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If a compiete failure »f normal and emergency coolant flows occurs in a light water
reactor, fission product decay would eventually cause melring of the reactor fuel, leading
10 contact with water. An energetic fuel-coolant interaction (sieam explosion) may
resuit. Experiments were performed at Sandia National Laboratories in which =% to
20 kg of molten fuel simuiant were delivered into water in which the water mass was
1.5 1o 50 times greater than the fuel. These experiments in subcooled and saturated
water showed thai spontaneous explosions-occurred over the range of water fuel mass
ratio and that in certain experiments multiple explosions occurred. The kinetic energy
conversion ratio was <2%. A model is proposed 10 describe the fuel-coolant mixing
process. The modei i compared (0 these \niermediate-scale experrments. Additional data

analysis indicates that the steam expiosion (s affected by the mixing process.

INTRODUCTION

Given the absence of adeguate cooling water to the
core of a light water reactor (LWR), the fission prod-
uct decay heat would eventually cause the reactor fuel
and cladding to melt. This could lead to slumping of
the molten core materials into the lower plenum of the
reactor vessel, possibly followed by failure of the
vessel wall and pouring of the molten materials into
the reactor cavity. Recent analyses ' have indicated
that residual water is likely to be present both in the
lower plenum and in the reactor cavity. Therefore,
when the molten core materials enter either region,
there is a strong probability of moiten core contacting
water. The physical process by which the molten
sore (“fuel') contacts and mixes with the water
(coolant’) is important for three reasons:

|. It has the potential for rapid steam generation
from a fuel-coolant interaction (FCI) either
energetic (steam explosion) or nonenergetic

3. It is a source of combustible hvdrogen from the
oxidation of the metallic components of the
molten core (e.g., iron, chromium, and
zirconium).

3. It will affect the size of the fuel debris.
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This paper focuses on recent FCI experiments
(designated Fully Instrumented Test Series (FITS)]
conducted 2t Sandia Nationa: .aboratories® (SNL).
These FCI1 experiments are characterized by

1. fuel mixing with the coolant in a drop model of
contact

2. triggering of the explosion before or at base
contact

3. propagation of the explosion through the fuel-
coolant mixture producing high pressure cooi-
ant vapor

4. expansion of the explosion products producing
mechanical work.

First, the experimental apparatus used by the SNL
personnel is described. Then data from the fuel-
coolant mixing phase are analyzed and criteria are
proposed for limits for fuel-coolant mixing. Finally,
the explosion data are presented and analyzed relative
to the explosion conversion ratio, chamber pressuri-
zation, and the debris generated.

EXPERIMENTAL APPARATLUS

The FITS experiments®’ were conducted both
outside and in a containment chamber (Fig. 1). The
earlier tests outside the chamber were performed to
perfect instrumentation and melt delivery tcchnicwes
(MD and MDC series) while mixing behavior Was
observed; the in-chamber experiments allowed more
detailed measurements of the explosion conversion
ratio. chamber pressurization, and the collection of the
explosion debris.

The water interaction chambers used were de-
signed such that water volumes were in the form of
rectangular parallelepipeds, with square cross-sectional
areas and open tops. These were fabricated from clear
6.3.mm-thick Plexiglas (methyl methacrylate) stock in
sizes calculated to result in initial water-to-fuel mass
ratios of 1.5:1 to0 50:1.

The in-chamber experiments were instrumented
with pressure transducers in the water chambper base
and side walls 1o measure water phase pressure, in the
chamber upper head to study debris siug sharacter-
istics. and in the FITS chamber side wall ports to
measure the gas phase pressure. Melt delivery was

‘D E. MITCHELL. M. L. CORRADINI. and
W W TARBELL. ‘Intermediate Scale Steam Explosion
Phenomena: Experiments and Analvsis,” SAND $1.0124,
Sandia Natonal Laboratories (1981)

‘M. BERMAN, “'Light Water Reactor Safety
Researsh Program Semi-Annual Report, October 198 1.
March 1982, SAND 82-1472, NUREG CR-284i (to be
published).
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initiated automatically through the use of probes in the
crucible that sensed when the thermite reaction was
compiete. Meit entry time was measured by photo-
diodes 2.5 ¢m above the water surface; shape and
velocity of the melt at water impact and during mix-
ing were recorded by high-speed cameras. Debris
recovered from the experiments was characterized
by sieving, using sieve sizes ranging from 38 um 10
25 mm.

The fuel used in these experiments was prepared
by a metallothermic (thermite) chemical reaction.
The resulting fuel melt consisted of either iron alu-
mina (58 wi iron, 45 wt™ alumina) or Corium
(CORIUM-A+R; UQ:-Zr0O;-70 wt™, stainless
steel-30 wt) at a theoretical (maximum) temperature
of 3100 K. This corresponds to an internal energy con-
tent of 3.3 MJ 'kg for iron alumina and 1.8 MJ kg for
the Corium. Calorimetry tests indicated that the actual
fuel internal energy was ~90% of this value.*" This
suggests a fuel melt entry temperature into the water
pool of ~2800 K; this value is in agreement with op-
tical pyrometer measurements made in a few tests. The
iron alumina was used more extensively in these tests
because it is an inexpensive high-temperature simulant
for the actual fuel melt (Corium).

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 con-
trolled for the majority of the experiments and was
between 309 and 319 K. Three experiments were done
with saturated water at 368 K.

