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ABSTRACT

Experiments in the FITS chamber have been performed in which
18.7 kg of molten iren-alumina core melt simulant was deliv-
ered into water chambers in which the water mass was 1.5 to
15 times greater than the melt. Experiments in subcooled
water showed that spontaneous explosions occurred over the
range of water/melt mass ratio and geometry used and that in
certain experiments, double explosions occurred. With dou-
ble explosions, the first explosion enhanced fuel-coolant
mixing for the second explosion. In one test in saturated
water, multiple trigger sites were observed but no propagat

ing explosion resulted. Two distinct, but additive, energy
conversion ratios were calculated from the test results.
Based on pressure records and debris velocities, a kinetic
eneryy conversion ratio, ngg. had calculated values
between 0.3 and 1.6 percent. A conversion ratio, np.
related to the work done in pressurizing the chamber air
ranged bhetween 0.2 percent and 8.6 percent. The total frac-
tion of the melt thermal energy converted, nNyoy = Mgg + "p.
reached a value of 9.9 percent in an experimert involving a
double explosion, but in this case, the value of nggp was
limited to 1.3 percent.
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STEAM EXPLOSION EXPERIMENTS AT
INTERMEDIATE SCALE: FITSB SERIES

1. INTRODUCTION

During the past several yearcs, work has been under way at
this laboratory to determine the damage potential of steam
explosions that might result from molten core-coolant inter-
actions. By steam explosion, we mean the explosive beiling
of the coolant when it comes in contact and mixes with molten
fuel in reactions that are observed to propagate through the
fuel-coolant mixture at rates of 200 to 600 m/s. These
explosions are characterized by short (order of a 100 us)
pressure rise times and postreaction debris that are of the
order of 220 um mass average diameter.

Numerous investigators have studied the energetics of these
interactions and have used various simulants ranging from
molten salt at approximately 1200 Kl to thermite-generated
melts consisting of metal-metal oxide compositions at tem-
peratures up to 2700 K.2-4 Masses ranged from tens of
milligrams to a few kilograms. Some of these studies have
included the effects of parameters such as water subcooling,
system pressure, and contact mode. > All of the above
experimental methods have been able to produce values for
conversion ratio, defined as the ratio of work or Kkinetic
energy produced to the initial melt thermal energy. These
conversion ratios ranged between 0.05 percent and 3 percent,
depending on the initial and boundary conditions of the
experiment and the method used for estimating the amount of
fuel that participated.

Since quantities of fuel that are available to participate in
a steam explosion can be of the order of many metric tons in
a Light Water Reactor (LWR) and most of the experiments are
done with much smailer quantities, it is not clear if the
resulics from these small and intermediate scale experiments
can be extrapolated to reactor scale. We have attempted to
address the scaling issue by developing experimental methods
and performing analyses that can better guantify the initial
conditions leading to a steam explosion, and to provide data
that can be used to construct mathematical® models of the
processes that would aid in extending the results to reactor

scale.’

Most of our experimental results to date have used molten
iron-alumina, which has been shown to be a good fuel simu-
lant when compared with results (such as mixing, propaga-
tion, and conversion ratio) from tests using corium A+R
consisting of UOz, ZrOp, and stainless steel.®



The work described in this paper is an extension of the work
reported in Reference 9, where 2 to 5 kg of molten iron-
alumina simulants were dropped into cubical chambers con-
taining subcooled water at initial water-to-fuel mass ratios
nominally 40:1. Those experiments showed that the steam
explosion process could be divided into five distinct areas
(melt entry, mixing, triggering, propagation, and expansion)
and that about 1 percent to 3 percent of the thermal enerjy
in the initial melt mass was converted to kinetic energy of
the debris. The current experiments were done using 18.7 kg
of iron-alumina simulant delivered into water chambers that
resulted in initial water/melt mass ratios from 1.5:1 to
15z1. We have observed differences in behavior in these
experiments (where the melt masses are larger and the water/
melt mass ratio is smaller) compared to the experiments
described in Reference 9. This paper describes the dif-
ferences that are attributed to the increased melt mass, the
variation of mass ratio, and the change in water chamber
dimensions.



2. EXPERIMENTAL APPARATUS AND PROCEDURE

The experiments were conducted in the FITS chamber shown in
Figure 1 and described in detail in Reference 9. Improve -
ments in instrumentation, melt delivery, and experiment
control were incorporated, based on experience gained from
earlier work. The improvements consisted of improved experi-
ment control; a redesigned melt delivery system (including
melt rcetention and crucible modifications); and 1instru-
mentation to measure thermite burn rate, FITS chamber gas
phase temperature and pressure, debris slug velocity, and
water phase pressure, together with debris characterizs .ion
methods. Appendix A describes the new melt injection
sequence control that represents the most significant
improvement in the experimental method. Water chambers used
for these experiments were identical to those described in
References 9 and 10; the contained water volumes were rec-
tangular in shape with sgquare, open surfaces. The water
chambers were fabricated from 6.3-mm thick plexiglass stock
in sizes calculated to result in initia) water to melt mass
ratios of 1.5:1 to 15:1. Figure 2 shows the configuration
of a typical water chamber and associated instrumentation.

The experiments were instrumented with pressure transducers:
in the water chamber base and side walls to measure water
phase pressure; in the FITS chamber upper head to study
debris slug characteristics; and in the FITS chamber side
wall ports to measure the gas phase pressure. Melt delivery
was initiated automatically through the use <t probes in the
crucibie that sensed when the thermite reaction was complete.
Melt entry time was measured by photodiodes 2.5 cm above the
water surface; shape and velocity of the melt at water impact
and during mixing were recorded by high speed cameras.
Debris recovered from the experiments was characterized by
sieving using sieve sizes ranging from 38 um to 25 mm.

