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ABSTRACT

During a hypothetical core meltdown accident, an important safety issue to
be addressed is the potential for steam explosions. This paper presents analysis
and modelling of experimental results.

There are four observations that can be drawn from the analysis: (1} vapor
explosions are suppressed by noncondensible gases generated by fuel oxidation,
by high ambient pressure, and by high water temperatures; (2) These effects appear
to be trigger-related in that an explosion can again be induced in some cases by
increasing the trigger magnitude; (3) Direct fuel liquid-coolant liguid contact
can explain small scale fuel fragmentation; (4) Heat transfer during the expansion
phase of the explosion can reduce the work potential.

In this paper we also present a transient wave propagation formulation which
incorporates models for all of these observed effects.

1. Introduction

The purpose of the steam explosion phenamena program at Sandia National
Laboratories is twofold: (1) To experimentally identify the fuel-coolant mixing
requirements, trigger energy, and other initial conditions which are necessary to
trigger and propagaie explosive interactions between water and molten lignt water
reactor (LWR) materials; (2) To develop criteria to assess the consequences and
the probability of steam explosions during a hypothetical core meltdown accident
in an LWR.

In 1975 the Reactor Safety Study (WASH-1400)[1) identified the steam explosion
as one of the many physical processes that could cause containment failure during
a hypothetical core meltdown. The probability assigned to this event, .01, had large
uncertainty bands of more than an order of magnitude. Subseguent research has at-
tempted to reduce the uncertainty. Buxton concluded that during meltdown the proba-
hilitg of molten core contact with a significant water mass glo-ss Mg} is nearly
one. [2] n1so experiments at small and intermediate scalel(37%] ana subsequent
anaJ.ysisn'Bj have indicated that a steam explosion event with fuel fragmentation
smaller than 4000 ym is quite likely under a variety of initial conditions. 1In
this paper we present the results of analysis and phenomenological modelling that
may explain these experimental observations.

A steam explosion can be viewed as consisting of four phases of energy transfer
between the fuel and coolant:

a) Coarse Intermixing. The moiten fuel and liguid coolant are mixed and

the heat transfer mode is guiescent; e.g., film boiling.

b) ZTrigger. The fuel and coolant are somehow brought into liguid-liquid

contact and rapid heat transfer begins.

c) Propagation. The heat transfer process rapidly escalates as more of

the fuel is fragmented and as more high-pressure coolant vapor is generated.

d) Expansion. The high-pressure vapor expands against the surroundings

causing destructive mechanical work.
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In this mapexr we briefly outline the models used to isvestigate each of these
four phases. More detailed descriptions of the analyses can be found in Refs.
{7, 8]+ 1In addition, we 2escribe in some detail a newly developed transient
propagation model. This model is unique because its general formulation alloss
the incorporation of a number of detajled fuel=coolant heat transfer and
frag tation mechaniscs.

2. Qverview of the Phenomenological Mcdelling

2-1 Fuel-Coolant Mixing

The initial configuration of the fuel and coolant prior tc the explosive inter-
action is J» significant factor in determining the mechanical work. The degree of
coarse mixing, characterized by the fuel drop diameter and the local fuel-coolant
mass ratio, is_dependent upon experimental technique or the accident scenario. &
past analysis suggests that film boiling significantly enhances mixing. This
condition is easily satisfied for LWR materials; however, no quantitative theory
has been proposed.

Recently, experiments by Mitchell.[e] which use molten iron-aluminum oxide ani
water have significantly aided in guantifying this mixing process at intermediate
scales. These experiments consisted of dAropping fuel (= 5 kg) into ccolant
{~ 200 kg). The fuel free fall velocity upon entering the water was about 5 m/s,
and the associated Weber number was small in comparison to the critical value
(We,_., ™= 20}, The fuel fragmented in the water to about 10-20 mm diameter drops
in ~"100 ms, before reaching the bottom of the water tank (depth - .5-.7 m). The
fuel mixed with the water and dispersed through 50 percent <f the tank volume.

The main mechanism for this mixing is helieved to be the boiling process.
Hydrodynamic fragmentation alone cannot account for this rapid dispersal. The
characteristic time for the fuel to fragment due to hydrodynamic forces is given
by the relation

5r [
T=_H H (1)
Urez ¥V ¢

where py and p_ are the fuel and coolant liquid densities, ry is the fuel
radius, and urel is the relative velocity. Por this case 1 is approximately
400 msec. This time is toc long compared to the observed time of 100 msec for
total dispersal.

