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This paper describes current analysis and modeling results of large-scaie steam explosion
experiments. For the largescale experiments, a [ransient one-dimensional explosion model
was developed that can qualitatively predict the trends in the experimental data. The model

empioys a description of vapor film coilapse

and subsequent fuel fragmentarion by thermai

and mechanical means. In addition, a simple empincal explosion model was developed
and incorporated into a rwo-dimensional hydrodynamic computer program This com-
bination can be used to investigate the rwo-dimensional characteristics of the propaganon
and expansion phases for large-scale explosions

I. INTRODUCTION

If a complete failure of normal and emergency
coolant flow occurs in a light water reactor (LWR),
fission product decay heat would eventually cause
the melting of the reactor fuel and the surrounding
cladding. In 1975, the Reactor Safety Study' con-
cluded that, based on probabilistic risk analysis,
LWR core meitdown accidents were the dominant
risk contributors to public health and safety. One
reason for this conclusion was that containment
failure and subsequent radioactivity release were
possible given the occurrence of a numoer of physical
processes such as hydrogen ¢ombustion, a steam
explosion, overpressurization of containment, or core
meltthrough of the containment basemat. One of
the purposes of the steam explosion program at
Sandia National Laboratories is 10 identify experi-
mentally the magnitudes and time charactenstics of
pressure puises and other initial conditions necessary
to trigger and to propagate explosive interactions
between water and.molten matenals in an LWR.
Recently. a number of expenments were performed?®*®
to aid in accomplishing the first task. The primary

*Present 1ddress Lmiversity of Wisconsin, Department of
Nuciear Engineering, Madison. Wisconsin §3706.

'“Reactor Safety Study,” WASH-1400. L.S. Nuclear
Regulatory Commussion | 1975).
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purpose of this paper is to present the current results
of analysis and modeling that may explain the

3 §. NELSON and L D. BUXTON, “Steam Expiosion
Triggering Phenomena. Stainless Steel and Corium-E Simuiants
Studied with a Floodable Arc Meiting Apparatus,” SAND77-
0998, NUREG/CR-0122, Sandia National Laboratories (May
1978).

)L S. NELSON et al., “Steam Expiosion Triggering
Phenomena; Part 2. Corium-A and Corium-E Simulants and
Oxides of lron and Cobait Studied with 2 Floodable Arc
Meiting Apparatus,”’ SAND79-0260. NUREG CR-0633, Sandia
National Laboratories (May 1980).

‘LS. NELSON. “Steam Explosion Studies with Single
Drops of Moiten Refractory Materials,” Proc. Mg ANS
Thermai Reactor Safery. Knoxvile, Tennessee, Apru 9-9.
1980, CONF.500403. Voi. I p. 226, Nauonai Technica
Information Service ( 1 980Q)

‘L. D. BUXTON and W B. BENEDICK. “Steam Ex-
piosion Efficiency Studies: Part 1" SAND79.1399 NUREG
CR.0947, Sandia National Laboratories (Nov. [979): see aiso
W B. BENEDICK, L. D. BUXTON, and M. L. CORRADINI,
“Steam Expiosion Efficiency Studies: Part (I Corium Ex-
periments.” SANDSO-1324. NUREG/CR-1746. Sandia Na-
tional Laboratories (Oct. 1980).

*{WR Safety Research Program. Quarterly Report.”
SAND79-2290 (July-Sep. 1979 SANDS0-09I7 1Qct.-Dec.
1979); SANDSO-1304/1 of 4 (Jan.Mar 950k SANDSEO0-
1304/2 of 4 (Apr.-June 1980); SANDSO-1304:3 ot 4 (July-
Sep. 1980); SANDS0-1304/4 of 4, Sandia “ational Lapora-
tories (Oct.-Dec, 1980).
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430 CORRADINI

experimental ~hservations for large-scale tests and
contribute to in understanding of the important
phenomena.

Vapor explosions can be thought of as consisting
of four phases of energy transfer between the fuel
and the coolant:

|. Fuel coolant mixing. The moiten fuel and
liquid coolant become intermixed. while the
heat transfer mode is relatively quiescent (e.2..
film boiling).

. Triggering. The fuel and coolant are brought
into near liquid-liquid contact and rapid heat
transfer begins.

[

3, Explosion propagation. The heat transter pro-
cess rapidly escalates as more of the fuel is
fragmented and as more high-pressure coolant
vapor is generated.

4 Expansion. The high-pressure vapor expands
against the surroundings with the potential for
destructive mechanical work.

During the past few years, over 300 smal-
scale experiments were performed by Nelson and
Buxton® using an arc-meiter apparatus. In these
experiments, moiten matenal (stainiess steel, Corium-
A. Corium-E, and iron oxide) heid on a copper
hearth was flooded with water, and an explosion

was triggered by finng an exploding wire. Recently'

Nelson et al.’ have begun a series of single droplet
expeniments where a moiten droplet is injected into
a2 water bath and a spontaneous or triggered explosion
occurs. Previous analyses” of the triggering phase
of these experiments suggested that the expenimental
initial conditions (coolant temperature, ambient pres-
sure. and moiten fuel composition) could make the
trniggering of the explosion more difficult: however,
f the trigger were increased in strength. the explosion
could again be induced.

Large-scale experiments were orginally conducted
by Buxton and Benedick® in an open chamber using
an iron aluminum oxide fuel simulant and Corium-A.
Recently. Mitchell began the rully instrumented test
series® (FITS). The FITS expenments allow explo-
sions to be conducted in a closed vessel so that all
post-test explosion debris can be collected. This
paper reviews the results of these latter large-scale
tests and anailyzes the explosion propagation and
expansion phases using newly developed models.