The fuel used in these experiments was prepared by a metallo-
thermic reaction. The 1initial reactants were magnetite
(Fe304., -200/30 mesh) and pure aluminum (99.7 percent,
-325/75 mesh) in the ratio of 76.3 w/%v Fe304 and 23.7
w/% Al. The reaction is given by

3Fe304 + 8Al1l -+ 9Fe + 4A1,03 + 795 kcal

The resulting melt consisted of 55 w/% Fe and 45 w/% Al;0, at
a theoretical (maximum) temperature of 3100 K and an energy
content of 3.3 MJ/Kkg.

One experiment was done to determine the thermal energy con
tent of the melt. In this experiment, 1.46 kg of melt was
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delivered into 41.6 kg9 of water at 284 K. Based on the tem-
perature rise of 24 K and a constant specific heat of water
(4.19 J/g K) a value of 2.8 MJ/kg was calculated and is the
value we have used consistently in reporting the conversion
ratios in this report and in References 9 and 10.

Melt temperature at water entry was measured in one experi-
ment to be 2750 K using a calibrated high-speed camera. The
technique is useful for estimating the black body tempera-
ture at the surface of the melt mass, but the method does
not supply any information related to the emissivity of the
melt, and hence, the temperature calculated is a minimum;
the melt temperature will increase for an actual emissivity
less than unity.

The thermite was 1ignited using a 1.3-m length of No. 16
gauge nichrome wire wound in a spiral and located at the top
surface of the initially mixed powder. A current of approxi-
mately 150 A (208 V) for 1.5 s was used to guarantee igni-
tion. This method was safe and reliable and allowed the
mixture to be 1ignited over the entire surface (410 cm?)
with reduced variability in the burn rate and provided
improved experiment control in terms of active signals sensed
for releasing the melt.

Water from the local water supply was used as the coolant.
No special treatment, such as degassing or deionizing, was
done. Water temperature was not controlled for the majority
of the experiments and was between 309 and 319 K. Two
experiments were done with saturated water at 368 K.




3. RESULTS AND DISCUSSION

3.1 Triggering and Propagation

In References 9 and 10, we described the steam explosion
process and divided it into five separate phases: melt
entry, mixing, triggering, propagation and expansion. The
recent FITSB experiments showed that these phases were still
distinct but that triggering and propagation are more com-
plicated than was first reported in Reference 9.

As opposed to the more common base triggering phenomena
observed in those experiments that used 2 to 5 kg of melt,
we observed triggers that occurred randomly: at or near the
water csurface; at or near the water chamber base or side
walls; on occasion, at all these locations. Some of these
triggers escalated intoc a propagating wave through the melt-
water mixture, while the remainder decayed locally with no
continuing observable effect. When recorded by the cameras,
triggers appeared as rather complicated wave like phenomena
in the water surcounding the melt-water mixture. Propagation
of these waves had a similar appearance but occurred in the
melt-water mixture and resulted in significant extinction of
melt luminosity. In addition to the differences in trigger-
ing, we also observed multiple explosion events. Three of
the experiments (FITS1B, 4B, and 8B), having mass ratios of
12, 12, and 15, and water depths of 61, 61, and 76.5 cm,
respectively, resulted in double explosions; 1i.e., there
were two explosive interactions in each experiment.

The FITS experiments were instrumented with pressure trans-
ducers in the water chamber, FITS chamber upper head, and
FITS chamber side walls. Temperatures were measured in the
water chamber and in conjunction with FITS chamber wall
pressures. The data presented here are those obtained from
the FITS chamber air pressure and temperature transducers.
The pressure transducers were located so that they responded
to chamber gas phase pressure only and were not affected by
debris. Thermocouples were exposed to the debris (water,
melt, steam) and their response was more erratic.

A typical pressure record is shown schematically in Figure 3.
The data are characterized by three distinct features (four
in the case of a double explosion):

1. Air shock, present if the event is sufficient to
rapidly pressurize the chamber air. There can be
two of these, depending on the type of event.

2. Chamber equilibration, following the sudden chamber
pressurization. The chamber gases equilibrated in
approximately 20 ms resulting in a discernable
pressure plateau that was indicative of the state
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achieved in the chamber following the explosion and
release of melt energy.

3. Chamber repressurization due to either hydrogen pro-
duction and combustion and/or late-time steam gener-
ation due to residual molten debris cooling in the
remaining water.

The peak pressure seen in the third event was lower tor dou-
ble explosion events than for a single event. This may have
been due to the fact that more melt was involved in the dou-
ble steam explosion and was not available for contributing
to the steam or hydrogen production events.

3.2 Single Explosions

Table 1 describes the nine experiments conducted in the FITSB
series, and a description of some of the important features
is included below.

Experiments 2B, 3B, 7B, and 9B all resulted in single explo-
sions triggered either at the water surface or water chamber
base. The sequence of events leading to these explosions
was similar to the earlier 2- to 5-kg experiments. Immedi-
ately after contact with the water, the melt was observed to
fragment into droplets estimated to be between 10 and 20 mm
in diameter. The fragmentation and mixing continued until
the time of explosion trigger. Chamber air pressure records
for these single explosions showed three characteristic fea-
tures that depended on initial conditions such as water depth
and mass ratio. These characteristics were a short rise time
to the pressure peak; a relaxation in approximately 20 ms to
a quasi-static plateau; and late-time chamber repressuriza-
tion due to steam generation with possible augmentation by
hydrogen production. Figures 4 through 7 are chamber air
pressure records for these single-explosion events.

