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FOREWORD

The goal of the Advanced Neutron Source (ANS) severe accident
analysis effort is to provide a constructive and positive mechanism for
development of an ANS design that is resistant to severe accidents,
capable of recovering from potential severe accident initiators before
the onset of a core-melt accident, and capable of protecting the public
health and safety in the unlikely event that a severe accident were to
occur. This goal will be achieved through implementation of lessons
learned from commercial reactor safety research and experimental and
test reactor experience and application of state-of-the-art analysis
tools and methods for the development of the best possible understanding
of ANS severe accident performance. This report represents the first of
a series of ANS severe accident issue papers designed to (1) identify
potential ANS severe accident phenomenological issues at a very early
stage in the ANS design effort, (2) provide simplified scoping analyses
and to define the issues and associated uncertainties, (3) identify ANS
design decisions that have the potential to affect the probability
and/or magnitude of severe accident phenomena, and (4) suggest a frame-
work for future resolution of the various issues identified. It is not
the intent, therefore, of these reports to provide definitive analyses,
but rather to provide a mechanism by which severe accident issues may be
effectively addressed during the design process.

Future ANS severe accident issue papers will deal with (1) post-
melt fuel behavior (material relocation and coolability), (2) the ANS
fuel fission-product release and transport phenomena under severe acci-
dent conditions, (3) U3Si,/Al fuel-concrete interactions, (4) applicable
lessons learned from light-water reactor and liquid-metal reactor severe
accident research, and (5) identification of the various thermodynamic
energy sources present within the ANS containment. These issue papers
will be used as input to the ANS severe accident modeling assessment and
bounding containment loads analysis to be performed during the concep-
tual design phase of the ANS Project.

Sherrell R. Greene
Program Manager

Oak Ridge Severe Accident
Analysis Program
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STEAM~EXPLOSION SAFETY CONSIDERATIONS FOR THE ADVANCED
NEUTRON SOURCE REACTOR AT THE OQAK RIDGE
NATIONAL LABORATORY

Rusi Taleyarkhan

ABSTRACT

This report provides a perspective on steam—explosion
safety and design issues for the Advanced Neutron Source
(ANS) reactor being designed at the Oak Ridge National Labo-
ratory.

A historical background along with a description of
experiments and analytical work performed to date has been
provided. Preliminary analyses (for the ANS) have been con-
ducted to evaluate steam—-explosion pressure-—pulse loadings,
the effects of reactor coolant system (RCS) overpressuriza-
tion, and slug energetics.

The method used for pressure-pulse magnitude evaluation
was benchmarked with previous calculations, an aluminum-—
water steam—explosion experiment, and test reactor steam
explosion data with good agreement. Predicted pressure-
pulse magnitudes evaluated were found to be several orders
of magnitude lower than corresponding values evaluated by
correlating available energies with shock-wave pressures
from equivalent chemical detonations.

Parametric calculations were conducted to note pres-
sure~pulse magnitudes, slug energetics, and RCS loop pres-
surization over a wide range of expected fuel temperatures,
coolant-to-fuel mass ratios, void fractions, and mechanical
energy levels transferred to coolant and compressible
volumes. A failure envelope was generated to evaluate
structural integrity at different pressure-~pulse magnitude
levels, of various pulse durations, for the core pressure
boundary tube (CPBT) and reflector tank. Preliminary esti-
mates were generated to note expected pressure-pulse levels
for accident scenarios of varying severity. The accident
scenarios evaluated were (1) a reactivity excursion with-
out scram, (2) an inadequate primary coolant flow without
scram, and (3) an inadequate cooling on decay heat. For
all three types of accidents under the assumed conditions,
the as~designed CPBT would be incapable of withstanding the
pressure pulses generated immediately following a steam
explosion. However, the reflector tank may be expected to
withstand the pressure pulses from Case 3 with a reasonable
safety margin. The integrity of the reflector tank would be
severely challenged for Cases 1 and 2, and failure may occur
when the coolant void fraction in the explosion zone is not



high (i.e., ~90%). A similar limited-scope failure analysis
(using a similarity hypothesis) for two other materials
(stainless steel and Zircaloy-2) demonstrated the superior
rupture characteristics of these materials.

The preliminary best estimate, as well as conservative
estimates for RCS volume-pressurization failure and slug
energetics, indicated that (1) steam explosions in the ANS
have significant damage potential, and (2) steam—explosion
issues must be considered during the design phase of the ANS
Project. Recommendations are made for efficiently address-
ing this important safety and design issue.

1. INTRODUCTION

1.1 IMPORTANCE OF STUDY

It is important to recall that the very idea for an energetic steam
explosion stems principally from experiences with destructive steam
explosions in plate-type, aluminum—-clad research reactors undergoing
prompt critical nuclear excursions. This evidence includes the SL-1
incident and both the BORAX-1 and SPERT-1 destructive tests. The char-
acteristics of the proposed Advanced Neutron Source (ANS) reactor core
closely parallel those of the previously mentioned reactor cores (see
Sect. 2.1); therefore, we plan to give early consideration in the safety
analysis of ANS to the potential for destructive steam explosions in the
safety analysis of ANS.

Hence, this study is motivated by the need to develop a robust ANS
reactor design with an acceptable level of risk to public health and
plant investment resulting from steam explosions.

1.2 HISTORICAL BACKGROUND

A problem of historical concern in commercial reactor safety is
the possibility of core meltdown-induced energetic fuel-coolant inter-
actions (FCIs). For hypothetical light-water reactor (LWR) core-
meltdown accidents, molten core material and water can coexist in a
separate state within the reactor pressure vessel (RPV) with the poten-
tial for a destructive steam explosion to occur if the two are inti-
mately mixed under specific operating conditions. This issue gained
initial prominence through the so—-called Reactor Safety Study (RSS) or
WASH-1400.'

In 1975, RSS concluded that, based on probabilistic risk analyses,
LWR core-meltdown accidents were the dominant risk contributors to
public health and safety. One prime reason for this conclusion was that
containment failure and subsequent radioactivity release could be caused



containment failure and subsequent radiocactivity release could be caused
by steam explosions, also commonly referred to as FCIs. The analytical
model used to calculate rupture of RPV in WASH~1400 was based prin-
cipally on extrapolated experience from small test reactors undergoing
prompt critical nuclear excursions (i.e., the BORAX? and SPERT’ destruc-
tive tests and the SL-1 incident?).’ Furthermore, industrial experience
with steam explosions caused bg accidental spills of molten material
into water in metal boundaries® and in the pulp and paper industry7 were
cited as general support that large~scale steam explosions could occur.

The RSS considered both in-vessel and ex-vessel steam explosions.
Energetic in-vessel steam explosions were assumed to cause contalnment
rupture in all accident sequences that led to the most severe radiologi-
cal release consequences. It was assumed in RSS that the molten fuel
was not only predispersed into the water in the RPV lower head but that
a coherent liquid slug existed to transmit the energy from the expanding
steam to the RPV upper structure, producing high-velocity missiles in
the process. Ex-vessel steam explosions were also considered but were
deemed insignificant from a safety standpoint.

The previously mentioned study gave rise to an extensive experi-
mental and analytical research program that has evolved over the past
decade. This program has led to a greater understanding of the condi~-
tions required for large-scale steam explosions to occur. Brief
descriptions of these insights will be given in subsequent sections.
However, a basic description of steam—explosion phenomena and the appli-
cability of these phenomena to the ANS design is described next to
develop the necessary background for subsequent chapters.

1.3 STEAM-EXPLOSION PHENOMENA

A classical steam explosion is defined as a physical, nonchemical
phenomenon that results from an extremely rapid thermal energy transfer
between two intimately contacted liquids at different temperatures. The
temperature of the hottest liquid, usually a molten metal or refractory
material, must be far above the normal boiling point of the second
liquid to produce explosive vaporization rates that generate the high
pressures and shock waves characteristic of an explosion.

Note carefully that steam explosions are fundamentally different
from chemical ones.®’’ Unlike steam explosions, chemical explosions are
driven by rapid chemical reaction rates. Steam explosions require mix~
ing on an explosive time scale, whereas chemical explosives are finely
intermixed before the explosion for oxidizing systems or require no
intermixing if the chemical reaction is one of decomposition. Table 1
summarizes the differences between steam explosions and chemical detona-
tions. As noted in Table 1, peak pressures from chemical detonations
can attain values in the 10%~MPa range {(i.e., several million pounds per
square inch). In contrast, steam—explosion pressure levels are much
smaller. Nevertheless, they can damage the pressure boundary if not



Table 1. Characteristic features of steam and chemical explosions

Feature

Steam explosion

Chemical detonations

Mixing

Driving force

Pressure rise times
Peak pressures

Main destructive com-

Requires premixing

Rapid thermal energy
transfer between hot
and cold liquids

Millisecond range
100-MPa range

Expanding steam

Finely intermixed
before the
explosion

Rapid chemical
reaction rates

Microsecond range
10°-MPa range

Shock wave

ponent

accounted for in the design phase. The severe damage caused by explo-
sives is derived mainly from the shock wave itself. Large steam explo-
sions, in contrast, liberate most of the damage-~producing energy through
the relatively slowly expanding steam rather than through the shock
wave,

Those differences between steam and chemical explosions have been
highlighted principally to avoid gross misconceptions that can arise
from attempts to evaluate steam-explosion pressure pulses by means of
correlation of melt energy levels with detonation experiments.

Large-scale steam explosions occur in four stages:

1. Fuel coolant mixing. The molten fuel and liquid coolant become
intermixed on an explosive time scale, whereas the heat-transfer
mode is relatively quiescent. This process provides enough surface
area of contact between the molten fuel and water to sustain the
required high heat-transfer rate.

2. Triggering. The fuel and coolant are brought into near liquid-
liquid contact. Thereafter, rapid heat transfer begins. Triggers
can be spontaneous or from external stimuli, such as exploding wires
or minidetonators.

3. Explosion propagation. The heat—-transfer process rapidly escalates
as more of the molten metal is fragmented and as more high-pressure
coolant vapor is generated. This phenomenon ensures that a sizable
fraction of the available explosive work is used. Note that at this
stage, significant, potentially destructive, pressure pulses are
generated with durations in the millisecond (typically <5-ms) range.




4. Expansion. The high-pressure vapor expands against the surround-
ings with the potential for destructive mechanical work, such as
rupturing the RPV. 1In this stage, a coherent liquid slug with good
fluid/structure coupling may be generated if the steam is contained
and directed. The liquid slug may become quite energetic if there
is a void space that provides a path for acceleration. Containment
rupture may occur from contact with this energetic slug of water or
with other missiles generated by the slug.

An Electric Power Research Institute-sponsored study6'7 has con-
cluded that although the characteristics of the plate~type reactor
designs (i.e., SPERT-1, BORAX-1l, and SL~-] destructive tests/accidents)
were well-suited for destructive steam—explosion occurrences, they were
nevertheless fundamentally different from current commercial water-
reactor designs, as is the configuration developed during hypothetical
core meltdown accidents for the two design concepts. However, the same
cannot be said for the ANS when comparing it with the earlier test reac-
tors. The ANS reactor uses closely spaced plate-type aluminum—clad fuel
and operates with very high power densities, thus satisfying the neces-
sary criteria for a propagating steam explosion. Thus, the likelihood
of failures related to steam explosions in ANS will be considered in the
safety analysis. Based on preliminary heatup calculations® performed by

R. M. Harrington,* fuel heatup rates can be high enough to cause the
occurrence of high-temperature molten aluminum throughout most of the
core. Conditions thus seem ideal for the initiation and propagation of
energetic, and possibly destructive, steam explosions given the occur-
rence of a core-melt accident. This aspect (dealt with in some depth
later in Chap. 3) clearly underscores the need for a preliminary study
and careful investigation of steam explosions from safety and design
standpoints.

*Reference 8 has been included as Appendix A.

LTV ERING



2. STEAM-EXPLOSION EXPERIMENTS

The purpose of this section is to outline briefly experiments con-
ducted to demonstrate and study steam explosions. Major phenomena and
conclusions are also described for completeness. For further informa-
tion, the reader may consult key references documented in this report.