M. L CORRADINI, “Phenomenoiogical Mudelling i
the Small-Scaie Vapor Explosion Experiments. SANDT%
3003, NUREG CR110S. Sandia National Laporatories (Feb.
1980).

II. OPEN GEOMETRY EXPERIMENTS

During the last two years, Buxton and Benedick
conducted a series of steam expiosion experiments®
to determine the conversion ratio® of the fuei thermal
energy into mechanical work at a large scale (5- to
20-kg fuel mass). The tests were designated “open
geometry’’ experiments Decause they were intended
to be scoping in nature. perrormed in an open
vessel with minimal instrumentation. Over 50 expen-
ments were conducted using thermitically® generated
iron/aluminum oxide. Fe-Al;0; and Conum-A+R
(Ref. 10). The fuel simulant, Fe-Al,0,, was used
in the majority of tests (30) because it is a reasonabie
simulant for the Corium meits: in addition to being
nonhazardous. it was very inexpensive and easy 0
produce. The fuel mass delivered into the water
was, on the average, between 10 and 20 kg, many
orders of magnitude larger than that used in small-
scale tests.”’ The experiments were conducted in
an open vessel (Fig. 1). The fuel melt was thermiti-
cally generated in an insulated cylinder held above
the water tank. and the melt was then poured into
the water. The mechanical work generated by the
explosion was determined by measunng the impulse
Jdelivered downward to crushable honeycomb blocks
and by estimating the potential energy of the upward
ejected debris (water and fuel). A summary of the
experimental results is given in Table .

I1.4. Effect of Initial Conditions

Il A 1. Coolant Temperature

Four experiments were conducted with the water
coolant temperature near or at saturation. Most of
the tests resulted in spontaneous explosions with
conversion ratios in the lower end of the observed
range (0.2 to 0.37%). This behavior is in contrast
to the small-scale experiments where expiosions with
high-temperature water could only be induced by
using a larger artificial trigger. This suggests that
the effect of coolant temperature may be scale
dependent. Previous models'’ for moiten metal-water

he conversion ratio is detined as the ratio of the
experimentai work measured 1o the fuej thermal nergy

A thermitically generated melt s one n which an
exothermic oxidation-reduced chemical reaction used to
produce. for exampie, moiten iron and alumina from iron.
oxide and aluminum,

OCsrum-A+R stands for a fuel meit with 3 large
quantity of stainless steel idded o simulate some porten
st the meited reactor vessel stainless steel = 20 UQy = 237
2004 % 157 and MO ® 5% (at.™)

'\, L. CORRADINL W M, ROHSENOW. ang N. E.
TODREAS. “A Proposed Mogei ror Tin-Water [nteractions.
Proc. Mrg Two-Phase Hear Transrer and Fiow. American
Society of Mechanical Engineers. San Francisco. Caiitornia,
Decembper (978
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Fig. | . [nteraction vessel as used in open geometry expen-
ments.

simulant systems have proposed this. The film col-
lapse model used to specifically analyze the small-
scale expeniments does not directly predict this.”'?
The implication for reactor safety application based
on these test results is that the initial coolant tem-
perature is not a sufficient barrier to preclude an
energetic explosion.

11 A2 Fuel Composirion-Noncondmsable
Gases

in most of the 50 large-scale tests, the Fe-Al;0,
fuel melt exploded vigorously. In small-scale expen-
ments. stainiess steel or iron did not explode; subse-
quently. Nelson et al.? suggested that noncondensable
gas (H,). generated from oxidation of the metallic
phase of the fuel melt by steam, could suppress
the explosion. Analysis of the Nelson tests’ indicated
that the noncondensable gas acted as a cushion.
stabilizing the fiim against collapse from an external
trigger. This difference between large and small scale
suggests that the effect of noncondensable gases
may also be scale dependent. '’

The rate of noncondensable gas formation can
be scale dependent. Because il 1S based on the sur
face area exposed to steam, as the volume increases.

By L CORRADINI “Analysis and Modetling af Steam
Explosion Experiments. * SANDSO0-2131. Sandia Nauonal
Laporatories. 1o 2e publisned in |981.

vfoiten steel expiosions in foundry accidents are another
sxamole of large-scale interactions.

TABLE |

Open Geometry Expenimental Observations
(Refs. 4 and 3)

‘—aamnon ratio

The expiosion conversion ratio with Fe-Al,04 was l
between 0.2 and | 4%. !

Water temperature had little effect on the conversion ‘
ratio.

'\ No energetic explosions with Corium-A+R were

, observed; 2 maximum cOnversion ratio was <0.05%
using a large detonating cord trigger (~6 g PETN
explosive). |

|

|

Parametnic effects
No obvious pour rate effect
No interaction volume effect
\' Possible meit quanuty effect

Definite water quantity effect;as the mass of water
\ncreased, the conversion ratio increased.

|

1

|

Pressures ‘
High narrow pressure spikes possible (20 MPa, <I ms) |

5. to 10-MPa sustained pressures in large explosions '

—+
! riggenng
' Spontaneous explosions were observed only for the
Fe-Al,O, meit and seemed t0 invoive solid surface ‘
contact. |

e Artificial triggers (0.6 g PETN explosive) were used for
‘g the Fe-Al,Oy meit, but did not modify the conversion
ratio.