FUEL-COOLANT MIXING

Past research into fuel-coolant mixing (sometimes
called “'premixing’’) has been directed at predicting the
physical limits for which mixing could or could not
oceur. Fauske® and Henry and Fauske® originally
proposed that the fuel-coolant interface temperature
on liquid-liquid contact must exceed the spontaneous
nucleation temperature (approximately equal to the
homogeneous nucleation temperature) to allow pre-
mixing and an energet:c FCI: the homogeneous nucie-
ation temperature for water is f83 K. The physical
picture was that stable film boiling is established above
thus limit for a liquid-liquid svstem, and this allows the
fuel time to penetrate and mix with the coolant. For
the LWR svstem, the fuel (UO,, ZrO;, steel) and

*H. K. FAUSKE, "Some Aspects of Liquid-Liguid
Heat Transfer and Explosive Boiling,”' Proc. Fast Reactor
Sarery Mrg.. Beveriv Hills, Caiiforma, April 24, 1874,
CONF-"40401, LU.S. Atomic Energy Commission (1974)

‘R. E. HENRY and H. K. FAUSKE, "Nugleation
Charactenistics n Phvsical Explosions.”” Proc. Thrd
Specialist Mig. Sodium Fuel Interaction in Fast Reactors,
Tokvo, Japan. March 1976
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coolant (water) easily sausfy this first criterion (inter-
face temperature calculated to be well in excess of the
water critical temperature, 647 K). This criterion sould
e considered necessary but not sufficient,

Cho et al.'" proposed that bevond this criterion,
consideration must be given to the energy used in fuel-
coolant mixing that creates more surface area and

D. H. CHO e al., “"Mixing Considerations (or
Large-Mass, Energetic Fuel-Coolant Interactions,’” Proc
iNS ENS Fast Reactor Safery Mrg., Chicago. [llinois.
October 58, 1976, CONF-"61001, American Nugclear S0
siety (1976)

The FITS containment chamber

overcomes frictional effects. He concluded that fric-
tional effects dominate the mixing process and
deveioped a simple model to estimate the minimum
required energy, £, for progressive mixing of the
fuel and coolant:

, = 2 21
E, = | 8l0,F | == :’-D—-» int 1)
4l Den )

(A Nomenclature appears on p. xxx.) LUsing this ap-
proximate model, the energy required [or fuel-cooiant
mixing can be calculated and compared to that
available as thermal energy in the fuel, E.,. If E. is
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substantially less than E,,, then it indicates that
mixing is possible from an energy standpoint.

Recen,'y, Henry and Fauske''''* proposed a
simple model to predict the minimum fuel diameter
possible during fuel-coolant mixing. They base this
model on the physical concept that the fuel can break
up and remix with the water to a uniform size no
smaller than that which would prevent liquid from
entering the mixture zone; i.e., the fuel surface area
increases (diameter decreases) to such a degree that
steam generation stops liquid water inflow. To deter-
mine this minimum diameter, D, they equa.e the
energy transferred from fuel to coolant in the mixture
1o the critical heat flux (CHF) in pool boiling (¢éwr)
multiplied by the cross-s- *ional area of the coolant.
The CHF was viewed as an approximate hydrody-
namic limit for steam outflow and water inflow (one-
dimensional, counterflow, steady state). The minimum
diameter is given by

Doy = S Gdion.

- ) (2)
0rA GCHF

where
Qarop = 0T} = T) + hgm( T = To) . (3)

Again this model can be viewed as an approXimate
physical limit. This physical model is geometrically
approximate in (wo important respects: [t assumes that
the critical limit is reached in a planar surface neglect-
ing cransient effects, and it assumes that a counterflow
of water and steam occurs, neglecting the possibiffty
of steam outflow from one surface and water in-
flow ‘rom another surface (multidimensional effects).
These omissions cause the model to neglect important
effects. Mixing is not a static process occurnng regard-
less of time; rather, it is a dynamic process always
occurring to some degree, allowing the fuel to frag-
ment to smaller and smaller sizes. For example, in the
model by Henry and Fauske [Eg. (2)], the cross-
sectional area of the chamber, 4., should be replaced
by the time-varying surface area of the fuel-coolant
mixture. This would be the proper area for applying
this flooding limit. Disregarding this concept might
prompt one to seek strict limits to mixing, which are
time independent; rather, the physics seem (0 suggest
such limits are highly time dependent.

During the FCI, the approximate rate of fragmen-

R. E. HENRY and H. K. FAUSKE, ""Core Meit
Progression and the Attainment of a Permanently Coolabie
State.”’ Proc. Mig. Thermai Reacror Fuels (Topl. Mtig.
Reactor Safety Aspects of Fuel Behavior), Sun Valley,
Idano, August 2-6, 1981, American Nuclear Societ: 1981),

'R, E. HENRY and H. K. FAUSKE, "Required
Inittal Conditions for Energetic Steam Explosions,”” Fuel-
Coolant Imeractions, HTD-V19, Amencan Society of
Mechanical Engineers, Washington, D.C. (1981)
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tation and the final debris size is empirically known
from small- and intermediate-scale experiments.® "’
These experiments indicate that the fuel fragments
quickly (100 to 300 us) to small sizes (from 1-
10-mm to 30- to 150-um mass average). Knowing the
empirical debris size distribution, one can calculate the
available surface area.

Recent Mixing Data

During a severe accident, fuel-coolant contact can
occur in one of two ways: The fuel can pour into a
water-filled cavity by gravity (or under pressure), or
the water can reflood a cavity containing molten fuel.
In the former case, the fuel falls through a coolant and
mixes with it. In the latter case, the fuel is stratified
with the coolant on top, and a slow quenching is the
most probable result. [n regard to fuel-coolant mixing,
the former contact mode is of greater concern because
of the possibility of a steam explosion during the
mixing process. The stratified contact mode could also
produce steam explosions, but the mixing wouid prob-
ably be limited by the initial density stratification.

