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ABSTRACT

The physical characteristics of steam explosions are evaluated in terms
of first principle arguments, which are compared to experimental results
reported in the literature. tn addition, these are also compared to indus-
trial experience for such events {ncluding both non-nuclear and nuclear
sysiems, 1.e. BORAX, SPERT, and SL-l. The summation of this state of the
art kncwledge is then applied to postulated LWR accident conditions.

m.‘m W INTRODUCTION

of resctor fuel and cladding material to the molten
{al light water reactors (LWRg) if the supply of

water to the core is inadequate to remcve powar under accident conditions., This could
eventually result in solten debris in the core with water rezairing in the lower
plenum of the reactor pressure vessel (RPV), Simultanecus presence of molten core
debris and water in the later stages of a hypothetical core meltdewn accident has teen
postulated, in the Reactor Safety Study (ASH=1400) (1], to be @ condition that cculd
lead to an energetic steam explosion sufficient to rupture both the RFV and the con~
tainment Suilding. The basis for this postulate arose rainly from destructive testing
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of early experimental LWR cores under scvere excess reactivity insertion conditions
«nd the history of industrial accidents in the steel, aluminum, copper and pulp and
paper industries. Considerable analytical and experimental research over the past
several years has resulted in a greater understanding of the necessary and sufficient
conditions rey-ired for large scale steam explosions. This understanding of both the
physical conditions anl oprocesses {nvolved in steam explosions plus a general know-
ledge of the configuration of a LWR in the later stages of postulated severe acci-
dents, leads to the conclusion that {n-vessel steam explosions of sufficient magnitude
to rupture commercial LWR pressure vessels are physically impossible.

This paper is a summary of a much larger report titled, 'Assessment of Steam
Explosion Potential in Hypothetical LWR Core Meltdown Accidents," submitted to
EPRI/NSAC [2] and presents the basic supporting arguments in a question and answer
format. Detailed discussions of the major issues, analyses, and experiments are
contained in the complete report.

BACKGROUND

L] what is a steam explosion?

A classical steam or, more generally, vapor explosion is an exclusively physical,
anon-chemical, phenomenon which 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 which generate the high pressures and shock waves characteristic of an
explosion.

. Why were steam explosions considered a LWR safety itgsue’?

i

For hypothetical LWR core meltdown accidents, solten core material and water can
co-exist in a separate state within the RPV with the potential of a steam explosion
occurring if the two are intimately mixed. The analytical mecdel used to calculate
rupture of the Reactor Pressure Vessel (RPV) in WASH-1400 was based principally upon
extrapolating experience in small, low pressure test reactors undergoing prompt
critical nuclear excursions (L.e. the BORAX-1 and SPERT-1 destructive tests and the
gL-1 accident). Further, {ndustrial experience with steam explosions due to acci~
dental spills of molten saterial into water in metal foundries as well as in the pulp
and paper industry were used as general support that large scale steam explosions
could occur. However, the pressures generated in such industrial accidents, while
sufficient to damage light industrial buildings, are very low compared to those
required to challenge RPV integrity. Also the injuries have been generally due to
surns from splashing molten netal as opposed to the explosion itself, {.e, an observa-
tion which implies that such events are weak compared to chemical explosions.

o  Are steam explesions and chemical ezplosicns comparable?

Steam explosions and chemical explosions differ in several fundamental ways.
Steam explosions are ijependent upen rapid thermal energy transfer Letween extremely
hot and cold liquids, while chemical explosicns are driven by rapid chemical reactiocn
rates, Steam explosions, require coarse premixing and rapid fine scale mixing on an
explosive time scale while chemical explosions are finely intermixed prior to the
axplosion for oxidizing systems OT require no intermixing if the chemical reaction is
one of decomposition. Fressure rise tizmes for steam explesions are of the order of a
sillisecond to levels of a few tens to a hundred atmospheres while chermical high
explosives can achieve local pressures of 250,000 atmospheres {n microseconds.
Further, since the energy density of chemical explosives is much wigher than that
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. Does a criterion exist which indicates if liquid-liquid film botling and thus
premizing can ocowr?