Figure 6 for FITS7B, at a mass ratio of 1.5:1, shows essen-
tially no steam explosion peak, but a large steam generation
pressure rise followed by what might have been a hydrogen
combustion event. By contrast, Figure 7 for FITS9B, at a
mass ratio of 9:1, shows a significant steam explosion pres-
sure peak and associated pressure plateau followed by a
modest steam generation pressure rise.

3.3 Double Explosions

Three of the experiments (FITS1B, 4B, and 8B, see Table 1),
having mass ratios of 12, 12, and 15, and water depths of
61, 61, and 76.5 cm, respectively, resulted in double explo-
sions: i.e. there were two explosive interactions separated
by approximately 120 to 140 ms in each experiment. Chamber
air pressure records for these double explosion events are
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Table 1

FITSB Initial Conditions and Observations

Initial Ratio Spont aneous
Melt water _Mater/mMelt =~ Explosion
Entry Avg. dia Geometry Time after
Mass Vel. at Entry® (cm) Mass  Temp Melt Entry Other
Expt. (kg) (w/s) (cm) sq x deep (kg)  (K) Mass vol.® Location (ms) Observat ions
1B 18.7 5.4 4.1 61 x 61 226.0 298 12.0 46.0 Surface 142 First explosion
Unknown 275 Second explosion
2B 18.6 6.0 6.0 61 x 30 113.0 298 6.0 23.0 Surface 84 Single explosion
kl:} 18.6 6.0 24.0 43 x 30 57.0 295 3.0 11.5% Base ” Single explosion wesk
interaction &t surface at
70 ms after entry that did
not propagate
48 18.7 6.8 5.8 61 x 61 226.0 299 12.0 46.0 Surface 29 First explosion
Base 146 Second explosion
68 18.7 7.3 6.5 46 30 63.4 367 3.4 12.9 none - Multiple interactions at
40, 57, 82 and 153 ms after
melt entry, no propagation
or steam explosion
™ 18.7 7.6 n.o. 43 15.2 28.1 291 1.5 5.7 n.o 80 No camera data, time
estimated from water phase
Jauqges
8B 18.7 6.5 29.0 61l x 76.5 283.5 288 15.0 S57.4 Surface 27 Pirst explosion
Base 146 Second explosion
98 18.7 7.0 5.6 61 x 45.7 170.0 289 9.0 34.6 Base 98 Single explosion

3 optical measurement

D melt density 3.8 qlc-3

€ Not observed
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shown in Figures 8, 9, and 10. The first explosion in FITS1B
occurred 142 ms after melt entry and was similar to the
single explosions described above. We estimated that 14 kg
of the total of 18.7 kg of melt was coarsely mixed in the
water prior to triggering of the explosion at the melt-water
interface on or near the water surface. The explosion was
triggered before the submerged leading edge of the mel’' had
contacted the water chamber base, and the direction of prop-
agation was downward at approximately 300 m/s. Pieces of
water chamber and residual water and melt impacted the camera
ports before the second explosion, which was not immediately
observed; this explosion became apparent only when pressure
data became available. Comparison of pressure data and
visual observations showed that there was a second explosion
133 ms after the first.

Chamber air pressure data (Figure 8) showed two peaks due to
the steam explosions and two corresponding pressure plateaus,
followed by a small late-time repressurization.

FITS4B and 8B were attempts to reproduce the FITS1B double
explosion result and to determine if entry velocity and/or
water depth were important initial conditions for a double
caplosion; the results, however, were gquantitatively dif-
ferent from FITS1IB. Only a small quantitv of melt was in
the water prior to a surface-triggered first explosion
(~1.7 kg in FITS4B and ~1.9 kg in FITS8B). These explo-
sions, although not recorded by the water phase transducers
(~60 cm from the explosion site), were observed visually
and were sufficiently energetic to cause the water chambers
to fail; i.e., the walls and water began to move radially
outward toward the camera ports.

Melt fragmentation and mixing in the residual water was
enhanced by the first explosion. We observed that the melt
was fragmented more thoroughly: there were more droplets,
and they were typically in the 5 to 10 mm diameter range.
In addition, the melt was more dispersed, and its velocity
as it fell through the residual water was approximately
twice that observed when no explosion occurred. The second
explosion occurred at approximately the time the melt-water
mixture contacted the water chamber base. Due to the severe
geometry distortion caused by the first explosion, a propa-
gating wave was not visually observed in either of these
second explosions.

Air chamber pressur: data for FITSBB (Figure 10) show the
characteristics of this type of double explosion. At 27 ms
after entry, the small, first explosion occurred that enr

hanced melt coarse mixing in the residual water. The result
of this enhanced mixing was observed as a slow pressuri-
zation of the FITS chamber prior to the second explosion
that occurred 146 ms after entry. Late-time pressurization

~19-
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following the peak from this explosion was smaller than any
others observed, indicating a more efficient explosive
utilization of the melt thermal energy. Similar results
were obtained from FITS4B.

3.4 Saturated Water Tests

Two experiments were done in saturated water. FITSS5B
resulted in a very late melt release due to a signal cable
problem. No camera data were obtained. The melt was

delivered approximately 70 s after thermite ignition (normal
time averagea 20 s) and was probably cooler and more dis-
persed at water entry. No explosion resulted. Data from
this experiment (debris, chamber pressure, and temperature)
may be useful in studying steam spike behavior. FITSéB was
a repeat of 5B and was a successful test. No explosion
occurred, although four disturbances (as described earlier)
were observed. None of these released sufficient energy to
initiate the propagation phase. Figure 11 shows the air
pressure data for this nonexploding experiment. A summary
of the chamber air pressure data is shown in Table 2.
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Table 2

Chamber Air Pressure Data Summary
(Times From Melt Entry)