‘ Only when the trigger magnitude was substantiaily
increased did a small explosion occur with Corium-
A+R.

| Debris

Debris was similar to that observed in smail-scale arc-
meiter experuments [or the Fe-Al, 04 fuel meit.

the surface-to-volume ratic decreases. and thus. the
gas volume surrounding the fuel would decrease
Therefore, the gas film might not be as stable. and
instability effects could tngger the explosion, 2.8.
an external pressure perturbation. solid surface con-
tact. or random boiling processes on a more planar
surface.

Another important consideration in the large-
scale experniments is that there is 3 molten oxide
phase. Al;O, that could be exploding first and.
subsequently. tnggenng the metallic iron pnase.

¢ i Abeen..
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432 CORRADINI

Aluminum oxide s a relauvely low-meiting-point
oxide (T, ~ 2300 K) compared to the prototypic
reactor oxides (for uranium-zircomum-oxygen, I'm ~
2800 K), and the initial temperature of the Fe-Al;0,
melt is high, ~2800 K, therefore, the oxide phase
is moiten and substantially above its meiting tem-
perature. The Al;O; could be the fuel meit com-
ponent to first undergo an interaction, and the
pressure pulse generated by fuel fragmentation and
steam formation could then collapse the gas-vapor
film surrounding the iron. Nelson® has successfully
generated explosions using moiten Al;Oy and water.
s0 it is not inconceivable that this process occurs
at a large scale.

11 A.3 Fuel Composition=Solidification

When the fuel composition was changed to
Corium-A+R, the expiosion conversion ratio de-
creased significantly; in fact, in all four of the
experiments performed, no spontaneous energetic
explosions like those using Fe-Al,0, were observed.
The largest conversion ratio from a triggered ex-
plosion was ~0.05%, which is smaller than the
energy of the trigger needed. In past analyses,™'*'*
it has been proposed that the oxide phase of the
fuel could solidify and that this retarding effect,
coupled with noncondensable gases suppressing a
metallic phase interaction, explained the lack of
explosivity. This same explanation is valid for
Corium-A+R, because the only difference is that
the mole fraction of stainless steel has increased.

Solidification of the oxide phase of Cortum-A+R
could‘ explain the lack of explosivity. The oxide
(uranium-zircornum-oxygen) has a liquidus tempera-
ture of ~2800 K in comparison to a meiting tem-
perature of 2300 K for Al,0, For both fuel melts,
the initial temperature of the meit before it was
delivered to the water was ~2800 K. therefore.
the Corium oxide phase was probably at or below
its liquidus temperature. A simple cooling analysis

“D A, POWERS. Core Meirdown Expenmental Review.
Chap. 4. SAND740394, Sandia National Laboratories  1975).

A, GANGULI and S. G. BANKOFF. “Mechanics of
Vapor Explosions,” Third CSNI Speculists’ Mig. Sodium-Fuel
Ilrgf;criom in Nuclear Reactor Safety, Tokyo, Japan, March

'*A. SHARON and S. G. BANKOFF, “Propagation of
Shock Waves Through a Fuel-Coclant Mixture; Part B: Taylor
lr;a:;buity." CO0-2512-14, Northwestern University (May
1 )

'"S. G. BANKOFF, “Vapor Expiosions: A Critical Re:
view.”" Proc. Ath [nt. Hear Transfer Conf. Toronto. Canada,
August ™10, 1978, CONF.780807

L. D BUXTON. “Moiten-Core Water Contact Anaiysis
tor Fuel Meit Accidents,” SAND77.1842, NUREG/ CR0391,
Sandia National Laboratories (Feb, 1979),

was done to indicate that the meit could have
cooled substantially in its fall through the air and
water before an external trigger was fired to induce
an interaction.*!?

In the Buxton and Benedick Corium tests. the
explusion was nonenergetic even when the trigger
was substantially increased in size. NO spontaneous
explosion occurred. and no explosions occurred
when a detonator trigger was used (0.6 g of PETN
explosive: energy = 0.36 kJ). Only when a primacord
explosive trigger was used (6 g of PETN explosive:
energy = 3.60 kJ) did a munor interaction occur
(conversion ratio = 0.05%, work = 3.0 kl). If the
solidification of the oxide phase is the cause of
this behavior. it suggests that it is somewhat trigger
dependent although the explosive yield is very small
even when a very large trigger is used.

[1I. FULLY INSTRUMENTED TEST SERIES

Within the last year, the second large-scale expert-
mental series has begun, designated FITS. The pur-
pose of these tests is to determine the explosion
cenversion ratio as a function of ambient pressure,
fuel composition, and other inmitial conditions in an
enclosed interaction chamber (Fig. 2). The expen-
ments are instrumented to provide measurements
of short- and long-term pressure data, work, fuel
debris characterization, and visual observation of
the explosion. Up to the present time. Mitchell
has performed 20 preparatory experiments outside
the chamber EXO-FITS and § in-chamber expen-
ments. These initial checkout tests have used ~3 Kg
of Fe-Al;0, fuel simulant injected into water. Pre-
liminary results from these experiments are given
in Table II. The key observations to date® are as
follows:

|. The large-scale interaction visually resembles
a detonation-like structure seen in chemical
explosions.'%2°

2. The peak pressures are large. but decrease
quite quickly to sustained pressures similar
to Buxton's reported values.®

3 A vioient explosion can be triggered at 3
nigh-ambient pressure « 1.0 MPa) by increasing
the trigger size.

9§ L. THOMPSON, “CSQ-Il. An Eulenan Fimite Dif-
ference Program ‘or Two-Dimensional Material Response.”
SANDT".1339 Sandia MVational Laboratories (Fen. [979)

6 L. CORRADINI. R. L. WOODFIN. and L. E
VOELKER. “Preliminarv Anaiysis of the Containment Failure
Probabuity sv Steam Expiosions Folowing i Hypothetical
Core Meitdown in 3 LWR,” SAND79-2002. NUREG CR-1104
Sandia National Laboratories ( Feb. [980).
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Fig. 2. FITSA senes experimental apparatus.