2.1 REACTOR EXPERIMENTS

The SPERT and BORAX destructive tests and the SL-1 (Refs. 2-5)
incident/accident are demonstrative of destructive steam-explosion reac-
tor experiments. The fuel of those reactors was fully enriched 235U
alloyed with aluminum (rapid thermal response) and formed into =0.5-mm-
thick flat plates. These plates were covered with aluminum cladding,
allowing fast thermal response (i.e., a thermal time constant equal to
or less than the nuclear period). Thus, the fuel and the coolant pro-
vided an intimately mixed configuration even before the rapid energy
deposition. Therefore, the combination of the initial geometry (i.e., a
well-mixed state) and the rapid energy deposition in the fuel provided
conditions (molten fuel and cladding sufficiently premixed) ideal for
producing a propagating steam explosion. Indeed, the combination of the
rapid power excursion and the fuel-design characteristics (initial pre-
mixing) eliminated the need for any significant fragmentation and mixing
either before or during the explosion. In addition, the coherent
liquid-slug requirement was satisfied because the systems were almost
full of cold water before the nuclear excursion. This situation pro-
vided a means for containing and directing the energy of the expanding
steam, thus helping to optimize the destructive work potential of the
explosion,

In the BORAX tests, self-limiting power excursions were performed
with exponential periods ranging between ~100 and 5 ms at boiling tem-
peratures and between 100 and 13 ms at ambient temperatures. Minor
damage to the core occurred during these tests, but the results indi-
cated that shorter periods with larger energy releases could lead to
extensive core damage. The BORAX program was completed with a 2.6-ms
test, yielding a maximum power of 19 GW and a burst of energy of 135 MJ.
This test destroyed most of the core and partially destroyed the facil-
ity. The SPERT-I tests also concluded with destructive loadings on the
core and facility buildings. In the SPERT destructive test, ~3.5§ reac-
tivity insertion with a period of 3.2 ms caused gross core melting,
releasing ~41 MJ total nuclear energy (peak power of 2.3 GW), with ~4 MJ
of additional energy released from the aluminum-water chemical reaction.

Note that destructive steam explosions did not occur in the
SPERT-II test series conducted with a D,0-moderated core. The prompt
critical excursions of this test series were not severe enough to cause
rapidly superheated aluminum fuel (molten) mixtures in contact with
water as obtained in the SPERT-ID test. Test 26 in the SPERT-II series
led to power excursions beyond departure from nucleate boiling (DNB),



resulting in partial melting in some of the plates. It was surmised
that significant power oscillations with large amounts of undershooting
permitted transfer of sufficient amounts of stored energy from the
plates to the coolant and helped prevent a violent steam explosion from
occurring.

It was believed that the SL-1 incident was initiated by an inser-
tion of ~2.4% Ak/k (3.48) with a period of ~3.5 ms, causing gross core
melting and superheating and releasing ~130 MJ of nuclear energy
(total). Additionally, ~50 MJ was released by the melt-water chemical
reaction. The expansion phase ejected the shield plug and raised the
entire reactor pressure vessel 3 m from its supports, striking the
elevated crane drive shaft above before falling back. Three operator
fatalities resulted from this incident.

2.2 OUT-OF-REACTOR EXPERIMENTS

In the previously mentioned reactor tests, steam explosions
occurred while the fuel geometry was essentially intact. All of the
necessary conditions for a propagating steam explosion were satisfied
(i.e., a well-mixed state, rapid energy deposition that caused high-
temperature molten aluminum fuel, and the presence of a liquid slug
for missile generation). This situation has no parallel in the com-
mercial LWR area, where steam explosions are postulated to occur as
shown schematically.in.Fig. 1. _Here, following complete failure of

ORNL-DWG 89-5166 ETD

REACTOR
VESSEL

\
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\\\‘\

5=DISRUPTED CORE
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s

Fig. 1. Postulated steam-explosion scenario for commercial LWRs.




normal and emergency coolant flow, fission-product decay eventually
causes melting of reactor fuel and cladding. This high-temperature
molten corium mass can then interact with coolant in the lower plenum,
causing steam explosions. Hence, all out-of-reactor experiments sur-
veyed have involved simulation of the process shown in Fig. 1. Note
that results from these experiments, along with insights gained from
them, are also directly applicable to understanding steam—explosion
characteristics for ANS. The reason is that steam—explosion phenomena
in the ANS reactor will be analyzed from the standpoint of being ini-
tiated by reactivity excursions (with intact fuel geometry), as in the
SPERT and BORAX tests, and also from interactions of high-temperature
molten fuel falling into a pool of water, as shown in Fig. 1, or for
ex-vessel explosions.

A good description of steam-explosion experimental analyses (non-
reactor) has been given by Corradini.?’'© WNelson and Buxton' per-
formed >300 small-scale experiments by using an arc-melter apparatus.
Molten materials tested were stainless steel, Corium—-A, Corium-E

(see glossary), and iron oxide. Nelson et al.'? have also conducted
single-droplet experiments. Both spontaneous and triggered explosions
occurred. Large-scale (5- to 20-kg fuel mass) experiments were ori-
ginally conducted by Buxton and Benedick'? in an open chamber (Fig. 2)
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using an irop-aluminum oxide fuel simulant. Most of the tests resulted
in spontaneous steam explosions. Salient features are given in Table 2.
As noted, Corium—-A-related steam explosions had to be triggered by high
energies. Analyses suggest this is because the initial temperature of
the molten mass (~2800 K) is also approximately the liquidus temperature
for Corium-A. Cooling analyses suggest that the melt could have cooled
substantially in its fall through the air and water before an external
trigger was fired to induce an interaction.

Table 2. Open geometry experimental observations®®

Conversion ratio

The explosion conversion ratio with Fe-Al,0; was between 0.2 and
1.4%.

Water temperature had little effect on the conversion ratio.
No energetic explosions with Corium—A+R (see glossary) were
observed, a maximum conversion ratio was <0.05% using a large
detonating cord trigger [~6 g of Pentonite (PETN) explosive].
Parametric effects
No obvious pour-rate effect was observed.
No interaction-volume effect was observed.
Possible melt quantity effect was observed.
Definite water-quantity effect was observed; as the mass of water
increased, the conversion ratic increased.
Pressures
High, narrow pressure spikes were possible (20 MPa, <1 ms); 5- to
10-MPa sustained pressures were possible in large explosions.
Triggering

Spontaneous explosions were observed only for the Fe-Al,0; melt and
seemed to involve solid surface contact.

Artificial triggers (0.6 g of PETN explosive) were used for the Fe-
Al,0;3 melt, but did not modify the conversion ratio.

Only when the trigger magnitude was substantially increased did a
small explosion occur with Corium—A+R.
Debris

Debris was similar to that observed in small-scale arc-melter
experiments for the Fe-Al,03; fuel melt.

Tt LT it
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The second large-scale experimental series has been conducted by
Mitchell'! and referred to as the fully instrumental test series (FITS).
Salient features are outlined in Table 3. Note that the steam explo-
sions were spontaneous and exhibited explosion-conversion ratios of 2 to
3% and pressure spikes of ~20 MPa for ~1 ms. More recenl:ly,'4 the num-
bers related to the conversion ratio are considered to be ~10%Z. Also,
unlike previous tests, the FITS experiments showed that violent steam
explosions can indeed be generated under high ambient pressure surround-
ings although an external trigger was found to be necessary.

The aluminum industry has conducted hundreds of aluminum-water
steam explosion experiments‘549 over several decades. Most of these

Table 3. FITS experimental observations®

Conversion ratio

The explosion conversion ratio with Fe-Al,03 is consistently near
2 to 3%.

Pressures

High, narrow pressure spikes are always observed (~20 MPa for
~1 ms).

Lower sustained pressures follow behind this peak.

Propagation behavior

The fuel coarsely intermixes with the coolant before the interaction
(time ~0.2 s).

A spontaneous explosion begins near the chamber base.
A detonationlike explosion wave 1s observed.

The explosion velocity varies between 200 and 600 m/s.

Initial conditions

As the fuel entry velocity is increased (>6 m/s) or the fuel mass
decreased (<2 kg), spontaneous explosions are suppressed.

Debris

The weight—averaged mean particle size after the explosion is ~150
to 250 ym and without an explosion is ~1 to 3 mm.

High-ambient pressure

A violent explosion was produced at an ambient pressure of 1.1 MPa
by using an artificial trigger. The trigger was a detonator similar
to that used in the open-geometry tests (0.6 g of PETN explosive).
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experiments simulated a situation similar to that shown in Fig. 1, where
molten masses of aluminum were dropped into a pool of water. The masses
of aluminum poured ranged from 5 to 23 kg. Most of these experiments,
which were performed without the use of artificial triggers, evaluated
the effects of various coatings on the base of the container as well as
the effect of key parametric variations (i.e., melt superheat, diameter
of melt stream, and water depth). The likelihood of spontanecus explo-
sion occurrence was qualitatively determined to rise with increasing
melt superheat and melt-stream diameter. Again, spontaneous explosions
did not occur if the melt had to travel more than ~0.76 m in the water
before reaching the base surface. At water depths of 0.05 m or less,
molten aluminum was blown out of the container. The nature of the base
surface played a predominant role in determining both the likelihood and
the intensity of the resulting steam explosions. In general, it was
found that coatings of materials such as lime, gypsum, rust, or a sludge
of aluminum hydroxide greatly increased the likelihood and violence of
steam explosions, whereas coatings of materials such as grease or cer-
tain paints on the inside surface of the container prevented sponta-
neous explosions. However, later work'® showed that even inert surfaces
could become active in the presence of sufficiently high trigger energy
levels., The intensity of explosions ranged from moderate (i.e., the
container remained intact) to very violent (i.e., the entire experi-
mental setup was destroyed). The violent explosions involved chemical
reactions of the molten aluminum with material at the base of the con-
tainer. In these instances, the reaction-zone temperatures rose rapidly
to well beyond the ignition temperature of aluminum.

Molten aluminum-water steam—explosion experiments have also been
conducted by Fry et al.?® at Winfrith, United Kingdom. Steam explosions
were initiated using external triggers. The operating conditions were
similar to those that can be expected in ANS. These experiments were
thus used for benchmarking purposes and will be discussed again in
Sect. 3.5.

Recently, Nelson?' conducted small-scale (i.e., using gram guanti-

ties of molten Al1-6061) aluminum~water steam—explosion experiments that
were supported by the Aluminum Association. Steam explosions were ini-
tiated through the use of artificial triggers. Nelson characterized the
initiating mechanism for steam~explosion occurrence at contact surfaces
based on the concept of wettability (i.e., the capacity to entrap a thin
water layer between the solid surface and the molten material). Steam
explosions were postulated to initiate from the rapid vaporization of

a thin water layer between the melt and solid surfaces. This vaporiza~-
tion fragments the melt further, thereby leading to a propagating steam
explosion. Based on previous experiments and analyses, Nelson also
noted?? that if aluminum is mixed with other sensitive materials (e.g.,
lithium or copper), the characteristics can change radicallg such that
spontaneous explosions always occur. Some aluminum alloys! (e.g.,
Al-2011) are more prone to explosions than others (e.g., Al-PI520).
Notably, Nelson's droplet experiments conducted with molten Al-6061
required a trigger pulse of ~2 MPa for initiation of steam explosions.
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No information now exists, however, on the propensity of molten USSiz/Al
mixtures to undergo spontaneous explosions with water.

The Savannah River Laboratory (SRL)?® is now also in the process of
sponsoring several small- and large-scale steam explosion experiments at
the Sandia National Laboratories (SNL), as well as separate effects
tests at Rice University.

In summary, those experimental programs indicate the possibility
and magnitude of destructive pressure pulses and energy conversions fol-
lowing metal-water steam explosions, In particular, they indicate the
propensity for molten aluminum and its oxide to undergo spontaneous
and/or triggered interactions with water when in contact with a wettable
surface. The survey of the open literature experimental data base also
indicated a strong dependence on the composition of the molten mixture
for the initiation of steam explosions. Finally, the propensity for
molten USSiz/Al mixtures to undergo spontaneous steam explosions with
water is now unknown.