Steam Explosion Phase _ Quasi-Static team or roge

Explosion Pressure Peaks Pressure Plateau Time to Peak

(s) (MPa) (MPa) Peak Pressure
Expt. 1std 2nd 1st 2nd 1st 2nd (s) (MPa)
1B 0.144 0.282 0.095% 0.197 0.055% 0.142 2.95 0.158
4B 0.029 0.146 0.020 0.500 n.o.b 0.242 4.00 0.138
8B 0.017 0.144 0.01 0.373 n.o. 0.215% 3.9% 0.126
2B 0.087 n.o. 0.220 n.o. 0.080 none 0.90 0.227
3B 0.081 n.o. 0.440 n.o. 0.115% none 1.00 0.500
6B n.o. n.o. n.o. n.o. none none 1.00 0.424
7B +0.20 n.o. 0.01 n.o. 0.004 none 3.60€ 0.485%
(1.20) (0.425%)
9B 0.102 n.o. 0.210 R.0. 0.125% none 4.00°¢ 0.160
(0.60) (0.195)

Time taken from start to pressure rise. Zero time taken from average of two active

melt position sensors 2.5 cm above water surface.
Not observed.

Additional peaks observed in these two experiments that may be associated with steam
or hydrogen production prior to debris settling to the FITS chamber base.



4. ENERGETICS OF THE INTERACTIONS

In a steam explosion, the conversion of melt thermal energy
initially appears principally in two forms: the kinetic
energy imparted to the liquid water initially adjacent to the
fuel-coolant mixture explosion site, and the work done by the
outwardly expanding high pressure vapor (involving a shock
wave) on the compressible medium beyond the outer boundary
of the water region. These two quantities are essentially

independent. At later times, further energy exchange will
occur when the ligquid water and compressible medium become
mixed. This new viewpoint, essentially energy conversion

ratio partition, means that the total mechanical utilization
of the rapidly transferred melt thermal energy is given to
first order by

Neot{t) = ngg(t) + np(t)

with

"xz"%‘f
and

W . bRV

D (v - )9,
where

Qm - melt thermal energy
KE - kinetic energy
AP chamber pressure increase
V -« chamber volume
y - specific heat ratio.
While the second equation for ngg 1is self-explanatory,
the development of the third equation for nmnp requires

discussion, as follows.

In the FITS lucite tank experiments, the partition of con
verted energy into these two terms may have a degree of
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interdependence in the sense that the mass of water around
the explosion source may have a tamping effect on the
strength of the shock wave that compresses the outermost
medium. 1In an actual reactor situation, the interdependence
due to tamping may be greater because there is ar increased
degree of confinement from the walls of the Reactor Pressure
Vessel (RPV) compared with the lucite tank.

For LWR safety considerations, the kinetic energy term may
be related to water slug missile production, which may cause
failure of the RPV head, while the shock wave through the
water initially surrounding the explosion site may induce
RPV bottom failure. The severity of these effects will
probably be ameliorated to some extent since the propagation
phase of the explosion takes finite time, which will limit
the peak pressure available, and there will be an impedance
mismatch between the water region and the RPV wall, which
will result in reduced transmission of incident pressure
waves.

For a better interpretation of the concept of conversion
ratio in the FITS experiments, consider Figure 12a, showing
the FITS chamber as containing only two distinct and sepa-
rated substances, air and water, at ambient pressure, P,,
and ambient temperature Ta. for time t < O. Let the boundary
of system A enclose the water, and let system B be the air
between the bYoundary of system A and the rigid chamber wall.
Next, assume the heat, Qo, is rapidly transferred from the
melt and vaporizes part of the water at constant volume so
that at time t = O, system A (with the same volume as t < 0)
contains two distinct and separated substances: steam at
high temperature, Te. and high pressure, P,, and water
(Figure 12b). It is also assumed that the residual 1liquid
water is at pressure Pg but maintains the original ambient
lower temperature, Tj. (After rapidly transferring thermal
energy Qe down to the thermal equilibrium temperature Ty, the
melt is considered virtually removed from the total system,
6o that it plays no part in events for t > 0.)

At t = O (Figure 12b), system A starts an expansion process,
and this gives kinetic energy to the water (shown schemati
cally as four sectors in Figure 12¢ for t > O) and does
work in compressing the air in system B,

Considering the process for t > O to be adiabatic, con-
servation of energy E for system A requires

f
.;A,|.fi pav|
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where V is volume and i and f stand for initial and final
conditions, respectively.

For energy E assumed to contain only iu*ernal energy Ej,¢
and kinetic energy Eg.

A, = [Bp - B4y

+«+ E + E

(Bine.¢ k.t = Bine.i k.i’la

The work done adiabatically by system A on system B will
increase the internal energy of system B, so that

£
[Jf PdV] = [(MC (T, - Ty
i A

where M is the mass of air in system B with assumed constant
volume specific heat (Cylg.

For simplicity, it will be assumed that gas and vapor motions
for some t > O will be zero when [Pglp = [Pglg. S0 that only
the water in system A will have kinetic energy, (Ex,¢)na-

Hence, from the above equations

(Eint,i - Bint,ela = [(Bg gla + [MCy(T¢ - Ty)lp

Assuming for t > 0 that initially increasing just the pres.
sure of the water from P, to P, in system A increases
its internal energy by only a negligible amount, the last
equation shows that the loss of internal enertqgy of the
high-pressure, high-temperature vapor source in system A
produces kinecic eprergy in the water slug and, by compres

sion, increases the internal energy of the chamber air. In
other words, starting with all water in system A at some
t < 0, addition of melt thermal energy Qo by t - O results
in the independent production of water slug kinetic energy
and chamber pressurization. Hence, measurement of water
masses and associated velocities and measurement of chamber
air pressures (or preferably, as indicated below, chamber
air temperatures) will indicate how the transferred melt
energy Q. has been utilized.