I11.A. Effect of Fuei Mass and Entry Velocity

In the imtial expenments performed outside the
chamber. it was found that spontaneous explosions
could be generated only if the fuel mass was above
certain limits (my 2 2 K@) and the entry velocity
was below certain limits (L'= 610 8 m/s). The reason
for these empirical thresholds is not ¢lear.

One possible reason may be that these large-scale
experiments are affected by entrained noncondens-
ible air in the same way as the single droplet
sxpeniments of Neison et al.? Nelson et al. noted
that spontaneous interactions were suppressed If
the fuel fall height was increased (1.e.. the entry
velocity was increased ). They visually observed more
entrained air as the velocity increased. Simularly.
Mitchell delivered the fuel intc the water in the

form of a single molten mass. similar to a large
droplet (the moiten mass began to deform due 10
hydrodynamic forces before it 2ntered the water.
mut visual observations still indicate that it did not
fragment). Noncondensadie gas may also be the
explanation for the 2xplosion suppression.

The effect of the tuel mass on spontaneity <an
also be attributed to noncondensable gas. May,*! in
his water entry experiments using steel ball, found
that not only does the ratio of entrained gas volume
to the steel ball volume dJdecrease Jis the velocity
(fall height) decreases. but aiso IS the steel mass

2y MAY. “Dependence of the Warer-Entn Cavity
sn the Surface Condition of 2 Missile Model,” NVAVORD
Report |963 US. Naval Ordinance Test Station. China

Lake. California (Jan. 1951).
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434 CORRADINI

TABLE 11
FITS Expernimental Observations

Conversion ratio

The expiosion conversion ratio with Fe.Al,Oq 18
consistently near 2 to 3%.

Pressures

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

Lower sustained pressures follow behind this peak.

Propagation behavior }

: The fuel coarsely intermixes with the coolant prior to |
the interaction (time ~0.2 s).

A spontaneous explosion begins near the chamber base. |

|
A detonation-iike explosion wave is observed. '
The explosion velocity varies between 200 and !
600 m/s. {

Initial conditions

As the fuei entry velocity is increased (>6 m/s) or the ‘
fuel mass decreased (€2 kg), spontancous explosions
_ are suppressed. —
u
Debris

The weight-averaged mean particie size after the ex-

plosion is ~150 to 250 um, and without an explosion

|

|

| High-ambient pressure

‘ A violent explosion was produced at an amoient
pressure of 1.1 MPa by using an artificial tngger.

! The trigger was a detonator like that used in the

i open geometry tests (0.6 g of PETN explosive).

CE—

increases. This same effect was also predicted tor
simulant fuel~coolant systems.'' This same effect
could be occurring here: the ruel mass increases.
and less noncondensables are entrained around the
fuel thereby allowing a spontaneous interaction 0
occur.

[V A TRANSIENT ONE-DIMENSIONAL EXPLOSION
PROPAGATION MODEL

In Mitchell's experiments.” once the explosion
is triggered. 1t s observed to propagate through
the fuel-woolant mixture. after a time this propa-
gation s aimost one-dimensional in nature. High-peak
pressures « 20 MPa) are measured at tae leading edge
of the explosion wave as It propagates quickly

~| to Imm. -

(300 to 600 m s) through the mixture. Physically.
the propagation phase of the steam explosion s
composed of a series of vapor film collapses ( Fig. 3).
similar in concept to vaat occurs in the Nelson et al.
single dropiet tests.’ Each film collapse causes the
enclosed drop to fragment and transfer its thermal
energy to some of the surrounding coolant via rapid
steam production. This increase in vapor production
results in elevated pressures in the coolant region
surrounding the droplets and stimulates an even
more rapid collapse of the neighboring vapor films.

The analogy to a line of dominoes is appropriate
to this phase of the interaction. The system is stable
as long as one of the dominoes is not pushed into its
neighbor. However, once one of them is pushed
over. i.e.. triggered. the chain reaction begins and
propagates as if 2ach succeeding domino were larger
than the last.

A multiphase one-dimensional transient model
was developed to describe this propagation phe-
nomenon. The model includes three matenals—{fuel
droplets. vapor. and liquid coolant. A number of
assumptions are employed in the analysis.

|. The multiphase flow regime used in the model
is assumed to be fuel dropiets surrounded
by a vapor film in a continuous medium of
liquid coolant.

[ ]

. The fuel-coolant mixture is assumed to be
homogeneous. i.e.. one single droplet diameter.
film thickness. and droplet spacing characterize
the fuel-coolant mixture.