Yes. Stable liquid-liquid film boiling and subsequent coarse premixing appear to
be possible only if the contact interface temperature, Ti' between the hot and cold
liquids c.vceeds the "spontaneous'" nucleation temperature, T , of the volatile cold
liquid [3]. The spontanecus nucleation-interface temperature criterion represents the
minimum temperature needed for stable liquid-liquid film boiling and as such assures
the initiation of the premixing stage. The non-violent molten fuel breakup and
intermixing (generally called coarse premixing) resulcing in the pre-dispersed con-
figuration must be stable, i.e. the dispersed configuration must be retained to assure
that the subsequent trigger and propagation may occur. The evidence for the criterion
{s very persuasive, ranging from tests with single drops through a large number of
pouring and mixing experiments in the kilogram and tens of kilograms range [4]. These
tests, which involved many different liquid combinatioms, consistently showed coarse
intermixing and explosions when the contact interface temperature exceeded the spon-
taneous nucleation temperature of the cold, volatile, liquid.

In addition to satisfy the film boiling criterion, the hot material must remain
{n the liquid state while the premixed configuration develops. In an initially
separated system, film boiling is a necessary but not sufficient condition for assur-=
ing these conditions., For the reactor accident conditions, the contact interface
temperature between corium (molten fuel) and water is far greater than the spontaneous
nucleation temperature and moltea core debris can penetrate water in a liquid-liquid
film boiling state. Mechanistic evaluations have been proposed for describing both
the rate of material fragmentation [5] in liquid-liquid film boiling and the size to
which the particulation can continue given the material quantities, temperatures, and
sizes of the potential mixing zome [6]._ Application of these models to large scale
experiments and to the reactor systems with sufficient corium mass to threaten the
vessel integrity shows that (1) fine scale premixing would be expected in the large
scale experiments and (2) virtually no premixing would occur in the reactor system.
Table I illustrates the application of the order of magnitude particulation model to
pertinent experiments and general agreeméF: is observed between the model and the
experiments. When this is extended to the reactor case as illustrated in Table II for
both perfect (100% efficient) interactions and 10% efficient events, the limiting size
particles are orders of magnitude larger than that considered to be capable of sup-
porting a propagating interactiom. 1f the description for the rate of fragmentation
are also considered, a similar conclusion is reached, i.e. the experiments reported in
the literature should observe considerable premixing, but the mass fragmented in a
reactor system is orders of magnitude less than that required to threaten a reactor
pressure vessel. In essence, both approcaches predict that the fragmentation and
premixing in the reactor system would be virtually non-existent. This variation of
particulation scale as a functicn of the respective material masses was demonstrated
experimentally by Theofanous and Saito using water and liquid nitrogen [10].

. vhat is @ "trigger" and vhy is it necessary’?

To achieve the necessary heat transfer rates for explosive vaporization a mechan-
ism must exist tc ensure that direct 1iquid-liquid contact occurs. This can only
happen if the steam film tetween the corium and the water, which limits the heat
transfer rate is penetrated. Triggers can be spontanecus, perhaps due to either
instability in the steam film or its bdeing stripped as the molten fuel moves through
the coolant, and leads to the propagation of the steam £4lm collapse across the
{nteraction zone. This collapse or stripping can De caused by locally high pressures
resulting-froz the thermal expansion and vaporization of the coclant at the high heat
transfer rates associated with liquid-liquid contact. Triggering can also result {rom
an external stimuli, such as the exploding wires or mini-detonators used in nany
experiments. Table III shows that the mini-detonator triggers used in the Sandia
tests is capable of not only collapsing the steam film but also oroviding sufficient
energy to rapidly mix (11] eoough material te achieve the measured energy release., As

P ee-

i ;‘u |“ [} rkn&.nw --

.

'



e L LT T TTATE

' « § . ' i .
8 € S~ €67 (3uyzaaal) oLL ajuiayy
0z 01 ~ €67 000€ €1 uoxy [6] ®Tpues
Y y <=1 €62 (8urzaa1g) 0LOE
S p<-1 €62 0Lzt v 1 on
4 v -2 £SE (8uyzaa1f) OLLT
87 v -7 £SE 0002 $9°1 5SS [g] “1e 312 ‘zuag
09 0 - Z 134 (3urz2913) 0L0€ T~ %on [£] -1® 19 ‘pieTqwy
um umn A A ]
pa121pa1g paiioday 127eM 1R A
Lapauend 119 25Ul 1239
sazys Juawmlevay aanjeiaduwaj AR

edJH 1°0 = 2anssaig
gjuauriadxy uoyivjuawdeay

1 °19%L




Table 1IA

Predicted Fragmentation Limits for Hypothetical
Accident Conditions in a Boiling Water Reactor

Without CRDs* with CRDs without CRDs with CRDs
System Pressure, MPa 0.3 0.3 0.3 0.3
Melt Temperature, K 2500 2500 2500 2500
Water Temperature, K 407 407 407 407
Mass, kg 3800 1800 38,000 38,000
Vessel Area, 8° 29 16 29 16
Particle Diameter, m 0.17 0.30 1.7 3.0
Number of Particles 219 38 2 1
*CRDs = control rod drives.
Table IIB