The various assumptions wused above contain some major
approximations, but the principal result will still stand,
and it is possible to maintain rigorously the concept of
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system boundaries and contained, identifiable matter. Devi-
ations in the actual situation will occur, for instance,
because for t > O, the melt will continue transferring heat
in cooling to a temperature below Te during the vapor
expansion phase, and the rapidity of events in the presence
of strong shock waves will not result in a simple, uniform
gas phase zero velocity condition at the assumed pressure
condition [(Pela = [(Pglp. Another deviation will
occur because the water slug will take up sensible heat not
accounted for above, but, in principle, appropriate mass
averages could be established with proper enerqgy accounting
to give an equivalent cold water slug mass and a mass of
high-energy vapor for the start of expansion at t =« 0. In
any case, from the experimental point of view, these inter-
mediate steps are not required, since the erergetic effect
of interest of putting melt into coolant can be determined
in principle with fair accuracy by measurement of water
masses and velocities, and chamber air effects. Practical
difficulties arise in making and interpreting these measure-
ments. The internal energy increase in the chamber air is

PV, - PV,
Bg = (MCu(Te - T g = y -1 Is

where y is the specific heat ratio for air, and an assumed
perfect gas equation of state for air has been used. For
earlier FITS experiments, it was assumed the (Velg = (Vilg.
80 that

: APVi
AEy - Yy - 1|8
where

Use of this expression for AEg overestimated the internal
energy change since [(Velp « (Vilg- However, measurement of
temperature change coupled with mass of air (known by system
definition) gives a more accurate indication of Eg without
the need to determine (Vg¢)g. In analogy with one dimensional
shock tube operation, the temperature [T¢]g should be
measured with fast response (~10 us) instrument located
towards the top of the chamber. In principle, the arrival
of the shock wave (which outruns the contact surface sepa

rating the expanding water vapor from the air being com

pressed) would cause a temperature jump and induce air motion
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(and thus kinetic energy). The shock system reflected from
the chamber top would reduce the air approximately to rest
with further temperature increase, and this temperature (the
stagnation value) would be the most appropriate value to use
for ([Tg¢lg before the arrival of water vapor at the con-
tact surface. The instrument should be installed in such a
way that it would measure this stagnation temperature (rather
than a value related more to the so-called recovery tempera-
ture). In practice, the best-measured value to use for a
stagnation temperature would probably be the highest value
recorded in close time proximity (~20 us) to the observed
arrival of the shock wave, assuming the instrument has prop-
erly stagnated the flow at the sensor head. Deviations from
ithis ideal condition would occur because the shock wave has
spherical characteristics rather than being planar, and there
would be a complicated reflection system from the hemispheri-
cal head of the FITS chamber.

Following the above, the energy released in the steam explo-
sion in the FITS experiments was calculated in twec parts.
The first part used the gquasi-static pressure plateaus
tecorded by the FITS gas phase pressure transducers a4 w s
telated to the amount of work stored in the gas phase due to
the liberation of energy from the steam explosion by shock
wave propagation. The concepts used in this calculation
were taken from classical chemical explosion theories. The
value that resulted is not directly applicable to assessing
damage potential from a steam explosion in terms of missile
generation.

Because these measurements were based on chamber responses
due to shock wave reverberations and debris expansions, and
occur at times on the order of tens of ms after the explo-
sion, effects of water mass and amount of fuel present affect
the measurement. That is, chamber pressure was affected by
the heat transfer from melt unquenched in the rapid propaga-
tion phase to the remaining water. Nonetheless, this cal-
culation was felt to be an indication of part of the strength
of the explosion as it was affected by other experimental
parameters, such as mass ratio, water depth, and geometry,
and could affect LWR safety issues related to containment
damage due to overpressurization.

The second part of the energy release was directly related
to the damage potential of a steam explosion due to debris
acceleration. For this part, measurements of debris veloci.
ties and estimates of accelerated masses were used to cal

culate kinetic energy. These measurements were made within
L to 2 ms after the explosion trigger and were not atfected
by heat transfer effects from unguenched fuel to coolant to
as large a degree as the previous part of the calculations
based on chamber pressures.
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In-chamber experiments (FITSA and B) were used to calculate
conversion ratios (wp) that are analogous to heats of
detonation. Since EXO-FITS experiments (MD, MDC) did not
allow that type of calculation to be done because the expan-
sion volume was infinite, only a conversion ratio based an
kinetic energy (ngg) was possible. In some cases (FITSA
and B), both calculations could be done.

A summary of the data available for conversion ratio calcu

lation is shown in Table 3. The conversion ratios were based
on the total melt mass delivered; in FITSB experiments that
quantity was typically 18.7 kg. It is clear from the photo-
graphic observations, as well as from debris distributions,
that not all the melt was involved in the explosion. Since
at this time there is no precise way of estimating that
quantity, the total fuel mass was used as the basis. (This,
of course, implies a nonconservative estimate of conversion
ratio; i.e., based on mass of fuel interacting, the conver-
sion ratio would be larger than these estimates.)

4.1 Conversion Ratios Due to Chamber Pressure Rise

FITS chamber air pressure gauges (Figures 4 through 11) were
used to calculate a conversion ratio by estimating the hydro-
static pressure that appeared as a pressure plateau follow-
ing the sharp pressure spikes produced by the explosion.
These plateaus, shown in Table i, persisted for times on the
order of tens of milliseconds before thermal energy from the
unreached melt could increase the gas phase pressure, or
condensation effects could decrease L. The plateau
pressures used were those observed between 10 and 30 ms
after the start of the steam explosion spike.