3. Relative bulk velocity between the fuel and
the coolant is neglected.

4. Vapor film collapse and the subsequent vapor
expansion are assumed to be sphencally sym-
metric.

“n

Constant thermophysical properties are as-
sumed for the fuel and coolant

6. The vapor is assumed to behave as a perfect
gas.

The first two Jssumptions are important with
respect 10 the MAcroseopic Denavior of the explosion.
[n the FITS experiments. the fuel drops into the
coolant as an essentially unfragmented mass and
then begins to mix with coolant in a film boiling
mode (Fig. 4 It breaks up into smaller droplets
as the water interpenetrates. and a fuel-coolant
mixture s rormed. To assume that the fuel-coolant
mixture s 4 series of separate Jropiets with a4 vapor
film in water all with some characteristic dimensions
s a gross simplification. What the Jctual system
mixture looks like is unknown. One possible picture
s shown in Fig. §. Fuel-coolant mixing 15 actually

NN T P P

"

'y
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Fig. 3. Steam explosion propagation zone in 3 large fuel-coolant mixture.

sccurring at the outer edges of the real multidimen-
sional system. As the water penetrates inward, the
outer edges of the fuel-coolant mixing zone are
probably well represented by the first assumption.
However, as one moves closer to the center, the
vapor volume fraction probably increases significantly
as steam bubbles (and probably hydrogen bubbles
from iron oxidation) aggiomerate. In addition. there
would be a spectrum of fuel dropiet diameters and
relative spacing, rather than one set of representative
values. Therefore, in employing the first two assump-
tions. it 1s recogmzed that the one-dimensional model
i only a first approximation of the real system.
Future work will attempt to remove some Of these
smplifications.

The third assumption IS known to be in error
for the initial stages after film collapse, when the
soolant bulk velocity would be larger than the fuel.
However. velocity equilibration occurs quite quickly
ind. therefore. the assumption should be viewed
15 1 reasonabie first approximation To accommodate
fuel fragmentation dJdue [0 fuel-coolant relative ve-
locities. this assumption -an be relaxed to some
axtent to compute the fuel dropiet breakup time

The assumption of spherical symmetry dunng

film collapse and subsequent steam expansion after
the explosion is believed 1O be reasonable as a first
approximation. Asymmetnc effects may Dbecome
important only in the final stages of film collapse.
and the fuel fragmentation model used in this
analysis considers this.

The remaining two assumptions are reasonable
for this one-dimensional modei. More detaiied equa-
tions of state for the liquid and the vapor could be
included. but this seems to De unwarranted at this
tyme. given the uncertainty in the physical mech-
anisms

A Kev ingredient in the mode!l s the mechanism
for tuel fragmentation that (muates and sustains
the explosion. At the present time. two fragmens
tation mechanmsms are considered possible. these
mechanisms can separately or jointly cause the rapid
fuel fragmentation observed. and significantly in-
crease the heat transter rate during the final stages
of film collapse. The first model. a thermal mech-
Jnism. assumes that high vapor Dressures due to
rapid steam generation after film coilapse cause
Taylor instabilities that rragment the fuel This
mechanism was used to successtully model the single
droplet experiments Of Nelson.'* The second model.
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Fig. 4. FITS initial fuel-coolant mxing.

1 mechanical mechanism. assumes that the impact
of the coolant liquid upon the fuel Jdroplet dunng
film collapse causes cavitation and subsequent frag-
mentation of the fuel. This model was onginally
used by Drumpellers 1n parametnc calculations
to demonstrate i(s feasibility

The one-dimensional Lagrangian aydrodynamic
wave code, WONDY-IV (Ref. 23), was modified t0
incorporate this multiphase system and these two
fragmentation models. This wave code was designed
to solve conventional continuum relations. but was
easily modified for this problem In WONDY the

2p §. DRUMHELLER. Muci Soi Eng. 72 347 (1979

BR ) LAWRENCE and O 5. MASON. “WONDY-iV
A Computer Program [0f One-Dimensionai Wave Propagation
with Rezoming.” $C.RR-710284. Sandia Nauonal Laboratories
(197%)

0 of\ |
@0/ 0 ‘ _ #9® |
sialsd

|
‘T“ FUEL

!

|
— LQuID
\ 7

|
|

Fig. 5. Possible fuel-coolant mixture geometry.

explicit finite difference algonthm solves the mass
and momentum equations simultaneously for new
values of density, a(t™"), position. x(t™"), and
velocity. vir™*h, using old values of pressure. Pe™,
and internal energy. Eit™). Then the equations of
state and conservation of energy are solved simul-
taneously for P and Eit™*Y). The mass and
momentum fcrmulations already contained in
WONDY are sufficiently general and can be used
without modification for this multiphase system
of fuel, vapor. and liquid coolant. For example.

the mass equation is**

T'Jﬂ.\.”‘\). ti!
ot
where v is the position
The quantity om s the mixture density given by
G & D Qv * D&y ® Pe¥e i a)
where a., . are the volume fractions of the fuel.
vapor. and liquid voolant. respectively. subject (0
the constraint
Gy * Uyt A ® (3
Only the eguations of state and energy for
the fuel. vapor. and lLiquid need 10 he rewritien
ind included n fne WONDY formulation Thes
f1ield 2guations in 4 muitipnase formulation are

45 Nomenclature appears on p. 430
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local statements for one particular numerical mesh
cell: ie., they do not contain spatial gradient:
from neighboring mesh cells, and thus are solved

in a subroutine. Therefore, only this
subroutine was reformulated.

This subroutine is constructed in the following
manner. First, the old and new values of density,
om, are linearly interpolated to give a continuous
value of pm across a time step, ¢"*'= ¢". Then
the energy equations, equations of state for the fuel
and coolant, and the vapor-film collapse relation
(Rayleigh momentum equation) are viewed as a
system of nonlinear ordinary differential equations
in time. Finally, these equations are integrated from
the old value of time across the time step to the new
value of time using a Runge-Kutta numerical tech-
nique. This method provides the new value of
mixture energy and pressure that is required by the
mixture mass and momentum equation for continued
computation. A more detailed description of the
governing equations is given in the Appendix.