This drop (pouring) contact mode was used exten-
sively in FCI tests at SNL (Refs. 6, 7, 13, 14, and 19).
In these tests, the hot fuel enters the water pool in film
boiling and begins to distort in shape. As it continues
to fall through the pool, it breaks apart into smaller
pieces and muxes with the surrounding water while still
in film boiling. These smaller pieces may subdivide
further as the steam produced in film boiling flows out
through the top of the fuel-coolant mixture and
escapes the pool as water flows in from the sides. The
mixture grows radially as the fuel, now mixed with
water and steam, continues to fall through the pool,
finally reaching the chamber base. Usually, one of two
possible events occurs: An energetic FCI (steam explo-
sion) is triggered, or the premixed molten fuel settles
on the chamber base, reagglomerates, and eventually
quenches. During this transient fall phase of the fuel
through the water pool, one reason for breakup is
inertual forces generated by the fuel initial relative
velocity v and differences in density (0,10 o). If the
fuel mass is large (characteristic diameter D. large), or
its relative velocity high, its characteristic Weber

‘M. BERMAN, “*Light Water Reactor Safery
Quarterly,”" SAND 80-1304, Sandia National Laboratories;
Jan.-March. | of 4 (1980); April-June, 2 of 4 (1980): July-
Sep.. 3 of 4 (1981); Oct.-Dec., 4 of 4 (198]).

‘L. D. BUXTON, W. B. BENEDICK, and M. L.
CORRADINI]. *‘Steam Explosion Efficiency Studies:
Part [l==Corium Experiments.’”” SAND 80.1234,
NUREG CR-1746, Sandia National Laboratories (1980)

‘L. D. BUXTON and W. B. BENEDICK, ‘‘Steam
Explosion Efficiency Studies,”” SAND 79-1399, NUREG
CR-0947, Sandia National Laboratories (1980).
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TABLE "

Fuel Fragment Size Data During Mixing for FITS Experiments
| l | Mass of Ave..ige Fuel Fragment l
| Molten Fuel® ' 4 : Size-Base Contact l
l Entry | Coolant | y Time to ‘ —
FITS Mass | Velocity | Depth | dase Contact, Visual® | Posttest® 8
Test Composition (kg) (m/s) l (m) , * ¢t (ms) | (mm) | (mm) |
f i —
MD-8 Iron alumina 4.7 64 | 071 | 180 | 8 | Expiosion i
MD-11 Iron alumina 4.7 42 | o0m | 162 | 8 | Explosion ;
MD-12 Iron alumina 1.46 53 ‘ 0.457 | 135 g ! Explosion v
MD-15 | Ironalumina | 1.88 | 46 | 043 | 121 |7 | Explosion |
MD-16 Iron alumina 1.85 5.4 0.43 | 121 ‘t 7 l Explosion I
MD-18 Iron alumina 2.74 s1 | 0535 146 ; 9 | Explosion |
MD-19 Iron alumina 5.1 l 59 | 061 | 172 5 7 | Explosion l
| MDC-2 Corium | 41 | 60 | 0353 | 150 % 11 ‘ Expiosion g
MDC-16 | Corium 8.8 60 | 0353 | 140 ' 12| Explosion |
FITS-1A | Iron alumina 1.95 62 | 043 | 115 :_ 7 | 2 (partial interaction) |
FITS-4A Iron alumina 4.3 l 7.0 0.61 ‘ 140 1 7 l 4 (partial interaction) J

3Fyel was either iron alumina (Fe-33
wt).

>Visual data based on camera speed of 2000 o 9000
expiosion.

——

In the FITS experiments, a wide range of condi-
tions was investigated using molten iron alumina and
Corium as the fuel. The experiments analyzed for their
mixing behavior are listed in Table [; the dimensiomless
time ranged from 0< 7~ <3, and characteristic
Weber numbers of 1000 < We < 10 000. In all of the
experiments performed, the width of the water
chamber was large compared to fuel diameter; subse-
quent FITS tests investigate this parameter.

The mixing data from some of the FITS ex-
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Fig. 2. Correlation of FITS mixing data, height versus
time.

wt%, Al,O;-4 wt¥) or corium (UO,-33 wis, ZrC.-17 wtT, stainless steel-30

fps and posttest mixing debris are not obtained when there is an

periments are plotted as a function of ¢/75,(77) in
Figs. 2, 3, and 4. Mixture properties are used for the
metal-oxide fuel in these calculations. First, note that
the data follow similar trends for the range of 2xper-
iments performed to date (1 <m,<20 kg). If one
plots the same data as a function of the other dimen-
sionless time /g, the same trends are observed
(Figs. § and 6). Subsequent experiments might be
performed at larger scales to determine if these dimen-
sionless groups can still successfully correlate the data,
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Fig. 6. Correlauon of FITS mixing data, mixture
volume versus ume.

or what other groupings are appropriate. [n particular,
the fuel fragment diameter, the mixture volume, and
displaced water volume are important, since they
determine the fuel surface area and the average volume
fraction of fuel and steain. Knowing these quantities
would aid in predicting steam and hydrogen generation
rates.

Finally, if one compares the trends of H,,/D,and
D,, Dy for these FITS data with previous data from
isothermal tests, one finds that the rate of growth of
the fuel coolant mixture in FITS is slower for a given
time than for isothermal tests. This seems to suggest
that the steam generated in these tests adds compliance
to the fuel-coolant system and slows fuel-coolant
mixing over a given time span.

The data for the observed fuel fragmcm size
Dgg /Dy are not plotted, but are tabulated in Table I.
This is because the visual data could only be obtained

at the end of the test near base contact when the fuel-
coolant mixture was large and the fuel droplets could
be individually measured. It is recognized that visual
measurement of fragment sizes is prone to larger
errors. The diameter measured may be larger than the
actual diameter due to the luminous image the drop
creates on the film; the posttest debris data bear this
observation out for two other FITS experiments (FITS
1A and 4A).

The previous correlation of test data applies as the
fuel falls through the coolant. If the coolant chamber
is narrow and its depth shallow, mixing during the fall
phase would be impeded or stopped. Also, the effect
of structure on the mixing process is not known.
Mixing on the chamber bottom would probably not be
very efficient. Current FITS data indicate in the
absence of an explosion that the melt falls to the base
and reagglomerates as it quenches. There are no
definitive data to indicate how effective the fuel-
coolant mixing is on the chamber base.