Three sample calculations are shown below to demonstrate the
method: the first is from a single-explosion event (FITS9B)
and the second and third from the double explosion events
(FITS1IB and 4B). The following parameters were held con-
stant for the calculations:

1. Chamber volume, &.6 m3. No correction for decreases
in volume due to water, steam, or hydrogen;

2. Ratio of specific heats, y = 1.3;

3. Fuel thermal energy, CAT = 2.8 MJ/Kkg.
4.1.1 PITS9B (Single Explosion)

Fuel mass = 18.7 kg

Thermal energy stored, Qp = 52.4 MJ
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Table 3

Summary of Data Available for
Conversion Ratio Calculations
(Nonexploding Events Omitted)

Debris Water Chamber FITS Chamber
Velocity Pressure Hist. Pressure
Expt. Radial Axial Wall Base History Comments
MD8 X - ~ - - EXO-FITS Fe/Al,0,
11 X - - - - EXO-FITS Fe/RAl30,
14 X - - - - EXO-FITS Fe/Aly04
15 X - - - - EXO-FITS Fe/Al,04
16 X - - - - EXO-FITS Fe/Alz0,
18 X - X X - EXO-FITS Fe/A1,04
19 X - X X - EXO-FITS Fe/Al03
MDC2 X - X - - EXO-FITS corium
14 X - - - - EXO-FITS corium
16 X - X - - EXO-FITS corium
17 X - X - EXO-FITS corium
FITS2A - - - - - Partial reaction
- no data
3A X - - - b 4 5 kg Fe/Al,0,
SA - - - - X 5 kg Fe/Al,0,
1B X X X - X 18.7 kg Fe/A1203
2B X X - X X 18.7 kg Pe/A1203
3B - X X X X 18.7 kg Fe/Al0,4
4B X X - X X 18.7 kg Pe/A1203
7B - X X - X 18.7 kg Fe/Al,0,
7BR X - X X - EXO-FITS 18.7 kg
8B - X X X X 18.7 kg Pe/A1203
9B X X X X X 18.7 kg Fe/Al70,



Pressure rise to plateau, AP = 0.125% MPa

Energy required to pressurize chamber:

6
_ BV _ (0.125x10°)(5.6) _
O * 7 -1 s 2.33 M

Conversion ratio np

n lQ‘—D‘-
D Qn
4.1.2 FITS1B (Double Explosion)

Pressure records from this experiment were unique inasmuch
as two plateau-pressures were observed as shown in Figure 8b.
Conversion ratios (np) were calculated in two ways. In
the first calculation, the first pressure plateau and an
estimated fuel mass (based on entry velocity and shape) were
used to calculate the conversion ratio. The second calcula-
tion used the total fuel mass delivered and the total pres-
sure rise to the second plateau.

a. First explosion
Fuel mass = 14 kg (estimated)
Thermal energy Qp = 39.2 MJ
Pressure rise to first plateau, AP = 0.0%5 MPa
Pressurizing energy, Qp = 1.02 MJ

. 202 4 506

Conversion ratio, p 39.2

Combined explosion

Fuel mass = 18.7 kg

Thermal energy Qn = 52.4 MJ

Plateau pressure = 0.142 MPa (total pressure rise)

Qp = 2.65 MJ

Conversion ratio, p *
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Table 4

Conversion Ratios (np) Using FITS
Chamber Pressure Histories

Melt Expl. Conwv.
Mass Energy Press. Energy Ratio
Expt. (kg) (MJ) (MPa) (MJ) (np) Comments
1B 14 39.2 0.05%5% 1.02 0.026 First explosion
18.7 $2.4 0.142 287 0.0%1 Combined explosion
2B 18.6 52.1% 0.080 1.49 0.028
3B 18.6 52.1 0.115% 2.14 0.C40
4B 18.7 52.4 0.160 2.98 0.05%7 AP, ramp to plateau
' 0.242 4.5%0 0.086 Tctal pressure rise
>
o 7BA 12.0 33.6 0.004 0.08 0.002
8B 18.7 52.4 0.165 3.09 0.059 AP, ramp to plateau
0.21% 4.03 0.077 Total pressure rise
9B 18.7 52.4 0.12% S+33 0.044
3ab P 14.8 0.012 0.22 0.01%
0.040 0.74 0.050
SA 5.4 15.1 0.020 0.27 n.018

a2 Melt mass involved estimated from posttest debris.

b pressure meacsurement affected by premature chamber venting; two bounds given.




this depends on the geometry of the system; i.e., can masses
be accelerated such that the velocities can be measured
accurately? 1In the FITS and MD experiments, this was not the
case because of the design of the experiment. The debris
velocity and mass distributions were three-dimensional, and
accurate measurements were difficult to obtain. However,
since it is important at least to bound the conversion ratio,
and considering that a commonly accepted definition of con-
- version ratio uses mechanical work delivered, an attempt was
made to estimate the conversion ratio based on kinetic energy
calculations. 1In addition, two-dimensional codes can be used
to study the interactions if some estimate of wall velocity
and water phase pressure are available.

Kinetic energy delivered by the explosion can be estimated
from both MD series and FITS series experiments. Available
data include:

1. Water chamber wali velocity from:
a. High-speed cameras.
b. Water chamber wall pressure vs. time.

2. Water chamber base pressure histories from "rigidly"
mounted base pressure gauges.

3. Water-debris slug velocity from:
a. High-speed cameras (MD-series).
b. Upper FITS chamber head pressure gauges.

4. Melt-water mixture average diameter prior to the
explosion trigger.

5. Initial dimensions and masses.

Calculation of kinetic energy requires that two quantities
be known: (1) velocity of a given mass and (2) the mass
itself. For these experiments, velocities were either meas-
ured directly or were calculated from water chamber pressure-
time data.