Application of these empirical observations to the full scale meltdown accident
is quite difficult at this time. There are a number of factors that must be con-
sidered. Pirst, the scale of the experiments is a factor of 1000 or more smaller
than that of « reactor. Much larger fuel masses may inhibit mixing. Another factor
which may inhibit mixing at full scale is solidification of the melt. Present
experiments use melt superheats of ~ 300 K which may ro%t be prototypical. Finally,
the meltdown progression in the reactor vessel and how it affects the fuel-coolant
contact is not well known.

2,2 Steawm Explosion Triggering

In the Bmall scale experimentsn's’el which used reactor materials, the stearm
explosion was triggered by a pressure transient generated by either an exploding
bridgewire or a mini-detonator in the water surrounding the fuel. Three initial
conditions were Jltered during the experiments which caused the explosion to be
suppressed: (1) the molten fuel composition was made more metallic; (%) the water
subcooling was decreased to less than 24°C; (3) the ambient pressure was increased
above .5 MPa. In all these tests the trigger energy wa. held constant (i.e.,



exploding bridgewire, Pp « 1. MPa}. Past theories[i0r13] have beeg sed to
explain thes¢ results. " Also, other sxperimental 1nvestiq-torl have noted
the same effect of ambient pressure on the explosior.

The physical mechanism causing this suppression appears to be identified with
stabilizing the film., For example, the more metallac mox?gn fuel quickly oxidizes
in the steam film and generates & noncondensible gas (H ) which prevents
£11m collapse. Increasing the ambient pressure increases the vapor film density,
and £hus the filz behaves as a more effective 'spring' to resist £ilm collapse.

This implies that an explosion can again be induced if the trigger energy is
increased sufficiently to again cause film collapse. This hypothesis has bTET
verified for the coolant temperature effect by recent experiments of Nelson
where a 10 MPa trigger pulse induced an explosion in water 14°C below saturation.

A model was devslogfd to investigate f£ilm collapse behavior under varying
initial conditions. The model depicts a spherical molten fuel droplet
immersed in a large volume of couolsnt {Figure 1). The model is similar in con-
cept to that used by Kazzmall aitkough the governing equations are differert.

In formulating this model, the following major assumptions were made:

{1) The fuel-coclant system is spherically symmetric.

(2) The fuel and coolant liquids are incompressible with conszant

sroperties and the vapor and other gases (if any} are ideal gases.

{3) BAll vapor is either retained in the film around the drop or condenses

at the coclant interface.

The governing eguations are described in References 7 and 18. The model in
Reference (7) assumes local equilibrium at the vapor-liquid interface (i.e.,

Pv = (TI)), while the nonequilibrium model considers the temperature of
the vapor and the ligvid near the interfare to be different.

Application of a pressure pulse causes the vapor-liquid interface to be ac=-
celerated inward as the vapor condenses. As the film collapses, the film pressure
rises. The predicted film collapse behavior is somewhat Qdifferent for these models.
For the equilibrium model the film does not collapse symmetrizally but reaches a
minimum thickness with a large filin pressure rise. This can induce asymmetric col-
lapse due to fluid instabilities. For the nonequilibrium model symmerric collapse
can occur. In both models, film collapse is inhibited if the ambient pressure is
increased, coolant temperature is increased or a noncondensible gas is antroduced
in the film.

The effect of introducing a noncondenrsible gas into the £ilm is illustrated in
Figure 2. Ly using the eguilibrium model, we compare the film collapse behavior
around an iron-coxide and an iron droplet for a fixed trigger energ*- The initial
conditions are characteristic of Nelson's single drop experiments. The non-
condensible gas acts to slow the interface collapse because the film thickness is
large. When the trigger energy is increased {(Figure 3], the minimum-approach
thickness is much smaller although collapse does not occur. If the trigger energy
is increased furthe. collapse dces occur.

The same trends in the film collapse behavior are seen if the ambient pressure or
coolant temperature is increased. It appears that the suppression of the explosion
under certain initial condition: is a function of the trigger magnitude. Thererore,
given a large enough trigger, the f£ilm ccllapse and the subseguent vapor explosion
can be induced.