This one-dimensional model was used to inves-
tigate the effect of initial conditions on the propa-
gation of a large-scale explosion, as observed in the
FITS experiments. A one-dimensional 0.75-m-long
channel was chosen as the base case with 28-mm-
thick numerical mesh cells. Each mesh cell contains
a fuel droplet (Dy=20-mm diam) surrounded Dy
a vapor film (8, =0.6 mm thick). These character-
istic dimensions give values that are in the range
of the FITS conditions aad agree qualitatively with
visual observations. Figure 6 illustrates this Dase
case calculation wave profiles at different times
after trigger pulse application. The trigger was as-
sumed to be 10.0 MPa for 50 us. This value
corresponds to what would be expected if water
were to undergo homogeneous nucleation if it is
entrapped by the fuel melt. This mechanism was
considered to be a plausible cause of the spontaneous
trigger. Because local film collapse and steam bubble
expansion are calculated. the pressure and the tem-
perature within the vapor and liquid are not the same
ieven though the pressures far exceed the cnitical
pressure of 22.1 MPa). therefore. both liguid and
vapor pressures are plotted. At the head of the left-
traveling wave is 1 growing pressure peak. which
s a result of film collapse and imtial fuel frag-
mentation without significant steam expansion. By
06 ms. a pressure wave was attained (135 MPa,
which is above the upper range of Mitchell's data.®
The explosion wave velocity 1§ ~900 m's. which s
arger than what Mitchell observed.® In these calcu-
itions. the thermal fuel fragmentation mechanism
~as emploved. The vaponzation of the coolant 1s
shown by the sustained lower pressures behind the
explosion wave. The pressure decrease with Jdistance
from the peak at a fixed time indicates that the vapor
sxpansion phase has begun.
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Fig. 6. One-dimensional calculation using the thermal fuel
fragmentation mechanism (ay = 0.27).

A parametric study was done t0 investigate
the effect of the trigger magnitude. and the vapor
and fuel volume fraction. on the explosion behavior
over a range of values observed in FITS. The initial
conditions are given in Table Il along with the
resultant explosion wave velocity Note that the
propagation velocity dJdecreases significantly as the
film thickness, @,. and. therefore. 5, increases. Tlus
s also illustrated in Fig. = and Table [l for cases |
and 4. Also. the figure indicates that the peak
explosion pressure decreases s the vapor volume
fraction increases. Both of these results are caused
by the vapor adding more compressibility to the fuel-
coolant system. Therefore. as the fiim collapses.
more vapor still remains n the mixture. and thus
slows the transmission of the pressure wave o neighe
boring films and lowers the peak pressure in (he
region of the explosion [f the trigger pressure (s
reduced. the propagation velocity iiso decreases
(Table I11): if the trigger is decreased sutficiently.
the explosion does not propagate at all. The reason
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B ——————
» unit cell volume

for this behavior is that the film collapse process
is slowed. As the trigger weakens, the film does not
collapse as completely: consequently, local pressures
generated by droplet fragmentation are reduced and
subsequent film collapses are slowed. the whole
propagation process is retarded.

The final important observation that we made
from these calculations is that the explosion propa-
gation escalates in pressure slowly, and the calcu-
lation never indicated a steady-state detonation, for
example, as has been assumed Dy Board et al.?%%
This has two important implications. Practicaily.
the explosion mixture dimensions will probably not
be larger than | or 2 m, and therefore, we would not
abserve a steady-state detonation for these mtial
conditions. Therefore, using ¢xplosion work estimates
based on this assumption is conservative in some
.ases. Second. from a theoretical viewpoint. if the
explosion escalates very slowly. then the role of
hydrodynamic fragmentation due to induced relative
velocities may be irrelevant In previous work,
Corradini™'® has shown that purely hydrodynamic
fragmentation due to relative velocities cannot ex:
plain Nelson's single droplet fuel fragmentation.”
ind. therefore. cannot be used to explain the escala-
tion of the explosion for large-scale tests. If indeed

S J BOARD et al.. Vature, 284,319 (1975

¢ | BOARD et al.. “Recent Advances in Lnderstanding
Large Scale Vapor Explosions.” Tiurd Speciaiists Mg S50
JiurmFuel [nteractions in Fast Reacrors. Tokyo, Japan,
March 1976, CONF."60328.

TABLE [l
Summary of 'mitial Conditions Effects on the Explosion Propagation Velocity
Imual I lnital I‘ 1'
[nitial Fuel : Steam | Explosion |
Trigger | Fuel Drop* Steam Film Volume Volume Propagation
Case Magnitude, Diameter, Thickness, | Fraction” | Fraction’ Velocity,
Number Py - Pu (MP2) Dgpim) §y(mm) | ar ay Vp (m/s)

L 10 T o1 | 08 | 003 2018 *30

\ 2 3 0.0l 06 | 0038 0.018 500
3 001 06 | 0.038% ’ 0018 No ‘
\i ‘ :' ‘ propagation |
i

| 3 , 10 |+ 00l 0.03% 0.08 320

| i )

[ § | 10 | 0.01 | 6 0.03¢ | 0.4 100

Ynitial fuel temperature (Tg) = 2300 K. wnitial coolant temperature (Te) = 300 K. and thermal fuel {ragmentation mechanism.
"
I= one cell volume’
n
5 Or* 5, - Df

