leading to
loss of strength. Brittle fracture occurs as a result of flaws
in the structure. If the energy released due to crack growth is
greater than the energy to extend the crack, brittle failure
occurs. Based on previous calculations [B-1], the two locations
of likely failure are the top of the head at the centerline and
the bolts. The strain criterion wae used at both locations,
while the fracture criterion was used only at the bolts.
(Brittle fracture of the head is not expected because the head
material is more ductile than the bolts.)

Strain failure was evaluated by comparing the calculated effec-
tive plastic strain to the uniaxial failure strain. The effective
plastic strain is defined by:

1/2
$ - £§ [ (e 2 2

P g cz) + (c2 - c3) + (c3 - cl)zl

For uniaxial loading, the effective plastic strain is the equal
to the uniaxial strain, but for biaxial loading conditions (as
expecienced in the vessel head), the use of effective plastic
strain leads to failure at bpiaxial strains smaller than the uni-
axial failure strain. This is consistent with experimental
observation [B-4].

The second failure criterion wae based on fracture mechanics
calculations. (For a discussion, see a standard text such as
Reference B-5.) For this analysis, the stress intensity factor
was calculated using linear elastic fracture mechanics and a
design flaw size recommended by the Pressure Vessel Research
Committee [B-6). This is a 7.6 mm deep circumferential crack for
the bolte. As shown in Figure B-1, the stress intensity is a
function of the bolt Jdiameter, D, the unflawed diameter, 4, and

the applied load, p, (or alternately, axial stress in the bolt,
o) [B-7].

- 1/2

. n D
kl -3 D (3. 73 (d) - 1.27)o
Substituting values appropriate for the bolt diameter, D = 0.1778
m, and the unflawed diameter assuming the design flaw, 4 = 0,1625%

m, we obtain:
Ky = 0.2020 N-m-3/2

Knowing the Jracture toughness of the bolt material, Kfrae =

175 MN-m~3/2, we can solve for the stress in the bolts to give
failure:

B-3



o = B70 MPa
fracture

For the bolts, the fracture stress is below the yield stress. It
can also be shown that the size of the plastic zone at the crack
tip is small compared to the bolt diameter. Because plane strain
linear elastic fracture mechanics assumptions are satisfied, the
calculated fracture stress 's a reasonable estimate of the true
fracture stress. Therefcre, it is expected that the studs would
fail by brittle fracture if the assumed flaw was present. If
gsmaller flaws were present (d > 0.165 m), the yield strength of
the bolts is exceeded before the fracture stress is reached, and
the bolts would likely fail by plastic deformation.

N q
d: | ——“‘PP

—_ |1721 %1 - 1.27
03/2

(T 172 T 9 T 4 5
\7) (D) L”?l‘d’ 1.2740

Figure B-1: Eolt Stress Intensity Calculation [B-7)

Numerical Model:

A finite element model was used to evaluate the response of the
closure head to impact by material accelerated from below. The
structural model, which represents the reactor vessel above the
nozzle center lines, is shown in Figure B-2. This model was
developed using the HONDO II [B-8)] computer code which can calcu-
late the large deformation, dynamic response of axisymmetric
solids. Because failure of the bolts could lead to a large mass
missile (the top head), the bolts were modeled separately from
the flanges. The bolt material properties were reduced to account
for the difference in area between the so0lid ring in the axisym-
metric model and the actual bolt area. Sliding interfaces were
used between the flanges and between the top flange and the bolt
nut to give a fairly accurate representation




of bolt/flange behavior during impact. Based on the Zion FSAR

(B-9], the bolts were pretensioned to a stress of 290 MPa. The
model did not include the effects of the penetrations at the top
of the closure head. These penetrations woculd be expected to

resuce the strength of the top of the head and to increase the

possibility of head failure.

Loading Conditions:

Ae described in the main body of this report, we nave modeled the
slug impact as applying an approximately uniform pressure to the
vessel head. This loading is similar to the loading calculated
by the Los Alamos National Laboratory (LANL) using the SIMMER
code [B-10]. Using the calculated bolt fracture stress, the bolt
area, and the vessel dimensions, the static pressure in the head
required to fracture the bolts is approximately 80 MPa.