Limits to Fuei-Coolant Mixing

If the steam generation rate becomes 100 large as
the fuel and coolant mix the fuel (or coolant) could
be rapidly carried out (fluidized) of the mixture and
mixing would be impeded. It is important that one
identifies these physical limits to mixing because they
represent the bounds that would be set on this
dynamic process.

The effect of the physical boundaries is qualita-
tively obvious, although not guantitatively known.
Base contact would most likely trigger an energetic
FCI (steam explosion) as the FITS data indicate. If
not, the fuel settles on the chamber base and slowly
quenches. However, in the accident the decay heat
power combined with the fuel moiten state may cause
prolonged thermal attack of congrete basemat. The
gases generated by this concrete decomposition would

'
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bubble through the fuel and may enhance fuel-coolant
mixing in this stratified geometry.

Limits on fuel-coolant mixing due to sieam genera-
tion could cause the fuel (or coolant) to be carried
away with the steam flow. One would expect the mix-
ing process to be seif-limiting; i.e., given sufficient
time, the fuel would mix and break up to an average
size no smaller than that which would cause the liquids
to be fluidized and swept away. The fuel dropiet
distribution and the average diameter Dggp may be
larger than this limit if time is short (due to a small
water depth or a triggered explosion). In addition,
because the fuel enters the water in a pouring mode of
contact. the mass first to reach the coolant chamber
bottom would be better mixed than fuel at the top of
the water pool. Therefore, if one were to identify this
limit on mixing, it would represent the minimum
average fuel diameter to which all the fuel falling
through the coolant could fragment before the mixture
would begin to be fluidized.

To find this m.nimum fuel diameter Dgg for the
case of fluidization of the fuel droplets, one would
equate the velocity needed to fluidize a particle vg to
the steam velocity v, at any location in the fuel-
coolant mixture caused by fuel-coolant heat transfer.
Based on a steady-state momentum balance, the
fluidization velocity for a single droplet is given.by

-

4 D , 172

(12)

where o, is the steam density, g is the gravitationaj'ic-
celeration, and Cp is the drag coefficient, corrected
for the effect of an array of droplets®=* (Cp~1).
Now. the steam velocity cannot exceed this value or
the fuel droplets will be swept away. This would first
occur at the top of the mixture where all the steam
from the whole mixing zone exits to maintain equal
pressure with the ambient. Let us consider the steam
velocity at the top of the mixture, realizing that the
fuel droplet diameter determined from this simple
analysis would signal the beginning of the fuel
sweepout. Actually, the average fuel diameter In a test
could fall slightly below this limit before a majonty of
the fuel begins to be swept away. The steam velocity
at the top of the pool is found by an energy balance
10 be
mL'oc

- (13)
O, Am&,

1
[ A

trop

'] COLLIER. Convecrive Boiling and Condensation.
\MeGraw-Hill Book Company, Inc., New York

2nd ed..

(1981)
3G, WALLIS, One-Dimensional Two-Phase Fiow,

nd ed., Chap. 12, p. 378, McGraw-Hill Book Company,

Inc.. New York (1981).
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Note that all t..e energy transferred from the fuel to
the coolant was assumed to go into producing steam
primarily by black-body radiation. These assumpuons
neglect subcooling of the coolant and the reduction of
the radiation view factor due to properties and radia-
tion to other fuel particles. Also, the steam film
separating the fuel drop from the water may absorb
some amount of the radiative energy from the fuel.
This would reduce fuel heat loss and the steam genera-
tion rate. While this effect would not be very impor-
tant at the low pressures of the FITS tests, this would
become very significant for the full-scale application
where very high system pressures are possible (=170
bar). This may drastically reduce the steam generation
rate and allow for mixing to a smaller fuel diameter.
Finally, in estimating the radiative heat transfer, the
average fuel droplet temperature 7. was used. The
correct fuel temperature to be used should be the sur-
face temperature of the fuel drop, which would be
lower due to the conduction resistance in the fuel
droplet. This approximation also overestimates the
radiation heat loss from the fuel and therefore
overestimates the rate of steam generation. Although
one may consider these second-order effects, all of
them would reduce the effective heat flux from the
drop, Gdrop, and reduce the predicted minimum mix-
ing diameter (i.e., allow more mixing). When all of
these terms are substituted back into Eg. (13). the
result is

=

Liop

ar\ [ 64 H
() (e ) ( =2 (16)

&y D:'i,"g / DFR[}
where H,, is the mixture height. When the two

velocities are equated, one gets for the average
minimum mixing diameter

3 P 4 6q“"f"‘€ :
Der, = (=] (= =
FR ( 3 ) { & { e
x ————CDH%[ ) .‘i i | ¥
g | o

Remember that all the assumptions used to derve
this simplified mixing diameter limit predict the
threshold for fuel sweep out from the top of the mix-
ture. Average fuel sizes could fall slightly beiow this
limit before a major fraction of the fuel would begin
to be fluidized. For example, if one sgquated these
velocities near the bottom of the mixture (e.g.. the
lower third of V,,) to assure a majority of the fuel
would be swept out the predicted Dgp, would
decrease by a factor of 2. Also, realize that this is a
quasi-steady limit and applied onl} insofar as one
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knows the mixing zone conditions (i.e., volume frac-
tions in mixing zone at a given time as calculated from
Figs. 2 and 3) at any point in time. The empirical
correlations developed from FITS tests that were just
presented would give one the initial conditions needed
to use this model.

Note that this physical limit is dxtferent from the
model proposed by Henry and Fauske.”'' In this
model, the physical picture is that the steam flows out
the top of the fuel-coolant mixture, water flows in
from the bottom and sides, and the fuel falls and
disperses radially. This picture is more in line with the
delgsris bed sweepout concepts put forth by Rivard et
al.®

To find the minimum fuel diameter for the case of
fluidization of the coolant that enters the mixing zone,
Dgg,,, one would perform the same analysis as
before, except the fluidization velocity is based on the
coolant length scale D.. If one assumes that the

=328
ratio of the coolant volume surrounding a fuel droplet
to the fuel drop volume is proportional to the ratio

of the total coolant volume to the fuel volume in the
mixing zone, the result is

D?