—

the esca.duon phase dominates the real explosion
process, Lhen relative velocity-induced hydrodynamic
fragmentation is neither a necessary nor a sufficient

condition t9 sustain the explosion.
-

V AN EMPIRICAL TWO-DIMENSIONAL
EXPLOSION MODEL

in the FITS experiments, the explosion exhubits
multidimensional charactenstics. These characternstics
sould cause a nonuniform pressure loading of the
surrounding structure and can mitigate the explosive
work potential from what vould oe predicted by
1 one-dimensional analysis. s same situation also
exists in the fullescale reactor situation. Because
of this. a simple empirical explosion mode! was
deveioped and incorporated nto the two-dimen-
sional hydrodynamics CSQ code "

The steam explosion s modeied 38 J <hemical
explosion. The empirical explosion model considers
the water and the steam intermixed with the melt
to be analogous to a chemical explosive (Mgyp)
and considers the thermal energy of the melt to
e analogous to the chemical heat of reaction released
to the coolant during the evplosion i@Quypr. This
model 18 based on the Joncept that the tuel meil
and the coolant n the e\piosion one interast
and come to thermal equilibrium Setore substantial
coolant expansion ocQurs. This <an be expressed
mathematically by an energy halance neglecting
the coolant expansion

“ i Aseeen -

i |
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(Mile * Myliy * My 'p) ® (Mglie * Myliy * Meligly |

(4)
where
te ® CyoTe (5
uy * oy, Ty (8)
s ® c.,,T, d

{ = imitial temperature
¢ = ¢quilibrium temperature.
The equilibrium temperature can be found by solving
M Cyp T. #myc, T *+ 'n.,«;kr.r!
T et * Miutuy * My,
This equilibrium mmmn'm be used to deter-
mine the analogous heat of reaction (Q yp) released

to the coolant (Myyp) as if a chemical explosion
occurred This is given by

Quxp® mecy Ty, = Tp) (9)

{ IQ_)_.
This energy is then deposited into the water and
steam in the explosion zone, and using an analytic

equation of state for the coolant. the resuitant
temperature and pressure in the region are caleulated.

Myxp=m. *my

ratio s important because it s the MAOr unknown
Quantity in previous experiments.

The local thermal equilibrium spproach 5. we
believe. approximately valid for analyzing macro-
scopic effects because the explosion propagation
velocity 1s gquite large (200 to 600 m s and
therefore. the explosion propagates spatially before
any significant expansion oceurs. It 15 also felt tins
model <an give some nsight 1nto the experiments
in terms of explosion propagation velocity and muss
of coolant participating for 2 given mass of ‘uel

A simple caleulation is shown in Figs. % 9 and
10 for representative conditoins of the FITS expen-
ments

m, * 5 kg
T, = 2300 K
a, =028
T.=300K

The mass of coolant assumed to participate in the
explosion is 10 kg with a detonation velocity of
300 m s. This corresponds to a Quyp of 1.2 M) kg
of coolant. The dot density plots of pressure indicate
that the explosion produces pedk pressure pulses
of the order of 100 MPa, lasting for times of ~200 us
and then falling to much lower values. These pressure
time results are in good agreement with FITS data
(Fig. 10). suggesting that the assumed mass ratio

This explosion model was incorporated into CSQ. e 0" 0" o se “inar amount that participated n the

The water and steam are initially input as a two-phase
mixture in the region of the explosion zone. Then
the caleulation is started with the explosion being
triggered in a one-mesh cell. The fuel meit thermal
energy is then deposited into the two-phase mixture.
and the code calculates the pressure-wave particle
velocity effects in the surrounding liquid and struc:
ture Two dJdifferent equations of state for the water
involved in the explosion can be used in CSQ

| a general analytic equation of state without
any restrictions on coolant pressure or fem-
perature

3 the analytic equation of state for water fsteam
tables) with a4 peak pressure restriction ol
300 MPa.

In the present calculations. the more accurate stea
taole equation of state was used. ,
The mass of coolant involved in the explosion
s the only parameter in the model This value s
adjusted so that the calculation causes in explosive
steam production rate that results in pressure«time
mehavior and coolant Kinetic energy. whicil agrees
with that observed in the FITS experiments (n thus
way. tie ratio of the mass of fuel meit and coolant.
which participate in an e¢xplosion for any given
experiment. can be empircally determined. This

Te =300 x
!
5 - '/wf\.:' “ .::;onil"g « 1000 ag/m3
I PTII Y
" » L —
" lLacrangian \\
an || raeres
EXPLOSION
2 b WX TURE
- \ NATER
gae- \ feo 378 n
dam 880

avtual explosion.

' \ / oets
e \-’/

)
-378 228 «t9 30 '8 28 re
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STEAM EXPLOSION EXPERIMENTS 44

slots of material Jensity and pressure o $Q Jalculati

Note that in the FITS expenments, the actual  agreement with the one-dimensional explosion model
mass of coolant in the explosion zone was observed ~here most of the coolant surrounding the fuel is
1o be much greater than 10 kg The fuel actually not vaporzed However, after the fuel Nas eqQui
{ispersed (nto the coolant to an extent corresponding librated. it iz possible that additional coolant does
1o ~30 to 40 kg of coolant in the explosion one participate dunng the expansion phase due to en-

o \
But not all of this coolant participated (n the nitial  trainment and sonvective mixing (urther cooling
~olosion interaction. If it did, the predicted steam™ = igwn the high-pressure steam. It <an further reguce

pressures would De nitially much lower (1.0 fO the explosion work po.entidl 9¥ 4 factor Of « Or

30 MPa) than what (s observed Therefore, most MOre Y‘m empincal model s now being used [or
o the coolant in the explosion zone does not analysis of FITS experiments.