3. CONVENTIONAL STEAM-EXPLOSION ANALYSIS FOR LWRs

The purpose of this chapter is to outline briefly the analytical
framework developed for understanding steam-explosion phenomena. In
particular, a mathematical model capable of giving reasonable estimates
for pressure pulses is described and benchmarked. This model is then
used in Chap. 4 for initial scoping studies for ANS.

As mentioned in Chap. 1, steam explosions evolve in four stages:
(1) fuel~coolant mixing, (2) triggering, (3) explosion propagation, and
(4) expansion. These are all complex phases because several unknowns
are involved (e.g., molten fraction available, thermodynamic properties
and distribution of the melt, and structural configuration during a
meltdown accident). Several attempts have been made to quantify these
stages by various researchers. These approaches are described below.

3.1 FUEL-COOLANT MIXINGC

Intimate fuel-coolant mixing is considered necessary to generate
the large contact areas necessary for rapid heat transfer. As mentioned
in Chap. 1, this criterion was already met for the destructive reactor
tests.?® A similar case can be made for ANS. However, barring such
incidents, once the core melt has entered the water (Fig. 1), it slowly
breaks up and mixes with the water. One important parameter is the
maximum quantity of melt that can intermix with the coolant before an
interaction occurs or the melt solidifies. This parameter gives an
upper bound on the explosion work potential. Several models'424-26 haye
been proposed by Corradini, Henry, Theofanous, Fauske, Cho, and others,
but they are all somewhat crude, requiring assumptions that lead to con-
servative or nonconservative results. Corradini observed?’ that in the
FITS experiments (Fig. 3), the melt (5 kg) rapidly mixes with a large
fraction of water (50 kg) before explosion occurs. He surmised that not
more than 10 to 20%Z of the core in a commercial pressurized-water reac-
tor would mix with water in the lower plenum before an explosion occurs.

Interesting and useful insights can also be obtained from Figs. 4
and 5, which show explosion conversion ratio and debris diameter as a
function of coolant~to~fuel-mass/volume ratios. As seen therein, the
conversion ratio for expected molten masses/volumes is relatively con-
stant. ‘The general subject of mixing is highly complex and is the sub~
ject of considerable debate in the commercial LWR industry.

3.2 TRIGGERING

Triggering can occur either spontaneously by the contact of molten
masses with structures or by external detonators. Although impact
forces and pulses from detonators are easy to evaluate, spontaneous
triggers are difficult to model because their causes are not well-known.
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Most of the FITS experiments conducted with aluminum oxide and large-
scale experiments conducted by the aluminum indust:ryls']9 exhibited
spontaneous explosions. It is also known that molten aluminum when
mixed with certain materials (e.g., lithium or copper) explodes sponta-
neously upon interacting with water. Thus, it seems prudent to assume
that in the absence of U38i2/A1 fuel-coolant interaction data for ANS
steam-explosion studies, sufficient trigger energies would exist for a
propagating fuel-coolant interaction to occur.

3.3 PROPAGATION

This phase represents the early time domain (typically 0.1 to
10 ms) after the steam explosion, during which significant pressure
pulses are generated. Several mechanistic and empirical models have
been proposed over the past several years with varying degrees of
success. The so~called Integrated Fuel Coolant Interaction Code?8
(IFCI) is a state-of-the—art mechanistic modeling program under devel-
opment at SNL. Corradini modeled one-dimensional (1-D) aspects of
Mitchell's experiments using his 1-D mechanistic model.? A key ingre-
dient in these mechanistic models deals with the fuel-fragmentation
scheme that initiates and sustains the explosion. Various models have
been proposed. See Refs. 9, 14, 24, and 28 for additional information.

An alternative to mechanistic modeling that provides good estimates
for the propagation phase has been given by Corradini.? It consists of
using an empirical steam—explosion model with a two—dimensional (2-D)
hydrodynamics code, CSQ.29 Besides the relative simplicity of modeling,
it also simulates 2-D effects. In the FITS experiments, the explosion
exhibited multidimensional characteristics that can cause a nonuniform
pressure loading on the surrounding structure and can mitigate the
explosive work potential compared with that predicted by a 1-D analysis.
Hence, the empirical model can be expected to provide a more realistic
picture. This model is based on the physical concept that the fuel melt
and the coolant in the explosion zone interact and come to thermal
equilibrium before substantial coolant expansion occurs. Figure 6 shows
a simulation of a FITS experiment using the empirical model with the CSQ
wave code. As shown, the model predicts the pressure pulse and duration
with good accuracy.

A containment failure study?’ conducted by Corradini also used
this approach. The ratios of coolant-to-fuel masses interacting were
taken as 1/16 (conservative, Case 2), and 1/1 (best estimate, Case 1).
Figure 7 shows the essential aspects of the analyses. As noted, Case 1
results in characteristic peak pressures and pulse durations of ~100 MPa
and 1 ms, respectively. Case 2 results lead to peak pressures and pulse
durations of ~400 MPa and 2 ms. These pressure—-time histories were next
used in a transient calculation to evaluate failure of the reactor ves-
sel lower plenum. Failure analysis is described later in Sect. 3.5.
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3.4 EXPANSION

Expansion represents the later phase of the transient (i.e.,
>10 ms). After the explosion has been triggered and has propagated
through the melt-coolant mixture, the resulting high-pressure steam
expands and does work against its surroundings. This work can be
destructive. The three basic methods for estimating the expansion work
potential are (1) thermodynamic expansion model,3® (2) 1-D expansion
model,3' and (3) 2-D expansion model.?’

The thermodynamic expansion model is the most conservative, giving
energy conversion ratios in the range of 20 to 30%, far above what has
normally been observed experimentally. This approach represents upper-
bound calculations and is not recommended for realistic (i.e., best-
estimate) studies.

In the 1-D model, a lumped parameter approach that allows for
mechanistic heat~transfer models was used to represent the explosion
expansion as a two-phase high-pressure coolant mixture accelerating a
voidless rigid water slug (Fig. 8). It allows for water entrainment
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during ‘expansion and quenching of high-pressure steam. This approach
gives conversion ratios 2 to 5 times lower than the thermodynamic model,
bringing it close to experimental observations.

The 2-D model was used by Corradini?’ with CSQ, along with the
empirical steam—explosion model described earlier. It is superior
to the 1-D model because effects such as liquid slug deformation and
breakup can be accounted for. Such a slug deformation was also noted
by Los Alamos investigators.?®

3.5 FAILURE ANALYSIS

As mentioned earlier, upon steam-explosion occurrence, the high-
pressure steam expands and does work on its surroundings. Tradi-
tionally,27 analyses evaluate loadings in two stages, as follows.

3.5.1 Response to Initial Pressure Pulse

The first stage consists of evaluating the impact of high-pressure
pulses immediately following (<5 ms) a steam explosion. In the study
reported in Ref. 27, a 1-D model was developed to set up a failure
envelope for the lower head of the LWR pressure vessel. Spherical
geometry was assumed along with elastic-plastic material response.
Specifically, the model solved the following dynamic equation:

- PR - 2to
Rtp ) (3-1)

where,

= thickness,

radius,

stress,

density,

pressure,

= radial displacement.

i

"

€Yo o™
]

The failure criterion used in this case was based on a comparison
of calculated effective plastic strain to uniaxial strain of fracture.
Using data from Ref. 32, the criterion used was

€ . .
uniaxial _ 2.25 , (3.2)
ebiaxial
where e denotes strain.

Solving Eq. (3.1) with that failure criterion, the study generated
a failure envelope as shown in Fig. 7 for the so-called best-estimate



RAY)

and conservative cases, respectively. As noted in Fig. 7, the best-
estimate case indicates no failure, whereas the conservative case leads
to failure of the lower plenum.

3.5.2 Response to Slug Loading

During the second stage, a slug consisting of solid debris, liquid,
and vapor accelerates and comes into contact with the upper boundary
of the reactor vessel. In the study given in Ref. 27, a 1-D (finite-
element) representation was used for evaluating slug impact with the
upper head. In this case, the failure assessment was based on fracture
mechanisms for various key components (e.g., studs and closure head),
using stress—intensity factors. The structural model used is shown in
Fig. 9 and was developed using the HONDO-II Code.>?
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Considerable uncertainty exists concerning the slug-energy con-
tent.'® For the sake of illustration, Ref. 27 values are given here in
considering three cases. The first, considered realistic, assumes that
10%Z of the PWR core interacts with 10,000 kg of water with a conversion
ratio of 1%, leading to 300 MJ of expansion work and a 12,500 kg slug
with a velocity of 200 m/s. The conservative case assumes that 40% of
the core mixes with 20,000 kg of water and undergoes an isentropic
coolant expansion, leading to 3000-MJ expansion work and giving rise to
a 12,500-kg slug with a velocity of 690 m/s. In the third case, values
were taken from a Los Alamos stucly]2 using SIMMER. In this instance,
20%Z of the core was assumed to participate. The coolant-to-fuel-mass
ratio was 1/16, giving rise to a peak kinetic energy of 1200 MJ. the
three different loading mechanisms shown in Fig. 10 are (1) coherent
water slug impact, (2) pressure/time history on reactor vessel defined
by SIMMER calculations, and (3) upper-core support plate (UCSP) impact
with the vessel head.

The results of these calculations are summarized in Table 4. As
noted, the top of the head is predicted to fail first for all loading
conditions where failure is expected, and the kinetic energy of the head
at failure is given.
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Table 4. Summary of commercial LWR
vessel-failure evaluation?’

. . Failure at
Failure at Failure at

Case top of head stud vessel below
flanges

300 MJ Yes Yes No

3000 MJ Yes Yes No
Los Alamos Scientific Yes No No
Laboratory p/t

history
Upper-core support No No
plate

3.5.3 Missile Generation

If the upper head of the RPV were to fail, missiles could be gen-
erated that might cause the containment to fail. The type of missiles
generated and consequences thereof- are highly dependent on the geometri-
cal setup and operating conditions. Various empirical correlations>*~36
have been documented in the literature for penetration of concrete by
missiles. These equations, generally speaking, tend to be conservative.
Another (albeit more expensive) approach uses a sophisticated wave code,
as was done in Ref. 27, for obtaining improved estimates of concrete
penetration.

3.5.4 Ex~-Vessel Steam Explosions

The analyses described above dealt with in-vessel steam explosions.
However, it is conceivable that on melting the lower plenum vessel wall,
molten fuel could encounter water in the reactor cavity.

The result could be an ex-vessel steam explosion. The consequences
of such an explosion are highly dependent on the operating conditions
and reactor/containment design. A properly designed cavity would tend
to retain effects of the explosion and prevent the containment from
leaking. Care should be taken to avoid efficient coupling of the steam-
explosion energy.with solid material to prevent missile generation.

3.6 PROBABILITY OF CONTAINMENT FAILURE

Based on the analytical framework presented in this section, esti-
mates can be obtained for the probability of containment failure. As
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noted earlier, the phenomena being analyzed are quite complex, consist-
ing of stochastic and deterministic processes. Hence, engineering judg-
ment 1s sometimes required to evaluate the probability of containment
failure. WASH-1400 (Ref. 1) used the formula

P = P P.P |, (3.3)

where

P = probability of containment failure resulting from steam

explosion,

Peee = probability of water being present in the lower plenum when
a major fraction of the core is molten (220%),

P, = probability of FCIs after fuel-coolant contact resulting in
fuel fragments <5 mm,

P_. = probability/fraction of steam explosions leading to contain-
ment failure.

WASH-1400 (Ref. 1) estimated the values of Pg , and P_ as 1, 0.1,
and O.lf respectively, leading to a value of 8 01 %or P . In a later
study,2 the lower and upper bounds of 0.0001 and 0.01 were estimated
for P . The lower bound represents so-called best estimate calcula-
tions, whereas conservative estimates gave the upper bound.

Note that Eq. (3.3) would need to be implemented differently for
differing reactor and containment designs, especially for the ANS design
applications. For example, Py . would need to include the possibility
of steam explosions resulting %rom power excursions, similar to the
SPERT-1 (Ref. 3) and similar tests. A systematic study would identify
such differences to characterize overall system-dependent dynamics cor-
rectly.