)(pc/pb)‘ * (18)

—

M (19)

21 B. RIVARD et al., “‘Report of the Zion/Indian
Point Study,”” SAND 20-0617/1, NUREG/CR-1410,
Chap. 6, Vol. 1, Sandia National Laboratories (1980).

3
where ¢ is the coolant volume fraction in the mix-
ture. This gives a relation between D, and Dgg,;:

(20)

The result in combination with Egs. (9) and (13)
gives and estimate of Dgg,:

{3\ [ o\
DFRu:‘;) (0‘_)

D.= DFR“(ac, (1_/)‘A ’ .
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The same comments concerning Dgg, are appli-
cable here; the volume fractions of fuel and steam are
needed from the experiments or separate analysis to
employ this model.

A prediction of the rmmmum fuel mixing diameter
due to fluidization can be made using Egs. (17) and
(21). These calculations could be compared to the
actual data of Dgg (Table I) to determine if the model
is in agreement with the observed data. The resuits of
the calculation are presented in Table II, and the
agreement between the model and the data is good.
The agreement between the proposed mixing limit and
the data also suggests that the fall time was sufficiently
long (2.5 < T* < 5) to allow the fuel to break apart
to a small diameter. One could use this criterion of
dimensionless time to predict the mixing time and
minimum diameter for larger scale FCI events.

Note that in all the tests the fuel mass was a mix-
ture of an oxidic phase (UO,-ZrO; or Al;O,) and a
metallic phase (stainless steel or iron). In the calcula-
tion, it was assumed that the heterogeneous mixture
behaved as a homogeneous fuel with average mixture

(21

TABLE II
Prediction of FITS Mixing Behavior

(Calculations are based on volume fractions from FITS data and measured fuel temperatures of ~2700 K.)

; ! i Minimum | Maximum Steam I Maximum Hydrogen |
‘ : | Mixing Diameter | Generation Rate Generation Rate :
| Time to ! |
FITS ’ Base Con(act { D.‘R; DFﬁ” DF?] DFR” DFR] DFN” |
Tests T =t/7y {mm) (mm) (g-mol, s) (g'mol/s) (g'mol. s) (gmol.s) |
MD-8 4.33 6.5 8.3 | 101 79 ‘; b A 7 1.7
| MD-11 ! 2.61 | 8.3 10.4 : 79 . 63 r 1.7 l 1.3 {
| MD-12 | 1.38 BN 9.5 | 0 | 32 | o098 | om |
| MD-15 | 2.78 | 63 | 82 | 3 % | 0.8 0.66
MD-16 | 2,63 63 | 82 | 33 | 2 0.58 0.66
MD-18 | 3.36 1.2 9.7 19 3 1.04 0.81
MD-19 - 7.0 8.9 81 hd 2.4 1.7
MDC-2 3.26 6.0 }2.1 76 38 2.0 .0
MDC-16 2.61 6.0 12.1 156 | "8 4.3 3.1
FITS-1A 3.56 58 | % 47 37 0.98 0.77
FITS-4A 1.56 23 | 93 32 i 65 1.8 1.4
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Fig. 7. Limits to fuel-coolant mixing. -

properties. This is a reasonable first approximation
based on the data,*® indicating that posttest debris
was compositionally homogeneous for any diameter
range. Note also that the minimum energy required for
mixing, £y [Eq. (1)), is very small—3 to 10 J; this
is <0.1% of the fuel thermal energy.

One could generalize this concept of a limit to
mixing for fuel-coolant masses. Because the mixing
process is dvnamic, the characteristic diameter of the
fuel mass in the water pool is bounded by its initial
diameter D., (assuming a single spherical mass), when
it enters, and its diameter at the fluidization limit
Dgg, or Dgg,,, when it has fallen through a sufficient
depth of water after some time. The diameter of the
fuel at a time between these could be approximated by
a simple transient model as used in hyvdrodynamic
droplet breakup'® {e.g., Dy = Dplexp(=T")]}. One
then realizes that the important variable is not time but
the product of the fuel velocity and time, i.2., the

%G, F. LIEN, Ed.. Superheater Aliovs in High
Temperature High Pressure Sieam, American Society of
\Mechanical Engineers, New York (1968).

2

depth through which the fuel has traveled. One can
combine this concept with the limit to mixing (0
predict the maximum mass of fue' rhat could mix for
a given water depth (v,7), and the final diameter of
the fuel (see Fig. 7). In this figure, the fuel diameter
after mixing is given for a specific depth, H.= v/,
and initial fuel diameter, D,. We also plot the fluid-
ization limit, Dgg,, for different fuel temperatures
assuming black-body radiation. All the fuel diameters
after mixing to the left of the fluidization limit for a
given fuel temperature can mix, while those mixing
diameters to the right of the limit for a given A, and
Dy will begin to fluidize. Note that as H. increases,
the minimum diameter for mixing (given by the in-
tersection of a fuel mixing diameter curve and the
fluidization limit for a given fuel temperature) in-
creases significantly.