Four finite element calculations were made near to the 80 MPa
fracture pressure, These included ramp lcadings of 60, B80. and
100 MPa, and a step loading of 80 MPa. For the ramp loading, the
pressure was ramped tc the peak value over 5 ms, held constant
for 8 ms, and then ramped down to zero in 5 ms. The step loading
was applied for a period of 13 ms. The purpose of the step load-
ing was to examine the effect of dynamic overshoot, since a ramp
of 5 ms is sufficiently long relative to the period of natural
vibration of the head that it can be considered an essentially
static loading. Because the slug will likely be somewhat diffuse
by the time it loads the head, it seems reasonable to expec:t the
loading to be closer to a ramp. Cnce again, we should note that
these loading conditions are similar to those calculated by LANL
using SIMMEK [B-1C].

Results:

Figure B-3 shows displacement plots for the 80 MPa ramped loading
initially and after the pressure has been applied for 0.0013 sec.
Figures B-4 through B-6 show plots of the results used to evaluate
fracture for the 60 and 80 MPa ramp cases and the 80 MPa step
case. A summary of all fracture evaluations ‘s given in Table
B-2.

For the 60 MPa ramp loading, only small plastic strains occur.
The bolt stresses do not overshcot the static stresses signifi
cantly, confirming that the ramp loading is essentially static.
No failure is predicted for this loading case.

Increasing the pressure to 80 MPa with a ramp loading causes
significant plastic strain in the head as shown both in the
displacement pilots (Figure B-2) and head strain plot (Figure B-6).
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Table B-2: Loading Cases Analyzed Using F.nite Element
Model and Failure Evaluation

Stud Plastic Head Plastic
Bnlt Stress™ Straint Straint

Nax t(ail
(MPa) (ms )

60 MPa Ramp

80 MPa Ramp
100 MPa Ramp 1350 ’ None

80 MPa Step 1100 .0075 None

* True stress

+ Logarithmic strain (see footnote to Table B-1)

However, failure is not predicted in the head. The stud stresses
exceed the fracture stress (Figure B-4) and a relatively small
amount of plastic strain occurs in the studs. Based on these
results, it appears possible for fracture of the studs to occur
without failure at the top of the head. Whether this will occur
is not exactly clear since the penetrations in the head could
weaken the top of the head. Previous calculations [B-1], pre-
dicted failure of the head rather than stud faiiure. The differ
ence between these calculations is that a more spatially uniform
loading of the head is assumed here, rather than loading which
was biased towards the center of the head.

For the l1uu MPa ramp loading (Table B-2), failure was predicted
at both the studs and the head. The stud fracture criterion was
attained before the head failure criterion.

Finally, the effect of step loading can be seen by comparing the
80 MPa step loading results to the 80 MPa ramp resulte. Step
loading of the head causes higher stud stresses and greater plas
tic strain in the head. However, as for the 80 MPa ramp loading,
only fracture of the studs is predicted for the 80 MPa step
loading.
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Figure B-6: Average Effective Plastic Strain at Center of Head




summary’

The loading ccnditions we have examined are more gspatially uni
form than those arising from impact by a solid water slug (B 1]
which tended to concentrate the loading to the center of the head.
Instead, they approximate the LANL loading conditions predicted
using SIMMER [B-8). For this more spatially diffuse loading, the
location of failure is uncertain. This should be expected, since
the loading is similar to a static pressure loading for which the
vessel 1is designed. Good design implies approximately equal
strength for all failure modes. Because of the change in loading,
bolt failure is more likely in this study than in reference B-1l.

Assuming flaws exist in the bolts, bolt fracture is predicted to
occur before head failure. Thus, it is plausible that the bolts
could fail and the head become a missile. This i{s the assumption
we have used in Sections 3 and 4 of this report. Subsection 5.2
discusses the effects of the alternative possibility of head
failure before bolt failure.
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