A so-called new probability of containments~failure approach, which
represents a major technological advancement, has been developed by
Theofanous et al.,'? under Nuclear Regulatory Commission (NRC) spon-
sorship. This structured approach was applied by the authors for a
specific set of conditions (i.e., pressurized-water reactor and low
pressure), along with assumptions for key events in the overall process,
for setting probability distribution functions. The result indicated
low containment~failure probability. However, the authors have been
careful to stress the subjectivity aspect and have shown that small
changes in key parameters can change the probability of containment
failure by several orders of magnitude to indicate definite failure, as
shown in Fig. 11. Hence, caution is advised when transferring results
from one scenario to another.
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4. MODELING AND BENCHMARKING FOR ANS STUDY

As described in Sect., 3, steam-explosion analysis can be separated
for convenience into two phases. The first phase deals with evaluation
of the initial pressure pulse immediately (typically <5 ms) following
a steam explosion. The physically based empirical model given by
Corradini? can be used to obtain estimates for peak pressure-pulse mag-
nitudes. Note that the actual modeling of pulse evolution would require
using wave codes. However, it has been seen experimentally that pres-
sure-pulse durations lie in the l-ms range. Hence, from an engineering
standpoint, we will assume the pulse duration to be 1 ms. The impact of
this assumption can be qualitiatively evaluated once the relevant fail-
ure envelope has been generated, as was done in Chap. 3 (Fig. 7).

The simple model is implemented in two steps. In the first step,

an equilibrium temperature is evaluated for the fluid from this equa-
tion:

T, + [(mc)c/(mc)f] Tc

T, = f -, (4.1)
1+ [(mC) _/{mC) ]
where
m = mass,
"¢ = specific heat,
c, f = subscripts denoting coolant and fuel, respectively.

In the second step, the temperature T, is introduced in the
Redlick-Kwong equation of state given by

RTe br
P = - - ’ (4.2)
e (Ve ar) [T1/2 VIV +a)l
e e e r
where
p = pressure, ,
R = gas constant for water,
Vo = equilibrium two-phase specific volume (i.e., reciprocal of

the two-phase mixture density),
ar, br = 0.00117 and 43,961, respectively.

Before applying this model directly to the ANS reactor (Chap. 5),
the model results were compared against an earlier calculation reported
in Ref. 10. Details of this comparison are shown in Table 5. As noted,
both sets of numbers are in good agreement even though a different equa-
tion of state was used for our calculations.



26

Table 5. Model verification calculations

Present Previous
R 1 ) .
esults calculation? calculation?
Peak pressure (MPa) 109 ~100

Operating conditions
Fuel temperature = 2300 K
Void fraction = 0.35
Coolant temperature = 300 K
Mass of coolant to = 1,0
mass of fuel ratio

8Calculations using the Redlick~Kwong equation of state.

Bcalculations from Ref. 10 using the ANEOS and THEOS
equations of state.

Next, the model given by Eqs. (4.1) and (4.2) was applied to pre-
dict the pressure-pulse magnitude noted in one of the aluminum-water
steam-explosion experiments conducted (experiment T122) by Fryzo at
Winfrith, United Kingdom. Essential details are shown in Fig. 12. As
shown therein, two sets of pressure gages denoted U (upper level) and
L (lower level) were present for pressure-pulse detection. The U pres-
sure gages detected pressure-pulse magnitudes of ~35 to 40 MPa, whereas
the L gages recorded values of ~50 to 60 MPa. Molten aluminum was
exploded close to the L gages. Hence, peak pressures at the explosion
source can be roughly estimated as ~60 to 70 MPa. Results of a
parametric study are shown in Table 6. As noted therein, the model
gives estimates that are close to the experimental values.

The empirical model was next used to estimate the peak pressure
pulse levels reached immediately following a steam explosion event in
the SPERT-ID3 and SL-1% reactor reactivity excursion-induced destructive
incidents. In such reactors, with narrow fuel-to~coolant gaps between
plates, small amounts of coolant mass vaporization can lead to large
void fraction levels, It was estimated that the coolant void fraction
would be in the 70% to 80% range. Based upon the volumes of fuel and
coolant in the core, it was further estimated that the coolant-to-fuel
mass ratio in the explosion zone would be about 0.5. Again, based upon
the reported values of heat deposition, it was estimated that the
maximum fuel temperature in each of these destructive incidents was at
least 1700 K for the SPERT-ID test,3 and about 2400 K for the SL-1%
incident. With these values, the model described earlier gave estimates
for peak pressure pulse levels (in the explosion zone) ranging from 67
to 97 MPa for the SPERT-ID test, and from 100 to 145 MPa for the SL-1
incident. In comparison, oscillations of +60 MPa were recorded by pres-
sure transducers (located just outside the core) for the SPERT-ID test.3
It was estimated that the average peak steam pressure during the SL-1
incident" was at least 75 MPa.
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Fig. 12. Schematic representation of molten aluminum-water steam-
explosion experiment T122 at Winfrith {(Ref. 20).

Table 6. ‘Model benchmarking
calculations with

experimentszo
Void Peak
Mass? coolant pressure
fraction two-phase magnitude
fraction (MPa)
1.0 0.5 60
1.0 0.3 56
1.0 0.0 20
0.5 0.5 91
0.5 0.3 103

dMass fraction is defined as the
ratio of coolant mass to mass of fuel.
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As seen, the evaluated pressure pulse magnitudes are in good agree-
ment with test dataj along with the previous experimental benchmarking
results, they indicate the appropriateness of the modeling approach and
methodology for evaluation of steam explosion-induced peak pressure
pulse magnitudes for U-Al fueled, plate-type research or test reactors.

The later phase of the transient (210 ms) deals with the phenomenon
of high-pressure steam expansion that does work against the surround-
ings, generating an energetic slug of water that could cause missiles to
breach the containment. In this instance, the assumption will be that
water is present. The major unknown is the energy-conversion ratio.
Currently,‘4 the best estimate is ~10%, with significant uncertainties.
Because of this, the estimated available thermodynamic energies evalu-
ated in Appendix A will be used in Chap. 4 as the upper-bound conserva-
tive estimates. The equation used for generating slug velocities in the
ideal sense is given by

= 1/2
Vslug (2E/mslug) R (4.3)
where
Velug = slug velocity,
E = available mechanical energy,
Mslug = mass of slug.

Note that the velocities evaluated from Eq. (4.3) can be expected
to give upper-bound values because the following simplifying assumptions
were made in this report for evaluation of slug energetics:

1. Mechanical energy is transferred to the slug instantaneously. In
reality, the mechanical energy would be transferred over a finite
time period.

2. Compressibility effects are negligible. As the slug velocity
approaches sonic levels, these effects become important. Note,
however, that the sonic velocity in a liquid medium varies inversely
with the square root of the material density, which further, is
dependent on the local temperatures and pressures. Hence, the
actual situation is more complicated than it might appear at first
glance. In a good mechanistic analysis, the use of wave codes would
consider these variations on sonic propagation, as well as initia-
tion of shock waves, if the conditions so dictate.

3. Multidimensional effects are negligible. In reality, the slug
energetics can be expected to be affected significantly by multi-
dimensional effects, such as slug deformation and dissipation.
Such phenomena would tend to reduce the destructive potential of
material slugs.
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For specific ANS applications where steam explosions may occur from
reactivity excursions, the primary coolant system would not encompass
a void space for slug acceleration (i.e., as thought of convention~-
ally). 1In these cases, the mechanical energy imparted to the coolant
would tend to cause the system pressure to rise because of coolant
compression within fixed structural boundaries. If loop-~pressurization
levels exceed design ratings, failure can be expected, with consequent
expulsion of coolant-material mixtures in the form of slugs or blowdown
sources. The propagation of these slugs or blowdown sources, and the
effects of slug and missile impact on structures, should be analyzed in
the manner outlined previously.

The pressure rise in the loop caused by the mechanical energy of
compression can be roughly estimated®’® from Eq. (4.4), given as

= : 1/2
P e [2Ecomp/(vs)] ’ (4.4)
where
AP ;.o = loop fluid pressure rise,
Ecomp = mechanical energy of compression,
V = volume of fluid,
8 = fluid compressibility.
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S. PRELIMINARY STEAM-EXPLOSION ANALYSIS FOR ANS

5.1 ESTIMATED ANS EXPLOSION LOADINGS

The analytical framework developed in Sect. 4 was used next to
evaluate the dynamics of steam-explosion phenomena as applied to the
ANS core region. The numbers generated are intended to give "order-
of-magnitude" estimates only for expected pressure pulses and slug
energetics. Analyses are conducted in the following three stages.

Fuel and coolant properties are assumed to be the same as given in
Appendix A of this report. Numerical values for the various parameters
used are shown in Table 7.

A parametric study was conducted to evaluate peak—pressure mag-
nitudes. The results of these calculations, along with a sample cal-
culation, are shown in Figs. 13 and 14. The fuel-temperature range
encompasses the expected magnitude for the three basic accident cases
derived in Appendixes A and B [i.e., reactivity excursion without
scram (T, = 1327 K), inadequate cooling without scram (T = 1684 K),

Table 7. 1Initial conditions for preliminary
ANS calculations

Available energy

(MJ)
. Fuel Thermodynam;c Experimentally
Scenario temperature evaluations b
() based
Upper B?St Best estimate
bound estimate (mechanical)
(thermal) {mechanical)
Reactivity excursion 1327 121 35.1 12.1
without scram
Inadequate cooling 1684 166 53.1 16.6
without scram
Inadequate cooling 873°¢ 64.5 17.1 6.45

on decay heat

Note: Coolant temperature was taken as 373 K for thermal-hydraulic eval-
uations.

9Values of available energy obtained from thermodynamic calculations
are presented in Appendixes A and B.

byalues of available mechanical energy were obtained by multiplying
the available (upper-bound) thermal energy by 0.1, which is now'? the
experimentally based recommended value of the conversion ratio.

CAssuming melt formation at 600°C (Appendix A).
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and inadequate cooling on decay heat (Tf = 873 K)]. As expected, peak-
pressure magnitudes increase with rising fuel temperatures and exhibit a
fairly strong dependence on void fraction and coolant-to-fuel mass ratio
in the explosion zone.

Notably, these values are several orders of magnitude lower than
those calculated previously,37 where the explosive pressures were based
on chemical detonation. For comparison, these values are also indicated
in Table 8 against likely pressure-pulse magnitudes calculated using
Eq. (3.2). Such a comparison clearly emphasizes the fundamental dif-
ferences between steam explosions and chemical detonations referred to
in Chap. 1.

Results of parametric calculations for slug energetics are dis-—
played graphically in Fig. 15. As noted, the mechanical energy imparted
to slug mixtures can give rise to very high velocities. These veloci-
ties were evaluated using Eq. (3.3) and are representative of a situa-
tion in which a void volume is present immediately adjacent to the
explosion zone.

The pressure rise in the loop resulting from the mechanical energy
of compression was evaluated using Eq. (3.4). The results of these
evaluations at various energy levels and volumes of compression are dis-
played in Fig. 16. Such a pressurization can be expected in the event

- Table 8. Comparison of pressure-pulse magnitudes
from steam explosions with chemical detonations

Peak pressure magnitude (MPa)

Scenario Present calculations? Detonation
5 calculations>®
a = 0.05 a = 0.3 a = 0.90

Reactivity excursion 14 87.5 24 ~103
without scram

Inadequate cooling 126 123 28 ~103
without scram

Inadequate cooling 13.7 46.5 20 ~700

on decay heat

Note: Values obtained from-detenation-calculations were taken from
Ref. 37 via extrapolating curves of Fig. 2 to radius = 0.0 m
(i.e., to the source of detonation).

3Assuming a coolant-to-fuel mass ratio of 1.0 in the explosion
aone.

Byoid fraction of two~phase mixture.
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of steam explosion in the core region with the loop completely filled
with water. Note that the compression~volume range considered varies
from 0.1 m3, approximately representing the core volume, to 114 m3,
representing the entire RCS loop volumetric capacity.