participate (n the explosion nitially. This s in

-
V1. CONCLUSIONS AND REC IMMENDATIONS
' 000 BULERIAN POINT 3 at 02980 om ang 0 2480 om For the large-scaie expenments, a transient ones
[ - MODSL {imensional explosion propagation model was de-
4 500 veloped and qualitatively sredicted the FITS

e DATA
sxperimental data trends. ¢§ pressure nistury and

§ 000 » . 4
’
. Y ' propagation velocity of the explosion. Phenomeno-
5 500 » -
% 2 ogical treatments [oOr vapor fim collapse ind fuel
¥ 000 * $+ 81 5 fragmentation were (ncorporated (nto the mocel
. . " {1 ( ' M " "L T h " .y )
2 4800 ’ E. ‘" idditl )} simpie . 3l explusion \0de
\
S somi 't Re . vas developed and incorporated into a two-dimen:
v ‘ ::‘: . jonal hydrodyvnamis moputer Jode. (3G LIS
& 1500 | ot nod 5 he " é walilit finvest fimag tH
-,al | . : Je81 NdS g 14¢ J54d stigating
1 500 ; i .-'i ':Q| 'y Lmensional 1Fae pial f the o Dagdt
4 . ' ' nd axBansion ) . ¥ e axBlos " ' Y,
& 2500 ! ’ ® ..J. p iy - ‘?c. - ) P ’ e
LR CERERN .sed 10 analy 2¢ the FITS experiments
1000 » "o S.aML] AR ‘ | { t
P! ' 5ie el ¢ This paper has outlined new models thal were
: o v { .
500 » gl ‘ i ‘l’ ﬂ: g , smployed to anaivie the test Jata ol largesscaie
00 » :;‘ ‘ ‘ ' o ‘ gaperiments These models. athough Mmuch’ more
" " ‘ -vpmm..ne.‘. than their predecessors, are till quite
) » "
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a steam explosion experument. It is in this area that
further research is However, it should
umtwmm.uwmpom:
in understanding the physics of the interaction,
may not directly affect reactor safety questions.

mmndmaofmmmmouldnddrm
why Cortum-A+R does not undergo a violent inter-
action with water. If it is due to solidification
processes, then it depends on the temperature of
the core meit. This suggests that more research be
focused on the initial conditions of the core meit
accident.

APPENDIX

ONE-DIMENSIONAL TRANSIENT
EXPLOSION MODEL

The one-dimensional transient expiosion model
was developed to analyze the large-scale expenments
of Mitchell. It is based on the conceptual picture
of a multitude of molten fuel droplets i film
boiling in a continuous phase of liquid coolant.
The assumptions of the model are discussed—m
Sec. V. In the Appendix, the governing equations
for this multiphase system are presented, along with
a couple of sample calculations.

The one-dimensional Lagrangian hydrodynamic
wave code, WONDY:IV, was modified to incorporate
this multiphase system and the assumed fuel frag
mentation models (thermal and mechanical mech-

anisms). This wave code was designed 10 solve
conventional continuum relations: however, it was
easily modified for this problem.
The mass continuity equation is given by
ﬁqp..x» =0 (A1)

where t (s the one-dimensional position at 3 La-
gangian cell interface (Fig. A1) and where Om 1§
the mixture density centered in the mesh cell

Om ™ Dyl * Pl * QG (A2)

where &/, . are the volume [ractions of the fuel
vapor. and liquid coolant, respectively, subject to
the constraint

a;*a.ou.-l i (A

The volume fraction of fuel is umply the Jdroplet
volume Jivided by the mesh sell umit volume. &%

Fig. A 2)

o}
a;l‘;:" A

\ : b

2
i
S

§ —————

s s st —

amVag o

Fig. A.l. Spatial mesh for the one-dimensional Lagrangan

model.
Simularly.
floe0r- 0yl
a, " o (A.5)
ael=ar= ay (A.6)

The one-dimensional momentum equation for
rectangular coordinates is given by

p.c'-%g-g : (AT

where 2 s the acceleration at the cell interface,

J.%e". (A%

L = velocity at the cell interface

L.%f (A

o = stress n the x direction, where for this

and where

multiphase fluid system is equal to the mix-

ture pressure
o8P, (A LO)
J % ViscOus stress given by
g | dom \* i ) O =]
J'Bhé.\‘:(w) “B:t-q-n‘{ﬂ;';’) ‘ALY

and 8, and B, are the quadratic and linear viscosity
coefficients

“ by ““'l‘o.......
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Therefore, these artificially
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sf reducing shock gradients and
nocs OV a few mesh cells
axplosion calculations
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= coolant mass vaporized at interface

= mass

= |iquid slug mass

= pressure

= ambient pressure

= noncondensable gas pressure

= pressure due to fuel-coolant contact and
mixing

= heat transfer rate

= radius

= radius of fuel drop

= radius of vapor-liquid interface

= gas constant for water

= time

= internal energy

= velocity

= volume

= (expansion) volume

= entrained volume

= gpecific volume

= quality

X

= distance or position

a = volume fraction
5 = vapor film thickness
8¢ = condensate thickness
¥ = ratio of specific heats
Ae = coolant thermal penetration distance
\s = fuel thermal penetration distance
Aerie = Taylor critical waveiength
[} = density
[ = surface tension
04 = agccommodation coefficient
o, = Stefan-Boltzmann constant
Subscripts
¢ = coolant
e = equilibrium
f = fuel
i = jnitial
" el  =relative
v = coolant vapor

= trigger
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