Predicted Fragmentation Limits for Hypothetical
Accident Conditions in a Pressurized Water Reactor

System Pressure, MPa
Melt Temperature, K
water Temperature, K
Mass, kg

Vessel Area, n2
Particle Diameter, o

Number of Particles

0.3
2500
407
2260
16
0.18
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Table III

Sandia Thermite Experiment
SAND/79-1399, NUREG/CR-Q0947
Fragmentation and Mixing Analysis
Single Step Mixing

Equal Volume Mixing

Run Number
Quantity
27 29 30 35 38 41

Melt mass, Kgm 4.2 3.4 3.2 12.0 13.0 9.4
Reported 0.42 0.47 0.36 0.20 0.19 0.26
efficiency, %
Measured work, KJ 23.9 21.6 15.6 32.5 33.4 33.0
Fragment radius 1.071 0.884 0.782 3.065 3.381 2.815
prior to the 0
trigger, mm
Mixing energy _, 2.090 0.658 0.317 1147 2067 689
J/particle, 10 o
Potential work by 1639 1337 1228 4687 5130 3826
expl., KJ
Energy regwired to 32.8 14.9 9.7 2194 .4 3192.1 1332.7
mix all melt, J
Detcnator avail- 3683 3683 3683 3683 3683 3683

able energy, J
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t1lustrated in Table III, the mechanical work delivered by the trigger is sutficient
to mix all the melt in each of the experiments. Since the energy release is much less
than that characteristic of all the melt, these experiments also demonstrate the
inefficiency of the initiation and propagation processes in thermal interactions. For
the large molten masses evaluated for LWR systems, extremely large external triggers
would be required to initiate an event. In fact the trigger energy would be greater
than the energy required t» fail the pressure vessel. No such triggers .ould be

identified in LWR systems.
. why is propagation necessary?

Given a sufficient amount of coarse premixing and the existence of a trigger,
propagation of a local explosion across the entire interaction zone is required to
ensure that a sizeable fraction of the available explosive work 1s utilized. If
propagation does not occur, then the process would be either inherently self-limiting
or would require a continuously acting external trigger to sustain the interaction.
In an LWR system a significant external trigger mechanism does not exist, and with the
limited premixing for such systems propagation could not be sustained. In general
vapor explosions are found to have efficiencies between 1% and 10% of the thermo-
dynamic maximum. This demonstrates that the propagation is not an efficient process.

CONSIDERATIONS FOR REACTOR SYSTEMS

0  Have ezplosions been observed in experiments with reactor-like materials?

Yes, because the thermal characteristics of these materials satisfy the spontane-
ous nucleation explosion criterion. However, in both small-scale tests with single
drops and a number of intermediate scale experiments (molten U0, and mixtures of
molten UO,, 2r0, and steel) which sometimes {ncluded the use of an“external trigger,
only a feV explosive interactions have beeneproduced using typical molten core debris
temperatures (> 2500°C). The usually non-explosive behavior of these materials can be
explained by: (a) the absence of premixing, (b) the nen-existence of a sufficient
trigger, (c) the lack of a timely external trigger, or (d) the rapid solidification of
the fuel surface which prevents liquid-liquid contact. More iaportantly, these
intermediate scale laboratory tests grossly misrepresent the explosion potential under
typical LWR core meltdown conditions because of the scale involved in the masses of
corium and water used and also in the vessel dimensicns (10].

] Are steam explosions sensitive to eystem pressure level?

Yes. A pressure-related cut-off point for vapor explosions was first indicated
through two different analyses and later demonstrated by extensive intermedilate scale
and large experirments [12]. These experiments have covered a range of fluid combina-
tions including corium and water. BRased on thermophysical properties alone analysis
{ndicates that the explosion cut-off pressure for water {s about 1 “Pa (145 psia).
This is important to note because LWR core meltdown events can result in primary
system pressures that are several times greater than this value, thus precluding an
explosive interaction., While experiments have shown that the pressure cutoff can be
somewhat overridden by a strong external trigger [13,14], they also show that mcderate
{ncreases in the ambient pressure can suppress the effect of the external trigger.