5.2 ANS FAILURE ANALYSIS AND DESIGN IMPLICATIONS

As mentioned previously, a systematic failure analysis would
involve either (1) setting up a failure envelope (as shown in Fig. 7)
upon solving Eq. (3.4) or (2) using a finite-element code. Furthermore,
evaluation of slug energetics, loop pressurization, and evolution of
missiles upon interaction with vessel components would necessitate the
use of techniques outlined in Sect. 3. Because of the preliminary
nature of this study, detailed analyses have not been conducted. How-
ever, preliminary conclusions are provided, based on limited analyses
and engineering judgment.

A failure envelope was generated by Gwaltney and Luttrell®® for
the core pressure boundary tube (CPBT) and reflector tanks subjected
to triangular pressure pulses caused by a steam explosion in the core
region. This failure envelope curve of peak pressure vs triangular
pulse duration is shown in Fig. 17. The analysis included solutions
of the elastic-plastic dynamics of a 2-D model of the CPBT and the
reflector tank, as well as the D,0 held in the tank, which incorporates
the effects of -the tank's inertia and stiffness. Figure 17 was gen-
erated by modeling the system with the general-purpose finite—element
code ADINA. The aluminum walls were assumed to be an elastic, perfectly
plastic material with a yield stress of 241 MPa. Failure is assumed to
occur when the tube becomes completely plastic throughout the thickness.

The structural response model did not account for the presence
of other structural materials (e.g., beam-tube penetrations and cold
source) that may also collapse from the pressure pulse, and in so doing,
absorb some of the energy from a steam—explosion event. The model may
thus be expected to give conservative estimates for pulse magnitudes
that the reflector tank can withstand without failure.

As noted from Fig. 17, for pulse durations of ~1 ms, CPBT failure
can be expected for pulse magnitudes >22 MPa. Indeed, for CPBT, this
conclusion would hold true for pulse durations as low as 0.2 ms. The
reflector tank can be expected to withstand pulse magnitudes as high as
75 MPa for 1 ms. For more energetic explosions with pressure pulses
lasting longer than 10 ms, the reflector tank can be expected to with-
stand pulse magnitudes as high as 25 to 30 MPa.

As mentioned in Chap. 4, when evaluating the peak pressure pulse
magnitudes, a key input parameter is the coolant void fraction in the
explosion zone. For analyzing ANS steam explosions when the core is
still intact (i.e., for cases of reactivity excursion and inadequate
flow without scram), the assumptions of void fraction in the explosion
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Fig. 17. ANS failure envelopes for CPBT and reflector tank.

zone need to be made carefully because for flows through narrow chan-
nels, a low-flow quality can sometimes lead to large void fractions.
Hence, the cases of void fractions of ~90% are considered as part of a
parametric study for failure analyses of two cases for which the core
geometry is intact before the explosion. The precise value will
obviously depend on the operating conditions during the transient.
However, it should be kept in mind that a large void fraction in these
instances does not nécessarily imply the absence of a significant ligquid
flow rate with which the molten metal needs to interact to produce a
steam explosion.

Based on the results given in Figs. 13 and 14, the case of reactiv-
ity excursion without scram (described in Appendixes A and B) can be

expected to give rise to pressure~pulse magpitudes of ~87.5 MPa. This



assumes a coolant-to-fuel mass ratio of 1.0 and coolant-void fraction

of ~30% in the explosion zone. For coolant-void fractions of 15 and
90%, the pulse magnitudes obtained can be ~75 and 24 MPa, respectively,
assuming a coolant-to-fuel mass ratio of 1.0, Under the assumption of a
coolant-to-fuel mass ratio of 0.5, the corresponding values of pulse
magnitudes for 15, 30, and 90% void fractions can be found to be 120,
125, and 30 MPa, respectively. For all these pulse magnitude levels,
CPBT can definitely be expected to fail. Failure of the reflector tank
is not easy to gage because of the low pulse magnitude levels associated
with high (i.e., 90%) void fractions and the absence of pulse duration
times. However, it may be conservatively assumed that the reflector
tank integrity will be severely challenged, with failure to be expected
for cases without excessive void fraction (i.e., ~90%).

The case of inadequate cooling without scram is expected to give
rise to peak pressure-pulse magnitude levels of ~220, 192, and 37 MPa
for coolant void fractions of 15, 30, and 90%, respectively, assuming a
coolant-to-fuel mass ratio of 0.5. Pulse magnitudes of 121, 123, and
28 MPa are expected for void fractions of 15, 30, and 90%, respectively,
assuming a coolant-to-fuel mass ratio of 1.0. Once again, despite the
large range of predicted pressure-pulse magnitude levels, it is clear
that CPBT can be expected to fail. This transient is more likely than
the earlier case (i.e., reactivity excursion with scram) to challenge
the integrity of the reflector vessel because of the higher fuel tem-—
perature and thus peak pressure levels. Once again, failure of the
reflector tank may be expected when the coolant void fraction in the
explosion zone is not excessive (i.e., ~90%).

For the case of inadequate cooling on decay heat, the scenario that
would most suitably apply to events in CPBT are those that involve a
loss of coolant in the core region resulting from boil-off. The core
can then be expected to melt and slump, as in conventional LWR scenarios
(Fig. 1), into a pool of water. From Figs. 13 and 14, the following
pressure-pulse magnitudes are predicted for coolant-void fractions of
15 and 30%, respectively: (1) pulse magnitudes of 60 and 72 MPa, assum-
ing a coolant-to-fuel mass ratio of 0.5, and (2) pulse magnitudes of
30 and 46.5 MPa, assuming a coolant-to~fuel mass ratio of 1.0. Once
again, CPBT can be expected to fail. However, the reflector tank may
be expected to remain intact with a reasonable safety margin, assuming
a pulse duration of ~) ms or less, as observed experimentally“” under
similar conditions. .

An interesting feature in Fig. 17 is that the failure pulse magni-
tude of 22 MPa for CPBT (i.e., for pulse durations of >0.2 ms) is close
to the static limit for failure, which is ~20 MPa. Assuming that other
possible structural materials give rise to a similar profile, they can
also be analyzed for integrity in the event of steam explosions. It
is recognized that Al-6061 is the material of choice because of other
design considerations. However, stainless steel and Zircaloy-2 were
considered to provide a perspective and a basis for comparison. Com-
parable dynamic limits that were generated for Zircaloy and stainless
steel are shown in Table 9. As noted in the table, stainless steel, if
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Table 9. Limiting pressure-pulse magnitudes for CPBT
and reflector tank fabricated with various materials

{Pulse duration ~1 ms)

Limiting dynamic

. pressure
. .a Yield stress b, c
Material (MPa) (MPa)
CPBT Reflector tank
Al-6061 219 22 75
Zircalloy-2 288 29 99
Stainless steel 431 43 148

4GCeometrical configuration for all three cases is
assumed to be identical.

bLimiting dynamic pressures for CPBT and reflector
tank fabricated with Al1-6061 were taken from Fig, 17.

CLimiting dynamic pressures for CPBT and reflector
tank fabricated with Zircalloy-2 or stainless steel =

Limiting pressure yield stress (Zr-2 or steel)
with Al-6061 yield stress (Al-6061) :

used for CPBT and reflector tank construction, may provide up to twice
the capability of withstanding pressure pulses compared with Al-6061.

The second and more important phase of the transient, from the
standpoint of safety, is also more difficult to analyze. As mentioned
previously, the actual dynamics of destructive processes and possible
missile generation would require knowledge of geometry and operating
conditions as well as the methodology outlined in Chap. 3. In the
absence of these tools and information, a qualitative analysis was per-
formed based on the parametric evaluations shown in Figs. 15 and 16.

For the cases of reactivity excursion and inadequate cooling with-
out scram, both of which are postulated to occur with RCS full of water,
no mechanism is now envigioned for directly producing potentially
destructive missiles or slugs. In these instances, the second phase of
the steam-explosion event would cause rapid loop pressurization.

Recall, however, that the first phase of the steam—explosion event may
have already failed the CPBT and the reflector tank. However, for sim—
plicity and to obtain order—of-magnitude estimates of RCS pressurization
levels, this phase is treated separately (i.e., assuming that CPBT is



37

still intact). Based on the mechanical energy available for coolant
compression in RCS, both from thermodynamic and best-estimate stand-
points, estimates were obtained for loop pressurization and are given in
Table 10. Note that these pressurization levels were estimated assuming
that the entire RCS coolant pressurizes simultaneously. Even so, the
resulting pressure levels amount to several times the CPBT design value
of ~6 MPa. The RCS can then be expected to.rupture at its weakest
section. Depending on the location of the rupture, the resulting slug
energetics generation and propagation will affect confinement integrity
differently., This issue, which would require further investigation, has
no parallel in the extensive work performed for commercial LWR steam-
explosion analysis.

For the case of inadequate cooling on decay heat where molten fuel
drops into a pool of water located below a void space, energetic slug
generation becomes a direct possibility for in-vessel and ex-vessel
steam explosions. Once again, the velocity of a slug mixture would
depend upon several factors, one of them being the amount of available
water to which mechanical work can be imparted. Based on available
mechanical energy, slug velocities were estimated for a variety of
expected masses using Fig. 15. These values are tabulated in Table 11.

Table 10. Estimates of ANS RCS pressurization
levels from expansion phase of
steam explosions

RCS loop pressurization? levels
(MPa)
Energy of compression assumptionsb
Scenario Thermodyamically Experimentally
based based
Upper bound® Best estimate Best estimate
(mechanical)  (mechanical) (mechanical)
Reactivity excursion 50 35.3 20.7
without scram
Inadequate cooling 61.5 43.4 24.3

without scram

4Compression volume = 114 m3 (i.e., the entire RCS volume).
bEnergy of compression values taken from Table 7.

®Mechanical energy of compression is taken as twice the best-
estimate thermodynamic mechanical energy (Appendix A).
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Table 11. Estimates of ANS slug energetics from
expansion phase of steam explosions

Slug velocity

(m/s)
Mechanical energy availability assumptions?
Slug mass
(kg) Thermodynamically Experimentally
based based
Upper bound Best estimate Best estimate
(mechanical) (mechanical) (mechanical)
35 1398 988 607
100 827 585 359
200 585 413 254
2000 185 131 80.3

aAvailable mechanical energy values taken from
Table 7 for the scenario in which molten fuel mixture
(generated because of inadequate cooling on decay heat)
drops into a pool of coolant and then undergoes a steam
explosion.

As noted in the table, slugs can be generated with velocities close to
sonic levels (i.e., speed of sound in water under standard temperature
and pressure conditions). The propagation of these slugs and the pos-
sible generation of missiles with the potential of breaching the con-
tainment is a subject that needs careful investigation but 1s beyond the
scope of this report.

It should be recognized, however, that the above evaluations of
slug velocities and loop pressurization are conservative estimates. The
experimentally based best-estimate value for the conversion ratio of 10%
may not be readily achievable. Again, slug velocities evaluated from
Eq. {(4.3) should be considered as being the highest achievable values
for a given amount of mechanical energy, because multidimensional
aspects such as slug dispersion and breakup have not been included in
its formulation. Thus, in light of the many assumptions that have been
made, the results presented herein should be considered preliminary, to
be used for scoping purposes only. The results do indicate that, in the
absence of designed preventive and mitigative features, a potential
exists for the generation of damaging pressure pulses, loop overpressur-
ization~induced failure, and the evolution of energetic slugs.
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6. SUMMARY AND CONCLUSIONS

This report has focused on the subject of steam explosions and
their applicability to nuclear reactors, with specific emphasis on ANS.
An overview was given of previous experiments and analytical work con-
ducted to provide an understanding of steam—explosion phenomena. The
report has also provided a preliminary steam-explosion analysis for ANS.
Peak pressure-pulse magnitudes and slug energetics were evaluated and
then used to conduct a failure analysis.

Based on the work performed as part of this preliminary study,
several major conclusions can be derived. These are enumerated below.

6.1 PROPENSITY FOR ENERGETIC STEAM-EXPLOSION
OCCURRENCE IN ANS

It was found that the current ANS design satisfies well-established
criteria that predict the possibility of steam explosions in the event
of a core melt. These same criteria were also met in previous plate-
type, aluminum-clad research reactors. In the examples considered here
(i.e., SPERT-1, BORAX-1, and the SL-l1 incident), severe damage occurred
(during destructive prompt critical nuclear reactivity excursions) not
only to the core, but also to the reactor building, thereby showing the
nature of the loading mechanisms.