Steam/ Hyvdrogen Generation

Assuming that one now can estimate the minimum
fuel diameter during mixing ana therefore calculate the
maximum fuel surface area, steam and hydrogen
generation rates could be determined. The rate of
steam generation is found by muitiplying the heat flux
from one drop @drop [EQ. (12)] by the heat transfer
area and dividing it by the energy necessary to
vaporize the water [if, =i7 + CpclTiq = To)]; the
result is

= S0L) dirop (22)
Der/ in
If one uses the minimum mixing diameter, the result-
ing steam generation rate is a maximum. Numerical
results are presented in Table [I for the FITS tests.
The kinetic rate of metal oxidation and hydrogen
generation is a function of three important variables:
the temperature of the fuel surface at which oxidation
is occurring, the rate of diffusion of the vapor to the
fuel surface, and the rate of diffusion of the oxygen
into the liquid phase. Currently, there are no experi-
mental data available to determine the rate of reaction
of water with molten metallic reactor materials (zir-
conium or stainless steel). It is expected that this reac-
tion rate aiso would be controlled by mass transfer in
the liquid fuel phase given an abundance of steam.
In ceriain zirconium-water experiments, Baker and
others’®*® approximated the moiten reaction rate in

L. BAKER and L. C. JUST, ‘‘Studies of Metal-
Water Reactions at High Temperatures, [l Experimental
and Theoretical Studies of the Zirconium-W ater Reaction,”
ANL-6548, Argonne National Laboratory (May [962).

#¥1 V. CATHCART et al., “'Zirconium Metal-Water
Oxidation Kinetics 1V. Reaction Rate Studies.”” ORNL
NUREG-17, Oak Ridge Nauonal Laboratory (Aug. 1977)

¥1 T BITTLE et al., Corrosion NACE, 28, | (1969)
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calculations by assuming mass transfer in the gaseous
phase (steam diffusion) was the limiting process. If
one uses this assumption. the metallic fuel dropiet
:an be modeled to be in a quasi-steady oxidation pro-
cess. The governing mass transfer equation™ :an be
written in spherical coordinates and integrated to give
the molar hvdrogen generation rate for the droplet

(23)

41([)0”H: ( 1 1 )-l

Note RyT. ‘Rer Rc
where R, is the radius of vapor-liquid coolant inter-
face. Based on small-scale FCI tests,'' the vapor film
thickness is on the order of | mm when hydrogen i3
present. The total generation rate is found by multi-
plving the rate per droplet by the total number of
droplets (the total metallic fuel mass divided by the
mass of a droplet).

Using the minimum mixing diameters, the max-
imum hydrogen generation rate was calculated and is
given in Table [1. Note that the rate of hydrogen pro-
duction is ~ 30 times smaller than that for steam. In
fact, if onme uses this maximum generation rate with the
mixing time in the FITS experiments, only a few grams
per mole of hydrogen are predicted to be produced.
This corresponds to ~5% of the total metallic mass
reacted. _

STEAM EXPLOSIONS

Triggering and Propagation -

In Refs. 28 and 31, we described the steam explo-
sion process and divided it into four separate
phases-—mixing, triggering, propagation, and expan-
sion. The recent FITS experiments, which we discuss
here, showed that these phases were still distinct, but
that triggering and propagation are more complicated
than was first reported in Ref. 6.

As opposed to the more common base triggering
phenomena observed in those experiments that only
used 2 to & kg of melt, we observed triggers that oc-
curred randomiy—at or near the water surface, at or
near the water chamber base or side walls, and on oc-
casion at all of these locations. Some of these triggers
escalated into propagating wave through the meit-
water mixture. while the remainder decayed locally
with no continuing observable effect. When recorded
by the cameras, triggers appeared as rather com-
plicated wave-like phenomena in the water surround-
ing the melr-water mixture. Propagation had a similar
appearance. but occurred in the melt-water mixture

R B. BIRD et al.. Transport Phenomena, lohn
Wilev and Sons. In¢.. New York (1960)

Y\l L. CORRADINI, Nuel. Sci. Eng.. 82, 429
(1982)

mixture and resulted in significant extinction of melt
luminosity.

[abie [1I describes the nine experiments conducted
in the FITSB series, and a de.cripuon of some of the
important features is discussed below. The table also
includes data from the other in-chamber tests (FITS A
and G series).

Experiments 2B, 3B, 7B, and 9B all resulted in
single explosions, triggered either at the water surface
or water chamber base. The sequence of events leading
to these explosions was similar to the earlier 2- 1o 5-kg
experiments. I[mmediately after contact with the water,
the melt at the periphery of the mixture was observed
to fragment into droplets estimated to be between 10
and 20 mm in diameter. The fragmentation and mix-
ing continued until the time of explosion trigger.
Chamber air pressure records for these single explo-
sions showed three characteristic features, which
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 ~20 ms to a
quasi-static plateau, and late-time chamber repres-
surization due to steam generation with possible
augmentation by hydrogen production.

Figure 8 for FITS7B, at a mass ratio of 1.53:1,
shows essentially no steam explosion peak, but a large
steam generation pressure rise followed by what might
have been a hydrogen combustion event. By contrast,
Fig. 9 for FITS9B, at a mass ratio of 9:1, shows a
significant steam explosion pressure peak and asso-
ciated pressure plateau followed by a modest steam
generation pressure rise.
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TABLE
FITS Initial Conditions

Melt Water : '
1 1
Entry | Average Diameter Geometry l i !
Mass Volume at Entry* Square x Deep Mass | Temperature _:
Experiment (kg) (m/s) (cm) (cm) (kg) | (°C) -5
1A 1.94 6.2 3.5 46 x 43 % 10 =
2A 2.87 46 3.6 $3 x §3 152 | i3 r:
3A 5.3 5.0 3.3 61 x 61 226 | 24 s
4A 4.3 7.0 3.3 61 x 61 226 28 .
A 5.4 5.3 3.2 61 x 61 2 24 ]
B 18.7 5.4 41 61 x 61 26 | 28 =
2 18.6 6.0 6.0 61 x 30 113 25 -
1B 18.6 6.0 24.0 43 x 30 57 2
4B 18.7 6.8 ‘ 58 61 x 61 226 26 o
5B 18.7 7.2 6.5 46 x 30 63.4 | 94 -
B 18.7 7.4 Not observed 43 x 15.2 28.1 . 18
8B 18.7 6.5 29.0 61 x 76 283.5 15
-
9B 18.7 7.0 56 61 x 45.7 170.0 16
IG | 204 3.0 Dispersed | 6lx 2 “o 94 g
| ]
20 13.5 | 8.0 Dispersed : 61 « 34 | 110 94 |
ll 4 L L o | | i

!Optical measurement.
*Melt density = 3.8 g'em’.