2.3 Propagation Phase

Once the trigger induces film collapse the rapid heat transfer process begins.
This induces a local pressure increase, and a collapse of nearby vapor films. The
resulting effect propagates through the mixture. 1In the past there has been
extensive research work involved in this phase of the explosion; - however,



at present relatively little is known about either how the explosion propagates or
the mechanisms for fuel fragmentation and fuel—coglant heat transfer. Additicnal
experiments and analysis ere now being parformed to study the propagation phase.
Nelson['r”a] has obgerved in gingle droplet experiments (fuel mass = .1-1 gm)
ugsing FeO, and water that fine fuel fragmentation (Dy £ 50 um} triggered by a
bridgewire occurs in less than 200 usec. For the LWR accident environment, one
important characteristic is that the molten fu:l temperature is quite high
(TH = 2000-3000K), while the coolant temperature is low (Tc w 400-500K). Thus if
the fuel and coclant are forred into ligquid-liquid contact by the trigger pres-
sure pulse, the local pressure could rise guite high as the coolant vaporizes and
fragmentg the fuel. This concept of fragmentation was originally advanced by
Bankoff. 6 Based upon it a simple mathematical model of fuel {zagmentation was
developed and applied to Nelson's small scale tests. This local pressurization
model is baced on the idea that establishing liquid-liquid contact at the termina-
tion of film collapse can generate a high pressure vapor which upon expanding
fragments the fyel due to Taylor instabilities. The volumetric rate of
fragmentation, ‘-"H’ is given by

Vy = Ap\/aHAcrit (2)
where R is the projected area ) is the fuel critical Taylor wavelength, and

N crit
the expected fuel fragment size,

A . =2m [ 9 (3)
crit q ayley = o)
AP
a =« .._2__°°" (4)
Ho 2oty
where g is the surface tension, ay is the acceleration and M’con is the

vapor pressure on contact. Once the fuel is fragmented it is assumed that it
rapidly mixes with the local liquid coolant and thermally equilibrates. This
assumption is approximately valid because the conduction heat transfer rate upen
sudden fuel-coolant contact is quite high. This heat transfer generates high
pressure coolant vapor which expands and forces the fuel droplet into si"bsequent
fuel-coolant contacts, thereby causing more fuel fragmentation and vapor genera-
tion. This process continues until the fuel is fully fragmented and vapor begins to
expand. Prediction of Nelson's test results is shown in Figure 4 for the coolant
vapor expansion during and after the interaction. The mode) predicts a total fuel
fragmentation time of about 100 usec with the fragment diameters in the range of
16-25 um. These results show good agreement with the data, and suggest that
fragmentation induced by liguid-liquid contact is a possible mechanism in single
droplet expsriments with LWR materials.

Recent experiments by Mitchell* using Fe-t.1203 and water have indicated
that the rapid fuel fragmentation and heat transfer can also occur at a much larger
scale (fuel mass = 5 kg). Mitchell observed a rapidly propagating explosion through
& coarsely mixed fuel-coolant system. large peak pressures were generated (> 15
MPa) and a shock front propagating at 300~500 m/s was observed. Behind this front
fuel appeared to be rapidly fragmented. To model this behavior we have developed
a transient one-dimensional macroscopic propagation model. This model is presented
in detail in Section 3.



2.4 Expansion Phase

The expansion phase is associated with serious mechanical damage, i.e., con~
talinment failure. Some preliminary analysis has been done to address this
area. We will only discuss the expansion of t's Fud-cortand mintuse jn His
paper while the fluid-structure response is discussed in a separate work. [28)

Past efforts in this nrea[29'3° have entirely focused upon the Liquid Metal Fas<c
Breeder Reactor (LMFBR) and the structural response of the LMFBR to a fluid expan-
sion caused by a vapor explosion or other processes.

In the reactor vessel the expansior of high pressure vapor can accelerate a
liquid slug causing reactor vessel head impact and subsequent missile generation.
The initial mass of coolant involved in the interaction, its thermodynamic state.
and the gubsequent heat transfer during the expansion will determine how much work
is derived from the explosion. At present small scale experiments ~’~‘ indicate a
conversion ratio of the fuel thermal energg to mechanical work of approximately 3-15
percent, while intermediate scale tests have produced explosions with a con-
version ratio in the range of 0-2 percent« In a hypothetical meltdown scenario,
thc manner in which fuel and coolant mix prior to an interaction again plays a
significant role in determining the work output. If the fuel is dispersed in a
large volume of coolant (mH/mc << 1), more cold liquid can become entrained in the
vapor during expansion. &ince cooling can occur with both initially mixcd water
and with entrained water, cc.dernsation and pressure reduction can occur. 1In con-
trast, if the fuel is dispersed in a small mass of coolant (mH/mc >> 1), heat
transfer can only occur with the entrained coolant. 1In either case the conversion
ratio might be reduced due to heat transfer. In addition, the geometry within the
reactor vessel after the meltdown can affect mixing and the expansion-work; although
the quantitative effect is not well known.