An extensive review of out-of-reactor experiments showed that
except under tightly controlled conditions, high—-temperature molten
aluminum and its oxide can explode spontaneously when brought into
intimate contact with water on a wettable surface, without the need
for an external trigger. Such an intimate contact or mixing can occur
when the melt drops onto a solid surface. Based on recent experiments
and analyses, it was noted,22 however, that only certain aluminum alloy
melts, with and without superheat, undergo spontaneous explosions
(without solid-melt contact) when poured in water. Fortunately, Al1-6061
is not one of those alloys. However, upon contact with a wettable
(e.g., concrete) solid surface, spontaneous explosions can occur. No
information now exists for the propensity of molten U SizlAl mixtures
to undergo spontaneous explosions. Such fundamental information would
be very useful to have and could be obtained via small-scale experi-
ments. These experiments would evaluate trigger energy levels necessary
for explosions to occur. In the absence of such information, a steam
explosion should be expected to occur in ANS during accidents when
molten fuel is brought into contact with water. The actual damage-
producing pressure pulses and energetic slug loadings will depend on
specific operating conditions.
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6.2 DAMAGE POTENITAL FROM STEAM EXPLOSIONS IN ANS

A preliminary steam—explosion analysis for ANS was conducted.
Pressure-pulse magnitudes, RCS loop pressurization levels, and slug
energetics were evaluated. The model used for the evaluation of pres-
sure pulses was benchmarked against previous calculations, an aluminum-
water steam—explosion experiment, and steam explosion data from test
reactor experiences. Good agreement was obtained. Parametric calcula-
tions were conducted over a wide range of expected fuel temperatures,
coolant-to-fuel mass ratios, and coolant-void fractions. Sensitivity to
key parameters was noted. Thereafter, preliminary scoping evaluations
were performed for three ANS accident scenarios: (1) reactivity excur=—
sion without scram, (2) inadequate primary coolant flow without scram,
and (3) inadequate cooling on decay heat. A failure analysis for the
CPBT and reflector tank from initial pressure pulses immediately follow-
ing a steam explosion was also conducted. The analysis indicated the
following: ,

1. For pressure-pulse durations of ~1 ms, the CPBT and reflector
tanks can withstand pulse magnitudes of up to 22 and 75 MPa, respec-
tively. Based on predicted pressure-pulse magnitudes over a range of
coolant—void fractions and coolant-to-fuel mass ratios in the explosion
zone, it was estimated that CPBT failure can be expected for all three
cases considered. The integrity of the reflector tank would be severely
challenged, and failure may occur for the cases of reactivity excursion
and inadequate cooling without scram if the coolant-void fraction in the
explosion zone is not excessive {i.e., ~90%). However, it was estimated
that for the case of inadequate cooling on decay heat, the reflector
tank may be expected to remain intact with a reasonable safety margin.

Scoping estimates were also derived by assuming the same geometry
for the CPBT and reflector tanks (but fabricated with Zircaloy-2 or
stainless steel material). The corresponding limits of pressure-pulse
magnitude tolerance without failure are greater than those for Al-6061
by 31 and 100% for ercaloy~2 and stainless steel, respectively.
Because of uncertainties in the various key parameters (namely, coolant
void fraction and pulse duration), it is difficult to judge whether the
use of these higher strength materials would have any effect on whether
the CPBT and reflector tanks would fail or not. However, this prelimi-
nary analysis does demonstrate that these materials would provide for
significantly increased margins to failure than Al1-6061.

2. The later phase of the steam explosion may lead to significant
RCS loop pressurization to many times the ANS design pressure capability
for a "solid" system. For a conventional LWR-type scenario, during
which molten fuel dislocates and then interacts with a pool of water
with a void volume above it, energetic 'slugs may be generated traveling
at speeds comparable to sonic levels. In both instances, the actual
dynamics of the destructive processes and missile generation would
require knowledge of geometry and operating conditions, as well as
methodology outlined in Chap. 3. However, engineering judgment indi-
cates that significant damage potential exists and should be guarded
against by design whenever possible.



6.3 EXTENT OF ANALYSIS FOR ANS

Note that steam explosions in commercial reactors are analyzed
as occurring when molten corium dislocates and then interacts with a
pool of water in the lower plenum. For the ANS design, analysis will
require, in addition, considering the case of rapid reactivity insertion
with an intact core geometry. The situation would parallel SPERT and
other destructive events.

State-of-the—-art analyses typically involve the use of wave codes
in conjunction with finite-element (or other) structural calculations.
Ex-vessel steam—explosion event possibilities and resulting containment
damage potentials are also considered to judge their relevance to safety
and design.

6.4 MODELING OF DESTRUCTIVE LOADINGS FROM STEAM
EXPLOSIONS VS CHEMICAL DETONATIONS

It was demonstrated that steam explosions manifest themselves quite
differently from chemical detonations. Destructive loadings from steam
explosions can be separated into two time phases. In the early (<5-ms)
time phase, immediately following a steam explosion, the loading is
primarily caused by pressure pulses, which are ~100 MPa. These are
in sharp contrast to pressures generated from explosives, which
are ~105 MPa. Indeed, the pressure-pulse magnitudes calculated in
this report for various accident scenarios were several orders of
magnitude smaller than equivalent values obtained through the corre-
lation of available energies with chemical detonation-related pressure-
pulse levels. This finding clearly attests to the inappropriateness of
modeling steam explosions as chemical detonations. It can also lead to
needless overconservatism and result in misleading design and safety
conclusions because the true damage potential of steam explosions arises
in the later time phase when high-pressure vapor expands, causing RCS
loop overpressurization failure and possibly creating a highly energetic
slug. It is this slug that, on impact with the pressure boundary, may
cause rupture and generate missiles that might then breach the outer
containment. The thermal-to-mechanical energy conversion process is
also quite different from steam explosions and chemical detonations.
This aspect is evidenced from the experiment described in Ref. 39, where
the measured conversion ratio of detonation-driven explosions was found
to be significantly different from that seen for steam explosions.
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7. RECOMMENDATIONS

Based on the analysis conducted for the ANS core region, it was
concluded that a CPBT designed with aluminum-6061 would be incapable of
withstanding high-pressure pulses generated immediately following a
steam explosion. The situation in the later phase of a steam-explosion
transient, based on best-estimate and conservative calculations, may
lead to extensive overpressurization and failure of the RCS loop and may
also generate highly energetic slugs with velocities in the sonic range.
Destruction of CPBT and containment failure caused by missile penetra-
tion may occur during this phase. :

To develop a robust ANS design with acceptably low risks to public
health as well as plant investment, an integrated treatment of steam-~
explosion issues will be necessary. The following recommendations and
ANS Project policy statements are presented in the interest of further-
ing this goal. '

1, The paramount importance that is now given to the design of
ANS safety and control systems will be continued. The analysis and
scoping calculations given in previous sections clearly demonstrate
that reactivity excursions without a rapid reactor scram that cause
high-temperature molten aluminum to come in contact with water can be
extremely destructive. Hence, great care will be taken during the
design phase of the ANS project to preclude the possibility of such
reactivity excursions. It may be necessary to perform additional
analyses of the type discussed in Chap. 5 to determine acceptable
levels or safety margins for positive reactivity insertion without
scram.

2. The simulation of anticipated transient without scram
events needs to be improved to quantify conditions better at the time
of average channel burnout (if applicable). The methods used in
Appendixes A and B to estimate peak fuel temperatures following the
limiting design-basis ATWS event did not have sufficient thermal-
hydraulic sophistication to calculate. the reactivity effects of boil-
ing phenomena that would precede burnout.

3. The ANS probabilistic risk assessment (PRA) effort should
provide for a detailed examination of events leading to fuel melting
and the contribution of steam explosions to the containment-failure
event tree. It is anticipated that analyses of the type described in
this report will need to be undertaken to evaluate the probability
of containment failure following a steam explosion in ANS, This
analysis would essentially entail the approach outlined in Chap. 3.
The analytical tools described in this report would be used para-
metrically to develop a robust reactor design and highlight design
weakness at an early stage.



4. 1If the ANS PRA indicates a significant probability of reac-
tivity-induced transient and/or core-melt accidents, the ANS Project
will establish (or use) a state-of~the-art capability for analyzing
steam-explosion events. As mentioned previously, the various phenomena
in a steam-explosion event are not well understood. Research is still
being conducted worldwide. Hence, an engineering approach toward evalu-
ation of the propagation and expansion phases is suggested. Such an
approach was taken for NRC-sponsored studies as applied to commercial
reactors, entailing the implementation of a wave code package (see Chap.
3) that is available from SNL, along with a finite-element structural
simulation capability for failure analysis., Such a structural analysis
capability already exists in-house at Oak Ridge National Laboratory
(ORNL) and at other laboratories. The overall analytical package would
thus provide an interactive analysis framework for application during
the ANS design evolution.

5. As noted in previous sections, the propensity of molten alu-
minum mixtures for undergoing spontaneous explosions is highly dependent
on mixture composition and available triggers (if any). No information
now exists for molten Al-6061/U,Si, mixture interactions with water.

It would thus be highly desirab{e to obtain such fundamental (experi-
mentally derived) information to evaluate trigger-energy levels required
for FCI occurrence. If the observed trigger-energy levels are found to
be physically unattainable, then it may be possible to consider FCI
occurrence in ANS to be a low—probability event,

Initial steps have already been taken to implement some of those
recommendations. Available literature on the subject has been exten-—
sively reviewed and assimilated. Key individuals working in this field
have been identified (Appendix C). The basic rules of thumb for steam-
explosion-generated loading evaluations have already been developed, as
discussed in this report. Additionally, the overall framework for
implementing an effective failure analysis has also been extensively
studied. Therefore, it would be possible for ORNL to establish an effi-
cient, state—of-the—art capability to analyze steam—explosion issues
related to the ANS design.

These recommendations would allow for a responsive, synergistic
in-house approach between design and safety functions for resolving this
important issue and also for minimizing risks to the environment and
plant investment.
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APPENDIX A
NOTES ON ANS COREfDISRUPTION THERMODYNAMICS
R. M. Harrington
These preliminary notes provide estimates of the approximate gquan-

tities of energy required to heat, melt, and vaporize a representative
ANS core.

A.1 ALUMINUM AND U3;Si, PROPERTIES

The following properties of aluminum and U3Si, as were taken from
the report ANL/RETR~11:

aluminum density = 2.72 kg/L,

U3Si, demsity = 12.2 kg/L,

aluminum specific heat (J/kgK) = 892 + 0.46 T, where T is °C,
U3Si, specific heat (J/kgK) = 199 + 0.104 T, where T is °C, and

aluminum (6061) melting range = 582°C solidus, 649°C liquidus.

For the calculations in this appendix, aluminum melting is represented
as a point phenomenon occurring at 600°C:

aluminum heat of fusion = 3.96 E-4 MJ/g,
aluminum heat of vaporization = 1.05 E-2 MJ/g, and

aluminum boiling point (atmosphere pressure) = 2327°C.

A.2 ENERGY REQUIREMENTS

The ANS preconceptual core has an active fuel volume of ~67.4 L, of
which half is coolant and half is fuel. Of the 33.7 L of fuel, roughly
half is the U3;Si,/aluminum meat, and half is the aluminum clad. The
meat is ~10% by volume U3Si, and 90X aluminum powder (voids neglected).
Therefore, the masses are as follows:

mass aluminum = 2.72 kg/L x (16.8 L clad + 0.90 x 16.8 L meat) =
86.8 kg, and
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Phase 1: Heating from Normal Temperature to the Melting Point

Normal temperature is taken to be 300°C, which is below the 380°C
limit on fuel centerline temperature for satisfactory normal fuel per-
formance:

1

dE = (M,Al x Cp,Al + M,U3Si, x Cp,UsSi,) x (600°C — 300°C)

(86.8 kg Al x 1099 J/kgK + 20.5 kg U3Si, x 245 J/kgK)

x 300 K = 30.1 MJ.