Three of the experiments (FITS 1B, 4B, and 8B,
see Table [II), having mass ratios of 12, 12, and 1§
and water depths of 61, 61, and 76 cm, respectively,
resulted in double explosions; i.e., there were two ex-
plosive interactions separated by ~120 to 140 ms in
each experiment.

The first explosion in FITSIB occurred 142 ms
after melt entry and was similar to the single ex-
plosions described above. It was estimated that
14 kg of the total of 18.7 kg of meit was coarsely
mixed in the water prior to triggering of the expio-
sion at the melt-water interface on or near the water
surface. The explosion was triggered before the sub-
merged leading edge of the melt had contacted the
water chamber base, and the direction of propagation
was downward at - 300 m/s. Pieces of water chamber

and residual water and meit impacted the camera ports
before the second explosion, which was not im-
mediately observed; this explosion only became ap-
parent when active pressure data became available.
Comparison of active data and visual observations
showed that there was a second explosion 133 ms after
the first. Chamber air pressure data (Fig. 10) showed
two peaks due to the steam expiosions and two cor-
responding pressure plateaus, followed by a small late-
time repressurization. FITS4B and 3B were attempted
to reproduce the FITS1B doubie explosion result and
to determine if entry velocity and. or water depth were
important initial conditions for a double expiosion: the
results, however, were not qualitatively different from
FITS1B. Only a small quantity of melt was in the
water prior to a surface-triggered first explosion (~1.7



il
and Observations

|
Spontaneous Expolsion J :
Initial Ratio i ‘
Water Melt Time After
Meit Entry :
Mass Volume Location (ms) Other Observations |
.
46 178 Not observed 0.115 Mild interaction !
33 203 Surface 0.075 Surface explosion ?
43 163 Below surface 0.150 Single explosion |
53 201 Not observed —— No spontaneous expiosion at 1.| MPa |
|
43 163 Base triggered 0.25 Triggered explosion at 1.1 MPa |
120 46.0 Surface 142 First explosion !
Unknown 275 Second explosion }
6.0 23.0 Surface 34 Single explosion '
30 11.§ Base 77 Single explosion weak interaction at surface at
| 70 ms after entry that did not propagate
12.0 46.0 Surface 16 ’ First explosion
Base 134 | Second explosion
34 12.9 None —— Multiple interactions at 40, £7, 82, and 133 ms :
after meit entry; no propagation or steam
- explosion
1.5 5.7 Not observed 80 No camera data, time estimated from water
phase gauges
15.0 57.4 Surface 27 First explosion
Base 146 o Second explosion ]
L 9.0 34.6 Base 98 Single explosion ‘
2.0 7.5 | -——— ‘» -—— : No expiosion occurred in either FITSG test due
3.0 | 30.4 | . i o to high entry velocity and fuel predispersed

-

fuel mass. quench times were 20 t0 30 s ,

kg in FITS4B and 1.9 kg in FITS8B). These explo-
sions, aithough not recorded by the water phase
transducer (~60 cm from the explosion site), were
observed visually and were sufficiently energetic t
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 were 2nhanced by the first explosion. [t was
observed that the melt was fragmented more
thoroughly: There were more droplets, and they were
tvpically in the 3- to 10-mm-diam range. [n addition.
the melt was more dispersed, and its velocity. as it fell
through the residual water, was approximately rwice
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 propagating wave was not visually ob-
served in any of these second expiosions.

In a steam expiosion, some fraction of the inter-
nal energy of the fuel is transferred to the coolant and
increases its internai energy during the triggering and
propagation phase. The coolant then, having a large
vapor pressure, expands against its inertial constraints
and transforms some of its internal 2nergy into Kinetic
and potential energy of the constituents invoived in the
explosion (fuel, water, air). If the 2xplosion occurs in
the open environment, then the explosion products ex-
pand down to one atmosphere. In the FITS 2xperi-
ments, in the containment chamber, some of the fuel
internal energy eventually goes into compressing the
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Fig. 10. Chamber air pressure FITS IB.

chamber atmosphere (Fig. 11). Therefore, at any time
after the steam explosion trigger in the FITS tests, the
fuel internal energy appears principally in two
forms—internal or kinetic energy of the constituents.
The sum of these two guantities at any point in time
(assuming adiabatic chamber walls) is a measure of the
energy derived from the explosion, i.e., analogous to

a heat of detonation from a chemical reaction. Dif-
ferent geometries and degrees of confinement can aiter
the partition of the energy between fuel and coolant,
kinetic, and internal.

Bv measuring the dynamic pressure in the water
phase, the impulse delivered to the base, and the
velocity of the chamber walls during the early expan-
sion phase, the peak kinetic energy of the explosion
was calculated. Because of the difficulties in obtaining
some of the data, these calculations are subject to er-
rors of 10 to 30%. One ratio of interest then is this
kinetic energy relative to the original fuel internal
energy—sometimes called the explosion conversion
ratio nxg. The internal energy of the constituents at
any point in time is a much more difficult quantity to
measure. However, an estimate of it can be obtained
by measuring the pressure rise in the FITS contain-
ment chamber.