A preliminary analysis examining this heat transfer effect is briefly presented.
The coolant liguid entrainment rate is based upon a Taylo: instability model. The
governing equations and detailed results can be found inr Reference 27. Parametric
calculations were done for the expansion in full scale assuming no core structure
or upper internal structure is present after the meltdown. In the analysis the hot
coolant vapor in the fuel-coolant interaction zone accelerates a voidless coolant
slug and entrains coolant liquid. This liquid reduces the vapor pressure and the
slug kinetic energy. The calculations consider that 1-20 rercent of the molten
core cames to thermodynamic equilibrium with an egqual mass of coolant {mH/mc =13}
after the explosion propagation. This mass ratio assumption is reasonahle because
it represents the midrange value of m,/m,, which is still a major unknown at tnis
time. It thus accounts for heat transfer with both the coolant that is initially
mixed with the fuel and that coolant entrained from the surroundings during the
expansion. Some results are shown in Figure 5 and campared to an isentropic expan~
sion. One c¢an see that the percentage reduction in slug kinetic energy is strongly
dependent on the mass of "oolant, %o s parvicipating in the explosion; for

§< M_ = 1000 kg the slug kinetic anerqgy is reduced by a factor of five while for
q_c.-Hc = 4000 xg the reduction is a factor of two. This result correspends to a fuel
thermal energy to mechanical work crnversion ratio of 1-2 parcent.

3.0 A Yransiznt-Propagation-Phase Model

Physically the propagation phase of rhe vapor =xplosion is composed of a series
cf vapor-film coliapses. Each £ilm collapse czuses the enclosed drop to fragment
and reiease thermal energy through accelerated vaporization cf the surrounding coolant.
This incrieate in vapor production resulis in elevated pressures which stimulate an
even more rapid collapse of the neighboring vapor films.

The analogy of a string of dominoes is appropriate to this problem. The system
is stable as long as one of the dominoes is not pushed inro its neighbor; hLowever,



if one of them is pushed, the chain reaction begins and propagates as if each
succeeding domino was larger than the last.

A mixture theory must be used to accurat:ly model this problem. The theory
must include three materials; the fuel droplets, the vapor films surrounding cach
droplet, and the liquid coolant in which the droplets are immersed. Furthermore,
from the physical description of the filmwcollapse process, we mee that the local
description of the vapor-film gecmetry is of major importance.

-Mixture theories which includs the effects of local geometry such as the vapor-
film collapse are called structured mixtare theories. The ‘heory used to obtain
the calculations in this work is derived in References (31—?2)- }t has been
previously applied to study the behavior of bubbly liquids. 34-35

The bubbly~liquid and the vapor-explosion problem are similar in that each
exhibits a cavitation behavior as the individual bubbles or vapor films expand or
collapse. In each case, & mixture theory is required in which the gas or vapor
constituent has a pressure which differs from the surrounding liquid. This pres-
sure difference drives the collapse of the vapor film. It is a dyramic phenomencn
which should not be confused with static pressure differences created by surface
tension effects. Surface tension effects produce pressure differences which are
negligible in this problem.

In the present work this pressure difference is coupled to the motion of the
vapor film-coolant interface by means of a Rayleigh cavitation equation. A
precise derivation of the cavitation relation appropriate to this problem is
included in Reference (1B). The necessity of including this eguation precludes the
use of conventional two-phase flow theories since these formulations are derived
with the &ssumption that the vapor and liguid constituents are at equal pressures.

For thz purpose of achieving a tractable problenm, the formulation was restricted
to pituations in which the drops, vapor-films, and coolant experienced identical
translations. Rlso, at any given point in the mixture, a single droplet radius and
vapor film radius vere used to describe the mixture. These assumptions result in
mass and momentum conservation laws which are similar to their conventional single~
material counterparts. The material response descriptions and the mass and energy
exchange relationships have been left general so as to allow to inclusion of all
of the possible mechanisms for fragmentation duscribed previously.