Phase 2: Melting

This calculation determines the energy required to melt the 86.8 kg
of aluminum with conservative consideration of the possible emergy input
from the chemical reaction between U3Si, and aluminum powder (400 J/g of
U3Siy):

dE (required) = 86.8 kg Al x 3.96 E-4 MJ/g = 34.4 MJ ,

400 J/g x 20.5 kg

dE (from reaction) 8.2 MJ ,

dE (required, net) = 34.4 MJ — 12.2 MJ = 26.2 MJ.

Phase 3: Heating from the Melting Point to the Boiling Point

This calculation determines the energy required to heat the molten
aluminum from its melting point halfway to its boiling point,

de = (1463 - 600) x (86.8 kg Al x 1366 J/kgK

+ 20.5 kg x 306 J/kgK) = 108 MJ.

Phase 4: Heating from the Melting Point to the Boiling Point

This calculation determines the energy required to heat the molten
aluminum from its melting point to its boiling point.

dE = (2327 — 600) x (47.6 x 1565 + 30.5 x 351) = 247 MJ.

Phase 5: Boiling

This calculation determines the energy required to boil off the
molten aluminum at its boiling point.

dE = 86.8 kg Al x 1.05 E-2 MJ/g = 911 MJ.
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A.3 CORE DISRUPTION TIMES

The time required for core disruption depends on the energy avail-
able. In general, the energy available for core disruption is equal to
the energy production rate minus the cooling rate. The worst case would
be some sort of a reactivity excursion without scram that increases
power to >100% while simultaneously causing DNB and burnout in the core.
The most benign case would be overheating on decay heat.

Approximate
bounding Disruption
heating rate time
Event (Z of full power) (ms)
Reactivity excursion without scram 275 59
(see Appendix B)
Loss of coolant flow from full power 100 290
Inadequate cooling after shutdown 1l toéb 320

Table A.l summarizes the times required to reach the various stages
of core disruption for different net core heating input rates.

Table A.l. Hypothetical ANS core-disruption times

Time to reach indicated condition/
temperature from 300°C

Heating (initial temperature = 300°C)
rate
(MW) 600°C 600°C 1463°C 2327°C 2327°C
(solid) (molten) {(molten) {(molten) {vapor)
(30 MJ) (56 MJ) (164 MJ) (303 MJ) (1214 MJ)
3500 8.6 ms 16 ms 47 ms 87 ms 347 ms
350 86 ms 160 ms 470 ms 866 ms 3.46 s
175 171 ms 320 ms 937 ms 1.73 s 6.94 s
120 250 ms 467 ms 1.36 s 2.52 s ¢ 10.1 s
70 428 ms 800 ms = 2.34 s 4.33 s 17.3 s
35 857 ms 1.6 5 4,69 s 8.65 s 34.7 s
17.5 1.71 s 3.2 s 9.37 s 17.3 s 69.4 s
4.3 s 8 s 23.4 s 43.3 s 173 s

3.5 8.6 s 16 s 6.48 s 86.6 s 347 s
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A.4 LIMITS ON POWER EXCURSIONS AND HEATUPS

If an appropriate scram has not occurred, the core will continue to
increase in temperature until the fuel is redistributed from the core,
This event could happen in several ways: (1) the molten fuel drops out
of the core under the influence of gravity or (2) the molten fuel is
expelled from the core by hydraulic forces (with the pumps still run-

ning). The time scale for each of these mechanisms is estimated as fol-
lows:

Gravity: t = /2 s/g = /2 x 0.5 m/10 m/s2 = 0.32 s .

Flow at nominal:
flow velocity, between the plates = 27 m/s}
flow velocity, upstream core inlet = 13.5 m/s;

relative velocity required to sweep debris up and out of the
core = 5 m/s (see Appendix B);

net sweep velocity = 13.5 — 5 = 8.5 m/s; and

t = sf/v=10.5m/(8.5 m/s) = 0.059 s.

Flow at 1/2 nominal:

flow velocity (between the plates) for inadequate cooling (50%
flow) with power still at 100% = 13.5 m/s;

flow velocity, just upstream of core inlet (50% flow) =
6.75 m/s;}

relative velocity necessary to sweep debris up/out of core =
5 m/s;

net sweep velocity = (6.75 — 5) m/s = 1.75 m/s; and
t = s/v=0.5m/(1.75 m/s) = 0.295 s.
Now consider how these processes would limit different types of severe
accident heatups.
A.4.1 Reactivity Excursion Without Scram
For this type of core destruction event to occur, it is necessary
to postulate not only that a super—prompt-critical amount of reactiv~

ity is suddenly inserted, but also that the reactor protection system
fails to initiate the rapid insertion of the .control rods. The reader
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is referred to Appendix B for the reactivity excursion analysis. The
results are as follows: '

bounding debris energy = 121 MJ, and

maximum temperature of molten fuel = 1054°C,

A.4.2 Inadequate Cooling Without Scram

For this type of power mismatch to occur, it must be assumed that
the rapid insertion of control rods (scram) has, for some reason, failed
to take place and that the control system has failed to insert control
rods to maintain the desired balance between power generation and avail~-
able cooling.

Assuming power constant at 100% and continued, but inadequate,
primary coolant flow (e.g., 100% power with only 50% flow), the flow
would take ~290 ms to sweep out the fuel after it becomes molten (as
calculated previously). Table A.l shows that it takes ~160 ms for the
core to become fully molten at the melting point. During the 290 ms
that would elapse while the flow 1s sweeping out the molten fuel, its
temperature would continue to increase, reaching 1411°C if we assume
that the power remains constant at full power. The fuel would be dis-
persed after being swept from the core and would be subcritical. Fur-
ther heating might continue in a debris bed but under different condi-
tions and under lower decay-heat power .conditions. - An upper limit on
the energy of debris (relative to 300°C, according to Sect. A.2) in this
heatup event would be 166 MJ. This is considered a bounding estimate
because inherent negative feedback mechanisms that would tend to depress
power during a primary coolant flow coastdown have been ignored. (This
simplistic hand calculation ignores both temperature and rod feedback,
both of which would be negative.)

A.4.3 Inadequate Cooling after Scram (Decay Heat Power)

‘Referring again to Table A.l, we see that adiabatic heating on
decay heat levels (17.5 MW and below) would take 3.2 s (at 17.5 MW) or
longer (e.g., 16 s at 3 MW) to melt the core totally. Because the
gravity drop time is only 0.32 s, it appears that the hotter portions
of the fuel would begin dribbling out before the whole core is totally
molten. However, it would be difficult to predict how much of the core
would drop or flow out before the other parts do. For example, por-
tions of the fuel that have the highest power density would achieve the
liquidus point and have more than enough time to fall out of the core
before those of average power density. One can certainly conclude, how-
ever, that the whole core might become molten but would not, on the
average, have time to heat to above the liquidus point before being
removed from the core region. Therefore, a reasonable upper limit on
core debris energy for this type of meltdown would be 64.5 MJ, but it
seems very unlikely that a coherent molten mass would be dropped into
the subcooled water below the core.
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A.5 STEAM EXPLOSION VS RAPID STEAM GENERATION

When the molten core leaves the core region, it enters a region of
subcooled water and will be rapidly cooled, generating steam in the pro-
cess. The steam will be rapidly condensed because the water is sub-
cooled. Whether the debris/water interaction is classified as a rapid
steam generation or as a steam explosion depends on whether the debris
breaks up into small enough particles when it hits the subcooled water
region. If the particles are small (e.g., 1 mm), most of the energy can
be transferred from debris to water in less time than it takes for the
resulting shock wave to communicate with the rest of the coolant system.
This is a steam explosion. If the particles are ten times larger (e.g.,
10 mm), the increased pressure has time to be felt throughout the entire
coolant system, and this is not a steam explosion. These points are
illustrated arithmetically as follows:

Biot modulus of particles = hRO/k ,

where
h = heat transfer coefficient between the surface of the sphere
and the coolant,
RO = the radius of the sphere,
k =

the thermal conductivity of the sphere.

Therefore, Bi = 2.1 for a 1-mm radius sphere of aluminum, and Bi = 21
for a 10-mm radius sphere.

To estimate the transient response of the debris "spheres," we will
rely on the family of curves of Q/Q0 vs Bi in Kreith! (Fig. 4.13) with
dimensionless time (time x thermal diffusivity/RO2), defining the dif-
ferent response curves. The time required to transfer 50% of the stored
heat (i.e., when Q/Q0 = 0.5) is calculated as follows:

For Bi = .2, (RO = 1 mm),

Q/Q0 = 0.5 when dimensionless time = 0.25, or when actual time

2.9 ms.

For Bi = 20, (RO = 10 mm),

i
L

Q/Q0 = 0.5 when dimensionless time = 0.09, or when actual time

105 ms.

If CPBT is ~10 m long, it will take ~5 m/(1500 m/s) or 3.33 ms for
a shock wave to exit from CPBT into the remainder of the coolant system.
Therefore, a significant portion of the energy from the 1-mm particles
could be transferred to steam before the pressure wave could get out of
CPBT. These criteria fulfill the definition of a steam explosion.
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On the other hand, for the 10~mm radius particles, the shock wave
could travel to every part of the RCS in the 105 ms it takes to transfer
half of the stored thermal energy to the water. Such an event would not
represent a steam explosion. Moreover, it would seem likely that a sig-
nificant portion of the steam generated over this relatively long period
would be condensed because of contact with the subcooled water.

Experiments conducted at the Thermir facility at Winfrith have dem-
onstrated that it is possible to get steam explosions with molten alu-
minum and tin. Of course, small explosive charges were needed to frag-
ment the molten metal sufficiently — just pouring the 850°C molten
charge into subcooled water was not adegquate to initiate the steam
explosion. Those experiments demonstrated that steam explosicn is pos-—
sible without showing us how likely it is. The SPERT-I destructive test
at Idaho showed that an intentional power excursion (time to increase
power level by a factor of 2.72) of 3.2 ms did cause a steam explosion.
To get the SPERT-I UAl_ core on a 3.2-ms period, the transient rod
was intentionally ejected, thus inserting a reactivity of $%$3.55 (i.e.,
3.55 times the minimum amount needed to bring the reactor to "prompt"
critical). The ANS research reactor will be designed to make such an
occurrence highly unlikely, if not impossible.

A.6 ENERGY AVAILABLE FOR STEAM EXPLOSION IN CPBT

This section makes a conservative estimate of the amount of energy
the CPBT would have to absorb to withstand the initial pressure pulse of
a steam explosion. To avoid being ultraconservative, several factors
will be considered that would place limits on the energy available for
damaging CPBT:

1. Not all the mass of the core would reach the 1 mm or smaller par-—
ticle gize needed for a steam explosion.

2. Even for l-mm radius particles, not all of the thermal energy would
be transferred quickly enough to participate in the steam explosion.
We will, as calculated in Sect. 3, assume that one-half of the
thermal energy can be transferred quickly enough such that only CPBT
would have to withstand its effects.

3. 1In even a severe core damage accident, not all of the core would
become molten at the same time. Accident experience suggests that
502 would be a reasonable upper limit for the initial fuel-melt
fraction.

4. Last, the fraction of the debris' thermal energy that can be con-
verted into mechanical work and therefore be able to damage CPBT is
inherently limited by the second law of thermodynamics.

The net effect of the first three factors is assumed here to
decrease the thermal energy available for CPBT damage by only a fac-
tor of 2 for the least severe type of meltdown and by 4 for the more
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severe meltdowns. The factor governing the conversion of thermal to
mechanical energy depends on the temperature of the debris and the
temperature of the surroundings. If we assume that the water is 1in
the same condition before and after the event (i.e., all the steam
is condensed), we can express the available work in terms of proper-
ties of the debris:

Wa = (El — EO) — TO (S1 — SO) ,
where

Wa = available work,

El1 = final internal energy of the debris,

EO = initial internal energy of the debris,

S1 = final entropy of the debris,

SO = initial entropy of the debris,

TO = initial temperature of the debris,

T, = the temperature of the surroundings = 373 K.

We can express the efficiency as
eff = 1 - T, (SI — S0)/(E1 — EO) ,

and we can simplify the entropy calculations by assuming a constant
specific heat. For a single-phase solid or liquid metal,

d(specific energy) = Cp dT, and

d(specific entropy) = Cp 1n (Tfinal/Tinitial).

