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stean explosions, the Sandia recent support for the
lower probability of containment failure by steam
explosions, and the NRC critique of existing steam
explosion studies. Furthar, we nave critically
reviewed some of the existing physical models wnich
have been used %o analyze steam explosion experi-~
sbiective, we make ! P e *p .
8 ments and suggest a refinement of © Cho et. al.
of the results of comprehensive studies “indy = .
o B .k ¢ : mixing model (18) which has been used in the eval~
published scientif iterature. Wwi.th the ”
y R 2 jation of energetic considerations assocliated with
improved, but incompleta, inderstanding of steam p p 4
. d . pe fine fragmentation of melt-water interaction.
explosions gained over tnhe last decade, we reach .
- - . Finally, we indicate some of the uncertaintles
the conclusicon that the propability of contain- : P
g . = associated with the modeling of steam explosions
ment breach by steam explosion is very much less x
p 2 pt 2 -8 and suggest additional studies which may resolve
a fev orders of magnitude) = per reacto
these uncertalinties.
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Fig. 1 = Conditions for Containmert Fallure
by In-Vessel Stea.. ¥xplosicn
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,“.‘A! Prognuxon

Once the core starts melting, a gradual core slump-
ing will ensue. An incoherent core slumping is
predicted by the ANCHAR :ode (NSAC/EPRI) and by the
CORMLT code (EPRI). On the other hand, a scenario
has been postulated (4) in which porticns of the
molten core solidify near the bottom of the core
and allow the molten fraction of the core to grow.
Others have postulated sirilar scenarios (5), how-
ever, the radiative heat transfer from the molten
core will vaporize the water in the RPV lower
plenum if the melt is allowed to grow without
slumping, taus precluding the possibility of an in-
vessel stean explosion. In the MARCH code (6) it
was originally assumed t-at core slumping begins
only after a substantial core fraction has become
molten, however, a more recent version of the code
(7) includes an incoherent core slumping model.

Using the asove-mentioned information and our judg-
ment, we believe that the conditional probability
of generating a large cossrent -_ie mass, given the
presence of a molten fuel, is 10 . The determi-~
nation of what mass of molten fuel participates in
the interaction is of importance to the present
discussion since the enersy potentially available
for release by a steam ex:tiosion is directly pro-
portional to this mass (see Appendix B).

The next mandatory regquiresent for a steam explo-
sicn is the availability 2f adequate water in the
lower head. The melt/water mass ratic signifi-

cantly affects the yield of the explosion and is
determined by the mass of water available at the

S

ctine of core slumping. I% is generally agreed -

that the coolant has to ts subcooled in order for
a stean explosion to occur spontanecusly (8),
although the effect of the ligquid subcooling is not
clearly understood. (The theoretical mcdel of Hall
and Board '10) sctually predicts that high sub-
cooling would reduce (or eliminate) the efficiency
of the explosion, and sote experiments (21) support
shis condition.) The mocel suggested by Henry and
Ffauske (8' 21id predict the occurence of suppression
of the stea~ explosion Zata of long (%) (aluminum
and water) based on water subcooling.

In a steam explosion stucyv (ll) performed by Sandia
(National lLaboratory) using 18.7 kg of iron-alumina
selt, which was judged =2 te a jood reactor sisu-
lant material, the explcosion was suppressed in
saturated water. An on-g2ing study under EPRI
sponsorship (12) in whicz 2 to 3 kg of corium

was dropped or injected .ntC saturated water has
not produced steam explosions either. Since it

is quite unlikely that s.sccoled water would be
sresent in the lower heaZ of the §§V. e reduce

the conditicnal probabilizy to 10 -
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inderssacd. The model s.33ested by Henry and
Fauske, (13) based on 3rcplet capture and bubble
srowth arsa-ents, predicts that high ambient
STeSsuUre wil.l Suppress Azcr explosions. Their

sredicticns 1)) agree ~ith the experirental evi-
dence of vazor explesion in Freon=22 and mineral
21l where as explosion was ciserved at | atmosphere

but was suppressed at 2.2 atmospheres. B8oard and
Caldarola, (l14) on the other hand, believe that
the pressure may inhibit only the triggsr and Jues-
tion some of the underlying assumptions of enry
and Fauske model (e.g. that vapor bubble cannot
grow until acoustic relief takes place, etc.).
Based on the single drop experiments of Nelson
with iron oxide and water, a relationship was
shown (15) to exist between the trigger strength
and the ambient pressure. At pressures higher
than ~0.9 MPa, an explosion could be triggered by
increasing the trigger strength. A theoretical
explanation was given (15) in terms of the effect
of pressure on the stability of the vapor fila.

Assuming that the Henry and Fauske (13) prediction
of the pressure effect is valid, and without
identification of a large trigger source, it is
plausible that steam explosions in LWRs could be
suppressed at pressures higher than “1.0 MPa.