4.2.1 Velocity Measurements

The method used to calculate water chamber wall velocity is
described below. Experiment FITS9B is used as an example
because the data from tnis experiment were more reliable;
i.e., wall velocity was also measured using high-speed

cameras. Pressure-time records were numerically integrated

to calculate the impulse delivered tc the lucite chamber

wall. Since the wall is intimately in contact with the
-41-



water, the wall impulse is a good indicator of initial water
and debris velocity.

4.2.2 Wall Velocity Calculation from Pressure Histories

The foliowing relations are used:

* mV
det = A_

feail
Jr Pdt = I = integrated pressure time history from
wall transducer

t = time of explosion

= time where gauge appears to fail (assumed)

p = water chamber wall density, 1.18 q/cn3
§ = water chamber wall thickness, 0.635% cm
V = calculated velocity from impulse measurement.

and
In this experiment, two wall pressure transducers were

located on adjacent walls. A visual measurement of chamber

wall velocity was made of a “hird wall (Figure 13).

A comparison of calculated wall velocity and measured veloc- |
ity is shown in Table 5 and can be taken as typical of all

the experiments.

It can be seen that calculations of wall velocity by the ‘
impulse method bound the actual camera value. The low value
for velocity from gauge 2 was a result of early gauge fail-
ure; 1i.e., the total integration time was 1.5 ms versus
2.6 ms for gauge 1. When camera data are available, they
are reduced for the required velocities, and impulse measure-
ments are used as a check. In some cases, there are no
camera data, as in FITS7R. In this case, an average inte-
grated impulse was used to determine velocity. It is
entirely possinble that each of the walls had a different
velocity due to lack of symmetry in a given experiment.
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Figure 13. Chamber Wall Measurements
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MD series experiments done EXO-FITS chow that individual
wall velocities for a given experiment agree within 20 per-
cent, indicating that the best velocity to use is the visual
one, at least at this time.

Table 5

Wall Velocity FITS9B

Percent of Total Integration
Method Velocity @ Camera Vel. Time for Impulse
Gauge 1 11,300 cm/s 118 2.6 ms
impulse
Gauge 2 5,700 cm/s 59 1.5 ms
impulse
Camera 9,600 cm/s 100

Visual observations show that most of the mass was contained
in an expanding cylindrical region, at least early in time
(volume expansion -4 times). However, it was also observed
that there was a vertical component of velocity that could
also affect the kinetic energy. This velocity was measured
in the FITS chamber by using upper-chamber head pressure
gauges to reccrd average velocity of debris driven by the
explosion (Figure 14).

Experiments done EXO-FITS do not have a direct measure of
this velocity since we concentrated on the mixture zone in
these experiments with the high-speed cameras.? However,
estimates of debris velocity could be made with pressure
gauges located in the water chamber base, as described later.

4.2.3 Mass Estimation

This quantity is the most difficult to determine because of
the experimental method; i.e., weak confinement that allows
expansion in all directions. 1In order to estimate the masses
involved the following assumptions were made:

1. The water chamber wall and surrounding water moved
as a coherent mass during the time of measurement,
and only the water surrounding the melt-water mix-
ture was the mass used.

2. The vertical slug of debris moved as a coherent mass
at the average velocity.
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3. The lateral expansion was cylindrical; 1i.e., each
wall moved at the average velocity calculated by
impulse measurements or as visually measured with
high-speed cameras.

4. No mass was accelerated downward.

Assumption 1 results in lower than actual mass because some
of the water -melt mixture also expanded. Assumption 2 will
result in a lower than actual mass because the method used
for mass estimation relies on average velocity., and the
distance that the debris has to travel will be smaller than
initially because some mass may already be in motion ver-
tically prior to the explosion. Hence, it has an initial
velocity and is closer to the wupper head transducers.
Assumptions 3 and 4 are reasonablc, based on visual observa-
tions from the experiments. A visual representation of the
assumptions is shown in Figure 15.

The method for estimating the lateral mass is given by the
following and Figure 16

HL pw(vl v Vm)

where

py = water density

Vi = initial water volume

Vp = volume occupied by the melt-water mixture
and

WD:

Vp © T3 D

where

h - water depth including level swell
Dp : measured melt-water mixture average diameter.

The vertical mass component estimation was basesd on two
measurements: the average debris slug velocity (Figure 13
and 14) and the water chamber base pressure time histories.
These two data were used in the following way to estimate
the vertical mass.
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Figure 16. Lateral Mass Estimation

Pl

where

1 = [pdt averaged from a maximum of three base
transducers

A = Water chamber base area

s
"

Average debris slug velocity from initial
distance and transit time from explosion
(Figures 14 and 15).

The kinetic energies are then calculated by

KEp = KEy + KEp
where
KEy - 3 MyVy
KE, = 7 M V[
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4.2.4 Sample Calculation

A sample calculation using the above method is shown below,
using data from FITS9B.