For the phase change (aluminum only),
d(specific energy) = heat of fusion = hfm, and
d(specific entropy) = hfm/Tfusion.

The resulting expression for the theoretical thermal-to-mechanical -
energy conversion efficiency is

e=1~-T, {[Fx 1n(T1/TO) — hfm/887]/[Fx (Tl — TO) — hfm]} ,

where
e = efficiency
T, = ambient temperature (373 K assumed),
Fx = (Cp, Al + Cp, fuel x fuel mass/aluminum mass).

We plug in the required specific heats and get the following maximum



57

theoretical efficiencies for three different scenarios:

Initial Final
Scenario temperature temperature Efficiency
(K) (X)
Reactivity excursion 1327 573 0.58
without scram
Inadequate cooling
without scram 1684 573 0.64
Inadequate cooling
on decay heat 873 573 0.53

Now we are ready to estimate the limiting amounts of energy that would
be available to deform the CPBT in the event of a steam explosion for
each scenario:

Total
Scenario thermal Available
a energy (MJ)
(M3)
Reactivity excursion
without scram 121 35.1
Inadequate cooling
without scram 166 53.1
Inadequate cooling
on decay heat 64.5 17.1

REFERENCE

1. F. Kreith, Principles of Heat Transfer, 2nd ed., International
Textbook Company, Scranton, Pa., January 1966.
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APPENDIX B

HYPOTHETICAL REACTIVITY EXCUBRSION WITHOUT SCRAM: LIMITING
DEBRIS TEMPERATURE AND ENERGY ESTIMATES

R. M, Harrington

B.1l. INTRODUCTION

B.1.1 Containment Design Criteria

The ANS containment systems shall be designed to withstand, without
loss of containment capability, an ATWS. An anticipated transient is
one that might be expected to happen over the 40-year life of the plant
(probability >0.5/40 year, or equivalent probability >0.0172/year). The
"without scram" means no control-rod insertion. With respect to fuel~
coolant interaction (steam explosion, primarily), the reactivity-induced
transient overpower event with failure of the scram system is the bound-
ing case.

B.1.2 Implied Design Criteria

The implied design criteria with respect to reactivity insertion
are as follows:

All-rod withdrawal (electronic failure): Reactivity insertion rate
<$1.00/s, and

Slngle—rod expulsion (mechanlcal fallure) Reactivity insertion
rate <$1.00/s.

B.1.3 Reactivity Accident-Selection Criteria

Only physically possible reactivity accidents shall be chosen. The
bounding fuel-coolant interaction is a $1.00/s ramp insertion of reac-
tivity. Such an accident could come about as a result of multiple elec-
tronic failures that could cause all-rod withdrawal at the design with-
drawal rate or mechanical failures that could expel a single rod at a
greater—than~normal speed.

There are known mechanisms for the sudden step-like insertion of
reactivity in quantities below the specified one-dollar design limit
(e.g., primary beam-tube collapse).

B.1l.4 Input Data Needed for Fuel-Coolant Interaction Calculations

The parameters that define the severity of a steam explosion are
(1) peak average fuel temperature during the reactivity excursion and
"(2) the energy of the fuel melt that could be transferred violently to
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the coolant. At present, no computer code can handle the whole acci-
dent; so the needed parameters are calculated using a combination of
computer and hand calculations based on conservative assumptions, as
outlined below.

B.2. CALCULATIONAL ASSUMPTIONS

1. The fuel temperature vs time following the reactivity insertion and
up until the estimated point of burnout is calculated using the
point kinetics model of J. March-Leuba. This model assumes minimal
reactivity temperature feedback coefficients and no void feedback.
Temperature vs time after burnout is hand calculated under the
assumption of adiabatic heatup.

2. The thermal-hydraulic burnout point is assumed to occur when the
average fuel temperature exceeds 500°C. There are several reasons
why burnout should occur at or before this point, not the least of
which is that the aluminum-based fuel becomes soft at >500°C.

3. The excursion is assumed to be terminated only when the fuel melt
is swept from the core by the coolant flow. This assumption is con-
servative because there would be a significant negative reactivity
compensation caused by the voiding that would accompany burnout.
The relocation of fuel terminates the excursion for two reasons:
(a) the individual fuel droplets are relocated into a lower flux
region (the control rods are above the core) and (b) the negative
reactivity is associated with the loss of fuel. The coolant flow
rate is 13.5 m/s just upstream of the core inlet and 27 m/s between
the plates. This is more than enough velocity to sweep out the
molten fuel droplets and particles from the 1.27-mm~thick fuel
plates. Because the normal flow direction is upward, there must be
some slip between the molten debris and the flowing coolant to gen-—
erate an upward force: a slip velocity of ~5 m/s would be enough to
sweep 1.27-mm spherical melt droplets. The time required to sweep
is based on a velocity of 13.5 ~ 5 m/s = 8.5 m/s:

Time = length/speed = 0.5 m/(8.5 m/s) = 59 ms.

The parameter length used above is the length of the core's active
fuel region.

B.3. CALCULATIONS FOR THE $1.00/s RAMP REACTIVITY
INSERTION WITHOUT SCRAM

The computer—calculated transient results performed by J. March-
Leuba are attached. (The results for one-dollar step insertion are
not shown because they are less severe.) The hot spot fuel temperature
reaches 500°C and possible burnout at ~0.6 s, at which time core prompt



61

power level equals 152%. The average fuel temperature reaches the 500°C
burnout point at ~1.05 s, when core prompt power has reached 220%. The
core is assumed to heat up adiabatically after 1.05 s and for (1) how-
ever long it takes to melt the fuel and (2) the 59 ms it takes for the
debris to be swept from the core after it becomes molten.  Hand calcula-
tions are used after the 1.05-s point. The hand-calculated temperatures
and energies reported below use the specific heats and heats of fusion
derived in Appendix A, which assumes a nominal 100X power of 350 MW in
the 67.4~L active fuel volume.

Premelting

Energy required to reach the melting point, starting from normal
average fuel temperature = (600°C — 300°C) x 0.1 MJ/K

= 30.1 MJ.

Energy required to reach the melting point, starting from burnout =
(600°C =~ 500°C) x 0.1 MI/K = 10 MJ. ;

Melting
Energy required to melt the fuel = 34.4 MJ.
Energy available from fuel-alumipum reaction = 8.2 MJ.
Net energy required for melting = 26.2 MJ.
26.2 MJ/(2.75 x 350 MW),
27.2 ms minimum,

34.4 MJ/(2.75 x 300 MW), and
35.7 ms maximum {without reaction).

Time required for the melting

B o#un

(The power is taken at 275¥ — the estimated 220X plus a 25Z uncertainty
factor.)

Postmelting

Super—~heating energy deposited during sweep-out = 59 ms x 2.20 x
1.25 x 350 Mw = 56.8 MJ.

Final average fuel temperature above molten = 56.8 MJ/0.125 MJ/K =
454 K.

Final average fuel temperature = 600°C + 454°C = 1054°C.

30.1 MJ + 26.2 MJ + 56.8 MJ

Total core energy above normal
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B.4 UNCERTAINTY ANALYSIS

The uncertainty in the peak fuel temperature and energy is
believed to be +25% and -100%. The +25% allowance would be the pos-—
sible result of more rapid reactivity insertion, higher burnout point,
or longer sweep-out time of the fuel. The proceeding calculations of
this appendix include this 1.25 conservatism; therefore, the accompany-
ing energy release and peak fuel temperature estimates are considered
to conservatively bound unmitigated reactivity excursions for ANS.

The ~100% allowance represents the very real possibility that no
steam explosion would occur at all. The initial boiling crisis and
burnout would occur in the hotter portions of the fuel near the core
exit (where the coolant more closely approaches saturation). As these
hotter portions melt, they could be swept out over the ~400-ms period
between initial hot spot melting and average fuel melting. Of course,
less severe reactivity insertions could reduce the magnitude of the
heatup and potential energy releases calculated previously.

The results reported here are intended to be representative of
conservatively bound reactivity excursion ATWS events, but this cannot
be verified until the reactivity excursion case is calculated with a
computer code capable of (1) calculating the in-core voiding during
the boiling that would precede burnout and (2) determining the effect
of that voiding on the core-power level at the time of burnout.
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APPENDIX C

WORKSHOP ON CAUSES AND PREVENTION OF MELT-WATER EXPLOSIONS

A workshop on steam-explosion phenomena was attended by the author
of this report on July 29, 1988, at SNL. The purpose of this appendix
is to provide an update on ongoing steam—explosion research efforts and
to establish contact with other researchers.

C.1 WORKSHOP PARTICIPANTS

The workshop was attended by people from various industries,
notably, aluminum, phosphorous, paper, and nuclear. An agenda of
the meeting is provided as Exhibit C.1.

C.2 OVERALL CONCLUSIOHS/HESSAGE OF WORKSHOP

1,

Steam—-explosion phenomena can be well characterized as evolv-
ing in four stages (i.e., mixing, triggering, propagating,

and expanding). However, after 20 years of study, the mixing,
triggering, and propagating stages are not well understood.

Analytical models developed to date are still crude because of
the complexity of various stages that depict stochastic charac-
teristics and are scale dependent. A state-of-the-art code
IFCI is now under development at SNL and is expected to be
released in ~1 year. However, "engineering" tools that have
been used in the commercial reactor industry are available for
design and safety studies.

The aluminum industry experiences several steam—explosion
events each year, with several fatalities. Previous efforts
over 20 to 30 years have involved brute-force experimentation
under prototypical conditions to prevent explosions. Thinking
now leans toward (1) evaluating various organic coatings for
retardation of explosions and (2) allowing for several small
steam explosions to avoid one "big" explosion.

Preliminary discussions were held with M. Berman (SNL) and

M. Corradini (University of Wisconsin) to solicit their recom—
mendations regarding ORNL's future efforts in studying the
steam-explosion issue. Both indicated that ORNL needs to eval-
vate this issue carefully because of the very high power densi-
ties of ANS and the close parallels of these two designs with
earlier plate-type aluminum-clad research reactors.
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Communication was also established with M. L. Hyder of
Savannah River Laboratory (SRL), who is also addressing the
steam-explosion issue as part of a detailed severe-accident
analysis program for their production reactors. Lee Hyder
indicated a strong interest in discussing with ORNL topics of
mutual interest and sharing information.



65

Exhibit C.l. Causes and Prevention of Melt-Water Explosions

Sandia National Laboratories
Albugquerque, New Mexico
Friday, July 29, 1988

FINAL PROGRAM

Topic
Introduction
Industrial Incidents and Concerns
Aluminum

Phosphorus
Smelt

Steam Explosions in Industrial
Granulation Processes for
Ferroalloys (FeSi, FeMn, etc.)

Production Reactors
Research Programs
U.S. Aluminum Industry

Metal-Water Interactions and
Vapor Explosions

Thermite-Water Interactions

Presenter

M. Berman, Sandia National
Laboratories

(Chair -~ M. Berman)
S. C. Epstein, Aluminum Association

L. E., Loviza, Monsanto
Soda Springs, Idaho

J. V. Gommi, Weyerhauser
Tacoma, Wash.

J. 6. Thuestad, Elkem
Norway

M. L. Hyder, Savannah River
Laboratory
Aiken, S.C.

(Chair ~ R. P. Anderson)

R. E. Miller, ALCOA
Pittsburgh, Pa.

M. L. Corradini,
University of Wisconsin
Madison, Wis.

D. F. Beck, Sandia National
Laboratories

Laboratory Studies of Aluminum-Water L. S. Nelson, Sandia National

Interactions

Laboratories
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Exhibit C.1 {(continued)

FINAL PROGRAM

Topic

Mechanisms

Mechanisms of Steam Explosions

An Evolving Picture of Vapor Explosion
Mechanisms

Surface Triggering

Thermodynamic and Fluid-Dynamic
Modeling of 2¢ Propagating
Explosions

Discussion

Ad journ

Tour of FITS and VAT Sites

Presenter
(Chair — M. L. Corradini)
J. H. Lee

McGill University
Montreal, Canada

R. P. Anderson
Argonne, Ill.

E. W. Dewing, Alcan
Kingston, Ontario

M. Berman, Sandia National
Laboratories
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