This conclusion is an impcrtant one since the
probability of a severe accident in which the RPV
pressure remains high (TMLB' and small break LOCA)
is larger than that where the RPV pressure remains
low (large break LOCA). Nevertheless, because

of the lack of a precise definition ot the effect
of pressure we did not reduce the probability of
steam explosion due %o high RPV pressure.

Fuel/Coolant Coarse Mixing

There is general agreement among researchers (see
for example references (4), (5), (14), .8), (17))
that energetic steam explosions progress .n three
stages: (1) coarse intermixing or premixing,

(2) sriggering and (3) coherent propagation or
fine dispersion.

Although there is disagreement among researchers
regarding the dominant mixing and fragmentation
mechanism (i.e., vapor collapse, violent boiling
or hydrodynamic breakup) we observe that the
film boiling fragmentation model of Henry and
Fauske (8) provides a fair assessment of the
average size of the fragments produced in the
breakdown cf the initial coherent mass into a
coarsely fragmented mixture of water and molten
debris.

Triggering

Before the propagation process can start, a trigger
must be available. The interacticn can either be
triggered spontzneously when entering the water

or when hitting the base, or it may require an
introduced trigger. There 1S agreement among
researchers that the trigger must be able to pro-
duce local contact between the hot and cold liquids
by collapsing the vapor blanket, however, the exact
mechanism bv which this can be accomplished is not
clearly understocd and typical experiments are
randomly triggered either near a water surface or
near a structure. Based on the experidents at
Sandia (%) with corium and water, which suggest
that the variations in corium composition (corium

A or corium A+R) may suppress spontanecus trigger-
ing, we cculd reduce the conditional probability

of steam exglosion in an LWR by 10 *, however, due
to remaining ambiguities, we did not. This is an
exarple of how uncertain it may be toO extrapclate
experirental results with one type of material o
actial LWR conditions. It should be pointed out
that in spite of the difficulty of spontanecusly
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triggering an explosion with corium, later infor-
=ation from Sandia (19) using corium A*R with &
Larger mass (8 kg) was spontaneu..’'y base tIig-
gered, however, this does not assure spontanecus
triggering under more "prototypic” reactor condi-
-ions (i.e., melt composition and mode of delivery).

A steam explosion may also be triggered Dy an ex-
rernal trigger the size of which must be increased
«ith an increase in the ambient pressure (15). The
juestion is what can constitute an inherent =Iig-
jer source under a "prototypic” LWR conditions.
ijome researchers have suggested that a trigger
source may be present in the form of a falling
spject which could impact the lower RPV head and
thereby generate a pressure pulse. The magnitude
af such a pressure pulse could be estimated at
~10 MPa. It remains, however, tO be proven ex-
serimentally that a falling object is a viable
srigger source at high ambient pressure. We take
a0 credit for the possibility that there may not
oe an external trigger present.

Propagation and Fine Dispersion

The next phase in the process is a coherent pro-
cagation of the explosion. There are severa.l
sheoretical models (10, 14, 15, 16, 19) which can
predict the propagation phase of the explos:icon,
although the fuel fragmentation mechanism behin
the propagating shock front (if one exists) is
still a matter of debate between researchers. The
manner in which heat is transferred behind a snock
front (if one exists) directly affects the effi-
siency of the explosion. From a reacter safezy
point of view, it is interesting to note that not
all steam explosions propagate throughout the
<ixture. Evidence of propagating explosions does
exist (20), and there is also evidence of multiple
explosions, (19) however, there is no clear evi-
dence that multiple explosions are more efficient
+han a single explosion. In order to assess the
impact of steam explosion on reactor safety, it

.§ necessary to determine the mass of the fusl/
water mixture that participates in the propagation
and fine fragmentation. It should also be realized
that the propagation takes place in a mixture con-
=aining a high vapor fraction, and as such 1is
sonsideraply slower (100 m/second) than the pro-
pagation in a single-phase fluid. The fuel/coclant
mass ratio and jeometrical constraints alsoc play

a role in determining the propagation speed. Ob-
viously, energetic considerations must also be
made as %2 whether a propagation can Dbe sustained,

Assuming that a sufficient trigger is present,

she third and final phase of the explosion 15 that
of coherent propagation Sr fine dispersion. Since
tAlS $7ep MUSt OCSuUr in A very short tine (order
sf milliseconds), and the particles must be very
small (order of a millimeter or less) Henry and
fauske (8) have proposed that the mechanical work
required to produce the dispersion may be larger
chan that availaole from the explosion itself.
They have estimated the fine dispersicon work based
sn =he model 2f -no, Fauske and Srolmes (13) and
srowed that it depends critically on the size of
t=e parsicles existing at the end of the coarse
fragmentation step and on the Mixing time. When
csese two ~cdels (the film boiling fragmentation
rodel '8) and s e fine dispersion work model 18
<ere applied to a postulated severe accident in
tWR (3), it was salculated that the energy rejuired

for rapid mixing far exceeds the available thermal
ener3yy within the =~e.:., Corradini and Evans (19)