. what are the requirements for gignifioant vork potential?

tn contrast to chemical high explosives, where much of the destructive energy is
in the shock wave, a vapor explosion produces most of its destructive energy from the
expanding steam or vaper and not from the shock wave. Thus, for a steam explosion to
have significant structural damage sotential, such as causing rupture of the RPY, the
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generated steam must be contained and directed, i.e. the presence of a coherent liquid

slug with good fluid/structure coupling is required in additiom to the requirement of

a pre-dispersed system. For the conditions characterizing the core coafiguration in
the postulated accidents, the formation of a coherent slug could only occur in the
absence of significant premixing. Thus, 1if such premixing is postulated, no strong

fluid/structure coupling would exist.

@ Were these physical and configurational requirements satiafied in the BORAX-1 and
SPERT-1 destructive tests as well as the SL-1 inctdent?

Yes. It is important to recall that the idea for an energetic, large-scale,
steam explosion in an LWR system stems principally froa experiences with steam explo-
sions in small experimental test reactors undergoing prompt eritical nuclear excur-
sions. This evidence includes both the BORAX-1 and SPERT-1 destructive tests and the
SL-1 incident. The fuel of these reactors was fully enriched uranium=-235 alloyed with
aluminum (rapid thermal response) and formed into = 0.5 mm thick flat plates. These
fuel plates were then covered with aluminum clad, also fast thermal response, i.e. a
thermal time constant equal to or less than the nuclear period. Thus the fuel and the
water coolant (which favors film boiling) provided an {ntimately dispersed configura-
tion even prior to the rapid energy dep: sition in the fuel by the nuclear excursion.
Therefore, the combination of the initial geometry, a well mixed cold state, and the
rapid energy deposition in the fuel provided conditions (molten fuel and molten
cladding sufficiently premixed in the coolant and only separated by thim vapor
blankets) ideal for producing a propagating steam explosion. In fact, the combination
of the rapid power excursion and the fuel design characteristics (initial premixing)
eliminated the need for any significant fragmentation and {ntermixing either before or
during the explosion. In addition to satisfying the requirement of a pre-dispersed
system, the coherent 1iquid slug requiremept was satisfied in both the SPERT-1 and
SL-1 incidents since the systems were nearly full of cold water prior to the nuclear
excursion., This provided a means for containing and directing the energy of the
expanding steam, which helped to optimize the destructive work potential of the
explosion. The charactertstics of these garly experimental, plate-type, reactor
ineidents produced ¢ significant amount of damage; but they are fundaraxtally differ-
ent from current comercial water reactor fuel designs as is the configuration devel-
oped during hypothetical core meltdown accidents.

@ CGiven the criteria required for both steam explosions ad structural damage to
cecur, how do these apply to the analysis of hypothetical core meltdown aceidents
in commercial LWRe?

The rapid power transients, 1ike those designed into the experizental destructive
tests of the early, plate-type fast response, reactor designs, are impcssible with the
large, low-enrichzment, oxide fueled, cores used in commercial LWRs. Hypothetical core
neltdown accidents in LWRs are, therefore, related to the tnability to provide water
to the core over an extended time period. Consequently, at the time of fuel melting,
water is already removed from both the core region and above, i.e. the molten fuel
debris and water are initially separated. In addition to the absence of a dispersed
corium-vater configuration, this separated state implies the absence of a continuous
water column for containing and directing the steam explosion even {f it could be
{nitlated. Additionally, even if a water slug could be eleacted much of its energy
would be absorbed in structural damage €0 reactor internals - a fact which is over-

looked in most analyses.,
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i PR CONCLUSIONS

. Are the WASH-1400 steam exzplosion modeling asswmptions overiy conservative?

Yes. Given the above arguments and evidence, it is clear that the assumptions in
the WASH-1400 report which result in estimates of significent damag,e from steam
explosions are overly conservative for essentially two reasons. These are: (1) it is
not possible to obtain the required molten corium-water premixing, triggering and
propagation for a significant steam explosion and (2) even if the steam explosion were
to occur the reactor configuration at the time of the postulated event does not have
an overlying liquid slug which can coherently impact on the versel head.

0  Should steam explosions be considered as a RPV threat under core meltdown condi-
tions?

Considering the necessary physical and configurational requirements to produce a
sufficient steam explosion to threaten the reactor pressure vessel {ntegrity and the
inherent physical limitations in providing a coarse premixture and an overlying liquid
slug, such events represent an {ncredible set of physical processes. Consequently, a
steam explosion should not be considered as a potential threat to the integrity of
either the reactor pressure vessel or the containment building. Similarly, such an
interaction and resultant steam explosion that may occur ex-vessel following RPV melt-
through can be dismissed as an event to threaten the containment as was concluded in

the Reactor Safety Study.
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