Lateral Direction
= 9600 cm/s from cameras

35.6 cm

g &

M = 51.6 cm

Vg = 51,362 cm3
Vi = 171,166 cm3
My - 119,804 g

1 % (119,804)(9600)% - 0.55 MJ

=
m
i

Vertical Direction

I - 60.3 x 103 dyne-s/cm?
A - 612 cm?2 - 3721 cm?
V,, = .. . 9460 cm/sec

v At
Hv = 23,718 g

1 2
KE, = 5 MVy = 0.11 MJ

Total kinetic energy
KEp = 0.66 MJ
Conversion ratio
O = (18.7)(2.8) 52.4 MJ

. 2:86 _ 4 013

"KE T 52.4

Conversion ratios (n) were calculated assuming that the
rotal melt mass delivered was involved in the explosion,
since it is not evident from debris distributicns what melt
mass was involved, especially in the cases where two sepa-
rate explosions occurred. The values for ngg and n1p
obtained from the experimental data are shown 1in Table 6.
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Table 6

FITSE Steam Explosion Results

Melt
Water Mass
Initial volume Melt Melt? Averag.d
Mass ___Dimensions Mass Energy Particle Conversion Ratio
Ratio Area Depth Mg Om Size h )
Expt . /M (m?) (m) (xg) (mJ) (pm) e "o Comment s
18 16.0 0.37 0.61 14.0 39.2 242 1.1 2.6 First explosion
12.0 18.7 52.4 242 % nxg Not avallable
2B 6.0 0.37 0.30 18.6 52.0 2406 1.6 2.8
38 3.0 0.18 0.30 18.56 52.0 1174 1.3 4.0
48 12.0 0.37 0.61 18.7 52.4 332 1.3 $.7 A from ramp to plateau
332 -3 8.6 (Figure 5) Total AP
78 1.5 .18 0.1% 12.0b 33.6 9012 0.3 0.2
88 15.0 0.37 0.76 18.7 52.4 162 1.5 5.9 A from ramp to plateau
1.% .7 (Piqure 5) Total AP
98 9.0 0.37 0.46 18.7 52.4 1040 1:3 4.4

3 pased on 2.8 MJ/kg.

D Meit mass estimated from posttest debris. Only fragmented melt quantity used. Initial mass ratio based on
18.7 kg delivered.



They are also plotted against initial water/melt mass ratio
in Figure 17 and in Figure 18 agains® water depth.

These figures show that the conversion ratio ngg did not
vary significantly with either wass ratio or water geometry
with the exception of the extremely lean mass ratio (FITS7B).
The values calculated from chamber pressure data for np
show a dependence on these two parameters. Although the
test matrix was rather sparse, this result suggests that as
the water/melt mass ratio increarsed, the associated tamping
increased the total utilization of the converted thermal
energy. Then, since the kinetic energy held roughly con-
satant, it would follow that the stored energy conversion
ratio would increase.
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5. DEBRIS CHARACTERISTICS

The sieved debris are characterized by the mass averaged
particle size as shown in Table 2 and plotted versus total
conversion ratio, ngge. in Figure 19. This figure, together
with Figures 17 and 18, show that mass ratio, water geometry,
and debris size are related to the total converted encrgy of
a given steam explosion; these aspects are under continuing
investigation. Debris distributors for 1individual FITSB
tests are included in Appendix B.
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6. CONCLUSIONS

UUnder certain conditions, multiple explosions can occur in
subccoled water, and a relatively weak explosion can provide
energy to enhance coarse fragmentation in a larger melt mass,
This enhanced fragmentation may either increase total steam
explosion yield (more melt involved) or late-time pressuri-
zation due to steam generation.

Aithough not yet thoroughly understcod in these experiments,
water temperature is an important parameter. Spontaneous
trigger sites observed in saturated water were not of suffi-
cient strength to cause escalation into the propagation
phase at this melt mass scale. There may be a melt mass
threshold that depends on water temperature. The melt mass
tihireshold for spontaneous explosions was found to be 1.8 kg
for iron-alumina and 4 kg for corium A+R in 70° to 80°C sub-

cooled water. In other aspects studied to date, the explo-
sibility of corium A+R appears to be closely similar to
iron-alumina. Steam explosion Kkinetic energy conversion

ratio, ngg. 1is relatively insensitive to initial mass ratio
and depth and ranges from 0.3 percent to 2.6 percent over a
mass ratio range of 1.5 to 57 when combining all the data
for iron-alumina subcooled water tests.

The chamber pressurization conversion ratio, mnp., ranged
over values from 1.8 percent to 8.6 percent and was sensi-
tive as to whether a single or double explosion was involved.
When considering the total utilization of transferred thermal
energy from a melt, a value of ngoy = Mgkg + Mp = 2.9 percent
occurred with iron-alumina when producing a double explo-
sion. Although now established as independent quantities,
the rather liarge individual variations in ngg and np might
have been due to effects such as the following: some of the
melt that did not participate in propagating steam explosion
might have vapcrized water in the early expancion phase; the
amount of fuel that participated might have depended on the
mass ratio, geometry, and type of explosion (single or mul-
tiple). As stated above, we are not implying that 9.9 per-
cent of the available thermal energy represents the work
fraction that would lead to missile generation or dynamic
vessel failure in a hypothetical reactor accident. Rather,
the 9.9 percent represents the maximum work available in a
particular FITS experiment, deduced from chamber pressuriza-
tion and material motion measurements. We emphasize that
extrapolation of this result to a reactor accident requires
a large amount of additional analyses; these analyses com-
prise a major task of the ongoing program at Sandia.

From a limited number of tests, an experimental investigation
of the interaction of molten iron-alumina (Mg - 18.7 kg)
with varying masses, M., of water produced the following
results:

S




For a water subcooling of AT = 75° to 85°C, the
interaction was always explosive for 1.5 < M./Mg
< 15.

In particular, for 12 < Mo/Mg < 15, the interaction
produced two explosions separated by 120 to 140 ms.

For 3 < Mo/Mg < 15, the kinetic energy conversion
ratio was approximately constant at an average value
ngg < 1.3 percent.

The chamber stored energy conversion ratioc, np.
increased with M./Mg¢g and reached values in the
range o¢f 5.1 percent to 8.6 percent when double
explosions occurred.

With double explosions, it appeared that the first
explosion enhanced <coarse mixing for the second
explosion.

For liower subcooling (AT ~ 1°C) in one test, several

trijger-like perturbations were observed, but ncone
was strong enough to produce a propagating explosion.
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