Experimental Data Analysis

The mixing that occurs before the explosion is trig-
gered should hav: an effect on the subsequent expio-
sion. If ample time is given for the fuel to break up
into smaller diameter droplets and disperse in the
liquid coolant pool, more of the fuel mass will be able
to rapidly fragment during the explosion into fine
debris; this, in turn, will probably increase the explo-
sion conversion ratio (ratio of the measured kinetic
energy to the initial fuel thermal energy). This is em-
pirically demonstrated for the FITS tests if one plots
the expiosion conversion ratio ngg and the fuel debris
diameter as a function of the initial coolant-to-fuel
mass ratio (Fig. 12). In these tests, the fuel is dropped
into the water as a coherent mass and triggered after-
mixing in the available water mass. Note that the con-
version ratio rises to almost a constant value (1 to 2%)
after the fuel-to-coolant mass ratio increases above 3

|
>
- Z | Cnamoer Jas
=3 Srossure
£
¥ 2
3“ nternal Energy (Gases)
u -
< Kinetic Energy (LiQuigs)
‘ ' Time. t
Trigger t IKE, max
Fig. 11. Qualitative history of pressure and energy dur-

ing the expiosion.
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Fig. 12. Explosion conversion ratio and debris diam-
eter as a function of coolant-to-fuel-mass ratio.

In contrast, the average fuel debris diameter conunues
to decrease in magnitude until the mass ratio becomes
very large (20 to 1). -

The same effect can be better observed if one piots
the debris diameter and the conversion ratio as a func-
tion of the ratio of the fuel-coolant mixtures volumes
at the time of the explosion to the original fuel volume

V,,/ V. The reasoning here is that as the mixture-to-*

fuel volume ratio increases, the fuel has more time to
disperse in the coolant, break up into smaller sizes,
and produce a more efficient explosion. Figure 13 in-
dicates even more clearly the strong correlation of the
explosion fuel debris size to initial mixing behavior.
Again, one notes how the conversion ratio quickly
rises to nearly constant values.

[t is interesting to note that even when the fuel
debris seems relatively coarse (=1 mm as in the FITSB
series). the conversion ratio is still large, 1 to 2™. This
suggests that the percentage of fuel ‘‘participating’’ in
the explosion cannot be arbitrarily taken 1o be small
{e.g., based on a thermal equilibration ume during the
explosion 200 m). Rather, even the “coarse’” fuel
debris probabiy participates in the explosion to the ex-
tent that it can transfer the thermal energy of its outer
surface quickly, and therefore, can affect the explosion
conversion ratio. These data suggest one must be
careful when trving to distinguish between what fuel
“mixed’* with water and what fuel participated in the
explosion. This is further illustrated if one computes
the “*Sauter-mean’' diameter for the debris (see Tabie
V). This diameter is the correct average value t0
characterize the surface area to volume ratio of debris
size distribution.>3** Note that for even the low effi-
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Fig. 13. Explosion conversion ratio and debris diam-
eter as a function of mixture-to-fuel-volume ratio.

ciency FCls (3B, 6B. and 9B), the Sauter-mean diam-
eter is small, much smaller than the mass mean size.
This again suggests that much of the fuel debris could
become involved in the FCI.

CURRENT OBSERVATIONS AND CONCLUSIONS

The current FCI experiments conducted at SNL
were analvzed to determine the fuel-coolant mixing
behavior and the effect of mixing on rhe expiosion
energy and debris. Data were well correlated in terms
of dimensionless groups derived from the concept that
fuel mixing was governed by hydrodynamic breakup
(i.e., Tavlor instabilities). Physical limits to mixing
were proposed, which indicate that the minimum
mixing diameter is limited by fuel or liquid coolant
fluidization, Egs. (17) and (21). Using experimental
values for steam volume fraction allowing us to predict
with good agreement the fuel diameter after mixing
had taken place. This mixing model was used to
salculate the rate of hvdrogen and steam generation in
the FITS tests. Finally, the explosion data (ngg and
debris size) was noticeably affected by the fuel-coolant
mixing process. The steam expiosion experiments also
show that the conversion ratio nxg did not vary
significantly with either mass ratio or water geometry
with the exception of the extremely lean mass ratio
(FITSTB). It is finally important to point out that
multiple explosions occurred (~100 ms apart) when
12< m,. m.< 15: also, with these multiple events, it
appeared that the first explosion enhanced the coarse
mixing for the subsequent explosion.
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TABLE IV

FITS Steam Explosion Resuits

"2

| 3 Meir*

Meit Mass Averaged | Sauter-Mean | ,
[nitial Mass Lnergy, Qn Partcle Size '. Diameter | Conversion Ratio |
Experiment Ratio, M. "M, 1 (M (um) | (um) ' (%) ’
1A 46 543 | 2 000 | 200 | 0.0 |
2A 53 .08 260 \ 176 | 1.0 |
3A 43 14.8 | 155 | % 1.5 '
4A 53 1204 | 3 800 . 4740 ; Smail
A 43 15.1 .l 158 't 92 ! 1.5
IB 16 39.2 l i 188 { i1
12 52.4 | 200 | | Not measured
2B 6 52.0 s 1 400 | 565 ‘, 1.6
iB 3 $2.0 ; 1 100 1 330 i 1.3
B 12 52.4 | 250 r 215 | 1.3
6B . 3.3 52.4 | 10 000 1 2100 Small
"B 1.5 33.6 | 7 000 1190 _ 0.3 1
8B 15 52.4 | 145 100 i 15 |
98 9 52.4 | 900 326 !L 1.1
3Based on 2.8 MJ/kg.
NOMENCLATURE V' =volume
A =area —— 4. = mass flux of H, generation
Cp = drag coefficient for sphere (~1) a = void fraction
D, = diffusion coefficient between H; and H.O 5 = vapor film thickness
D = diameter - o = density
E, = mixing energy
g = gravitational acceleration Subscripts
h = heat transfer coefficient b = breakup
Hc = depth of the water pool ¢ = coolant
i, = latent heat of vaporization d =displaced
m* =mass flux (kg'm*-s) FR = fuel fragment
N = number of moles f = fuel
AP = steam paruial pressure difference berween the H: = hyvdrogen
ambient and at the fuei surface MW = mixture
q" .= heat flux = \apor
R, = universal gas constant sar = saturated
T = temperature
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