3.1 Numerical Technique

Provided we are willing to sacrifice some camputational efficiency, existing
wave propagation codes designed to solve conventional continuum relations can be
modified to solve the equations described in the previous section. This is a
feasible approach since the mass equation and the momentum equation retain the
conventional forms for single-material mechanics problems.

We have chosen to modify the one~dimensional Lagrangian wave propagation code,
WONDY IV. The explicit, finite-difference stheme osed in WONDY IV is structured
so that as a particular mesh point is advanced in time, the new position is first
compu“ed fro. known values of the pressure and the mixture momentum balance, and
then vhe new density is computed from the lalance of mixture mass. To complete
the cycle of computations, the equation-of-state subroutine is then called in
which a new value of pressure and internal energy is computed by simultaneously
solving the constitutive equation for pressure and the energy balance equation.

Thi. format is useful for our problem since the mixture mass and momentumr
equations are already built into the code. The remaining f£ield equatiens in the
mixture formulation are local statements; that is, they do not contain epatial
gradients, and can be solved in the eguation~of-state subroutine.

The new equation-of-state subroutine is constructed in the following manner:
first, the old and new values of density, p, are linearly interpolated to give a
continuous value of 0 across the time step; then the energy eguations along with



the vapor-f°1l1 collapse relations are viewed ss a set of ordinary differential
equations in time; finally, these equations arc integrated from the old value of
time across the time step to the new value of time by means of a Runge-Xutta
technique, This provides the new value of mixture internal energy and the new
value of mixture pressure which is required to continue the camputation.

This computational scheme has proven useful in a variety of similar problems
wherein camplex djfferential relations are integrated in the eqrmation-of-state
gubroutine. 3738 In .. lculsr, accurate mcdelling of experimental data for
pressure waves propagating in bubbly liquids has been achieved. 1In general we
have found that the Runge=Kutta integration scheme can be replaced by more ac~
curate methods without altering the results. Also, because of the rate-dependent
nature of the film collapse relations, the usual artificial viscosity terms found
in this type of wave ccde can be eliminated.

3.2 sample Results

Figque € contains two wave profiles at U.l14 ms and 0.26 ms after initiation
of che trigger pulse. The trigger pulse which occurs on the right boundary is a
square wave input 10 MPa in amplitude and 10 ys in duration; however, trigger
pulses as low as 1 MPa result in an explosion in this example. The mixture is
modelled after Michells cxperiments and contains 20 percent by volume of 10-mm
diameter molten fuel drops with 0.2-mm thick vapor films. Both the pressure within
the vapor film and within the surrounding coolant are plotted. At the head of the
left-traveling wave is a pressure spike which is a result of film collapse and
coolant impact on the fuel drops. 1In this =zalculation fragmentation by cavitation
ccnverts 10 percent of the impact energy into new fuei-coolant surface area by
using a surface tension coefficient of 0.4 N/m. The resulting vaporization of the
coolant after impact is evidenced by a buildup of pressure behind the pressure spike.
This broad region of zlevated pressure in turn initiates the final expansion phase
of the vapor explosion.

Conclusions

The quantitative nature of fuelecoolant mixing is umknown; however, observa-
tions indiczte Pboiling processes can cause fuel breakup to 10-20 mm droplet
diameters in about 0.1 s. In systems where this mixing occurs the effects of
ambient pressure increase, coolant temperature increase, and fuel composition tend
to suppress the initiation of an explosion; the phrase “"tend to suppress” is
important since elevated trigger pressures can override these effects cnd again
induce &n explosion.

While the final stages of film collaps: and coolant-fuel impact are not totally
understood, several promising mechanisms have been described. The net effect of
these mechanisms i to mechanicallx fragment the fuel drop by allowing the vapor
film to collapse. Upon collapse, the surrounsding coolant converges and impacts
the funrl drop. The increased evaporation after impact then re-establishes new
vapor films and elevates the system pressure. This in turn accelerates the film
eollapse around the nzighboring unfragmented fuel drops.

With the one-dimensional transient wave propagation mcdel presented in
Section 3, we have shown how this fragmentation process can easily build in
efficiency with prepagation distance.

Finally, ‘e have shown that the release of mechanical work during the expansion
phase of the explosion can be reduced by the effects of coolant liguid heat transfer
during the expansion.
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