in =~eir analysis of sandia's steam explosion ex=
perinents have checked this energy requirement and
found it %o be satisfied for experimental explosions
invelving up to 13.7 kg of iron-alumina melt and
water. However, =ne conditions of these experiments
were juite different from those of a hypothetical
reactor accident 3o that the achievement of these
exgerimental explcsions does not invalidate the
aboe-rentioned tiecries (8, 18). On the other
rand, Cho, Fauske and Grolmes (18) had to make cer-
tain assumptions resarding the mechanism of the fine
dispersion steg, wnich have not DSeen substantiated.
We -ave made correszonding calculations assuming
scrnewhat different ~schanisms which, in some cases,
lead =5 lower estirates of the dispersive work
requirement. (See ippendix A). But we have found
no case in which a steam explosion has been achieved
that the Cho, Fauske and Grolmes model would have pre~
diceed it to be energetically impossible, although
there are remainins uncertainties as to what exper-
imental values for =ixing time and particle size

are =0 be substituzed in the model.

In essence, the Henry and Fauske model (B8) predicts
that the coarse disgersion resulting from dropping
a large (tons) coherent nass of molten debris into
water in the lower :lenum of the reactor would be
so =sarse that the energy required to create the
fine dispersion necessary for an explosion, accord-
ing %o Cho, Fauske and Grolmes model (18) , would
exceed that availacle from the melt. Hence, no
explosion would scsur, or if one did occur, it
would involve only a small fraction of the original
coherent mass. On =he other hand, explosions in=
volving a larger fraction of an initially smaller
conerent mass would be energetically possible, as
«iound experimentally.

A direct conclusion of the above arguments is that

enly a limited melt mass, possibly in a form of an

inccrerent melt Four, can participate in the zelt/
watefr interaction,

Cunversion Ratio

The next important guestion is: once all the pre-
viously descrioed zonditions and processes are
fu1%:1led, what fraczion of the energy contained
witain the melt nas been expended in producing
the explosion, anéd what fraction remains o do
work on the reactsr pressure vessel? This is a
cor=roversial issue since it is difficult to zea-
sure directly zhe efficiency of the explosicn.
The experiments at sandia with 18.7 kg iron/alumina
(zlaimed %o be regresentative of corium) has 7ielded
a kinetic energy zonversion efficiency of approxi-
mazely L.3v for a water/melt mass ratioc larger than 3,
(11) whereas three recent experiments with 8.0 kg
of zorium and water —el:t mass ratics of between 13
ani 11 have yielieZ a kinetic energy conversion
efficiency as high as 2.6\, Similar results,
s-aztered betweer - and ]V, were obtained for UC,/
water Sy other Lrnvestigators (21, 22) who used
less zra~ 2f UC,. The Swedish Govern-
~ers 1tree == s=eam explosicns (17) has presented
eviience that stea~ axplosicn efficiency is reduced
increasing size of the melt, reaching a maxi-
sf 1.5% ac a ~elt mass of 10 kg.

v-: above experi~ental evidence suggests that only
. =¢ =ne ideal thermodyramic effi-
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ciency calculat*4 by Hicks and Menzies (23) is
actually availabl. for doing work on the system.
Three other comments on the efficiency are perti-
nent: (1) the kinetic energy efficiency evaluated
by Sandia fro= their experiments (19) is calculated
from the kinetic energy imparted O the water in
all directions (lateral and vertical). In one
particular example (page 122 of reference 19), out
of a kinetic energy efficiency of 1.25%, 0.21% was
in the vertical direction and 1.04% was in the
lateral direction. Since the postulated damage

by steam explosion to the RPV is by means of a
"slug” of water moving vertically upward, only the
xinetic energy in the vertical direction should be
considered for calculating the potential for the
creation of a large "missile” (i.e., RPV upper
head). This, in turn, implies that based on the
relevant experimental evidence to-date, the maximum
thermal to vertical mechanism conversion effi-
ciency is less than 1V and probably less than 0.5%,
(2) the efficiency was shown (1l1) to depend on
water/melt mass ratio, and was substantially re-
duced at a mass ratio smaller than 3.0. In a
typical postulated reactor accident, this ratio is
about 2. Hence, it is implied that in-vessel steam
explosions, if they occur, will be of low effi-
ciency, (3) Sandia has proposed (11, 19) that two
vefficiencies” be considered. one due o kinetic
energy and a second due to the pressurization of
the chamber air. The two efficiencies were com=
bined to yield a total "mechanical utilization™
energy. However, the authors (ll, 19) were care-
ful in pointing out that primarily the kinetic
energy is available to do work on the RPV. In
fact, the pressurization of the RPV is absorbed

by the RPV walls, and as long as the volume of the
pressurized gas cannot expand (i.e., an intact -
vessel), no work can be done by the gas. Conse-
quently, the "stored energy” efficiency has no
impact on the conversion of thermal to kinetic
energy and only the kinetic enerqgy efficiency
should be considered as a potsntial for preducing
a "missile”. Finally, we translate this effi-
ciency into an expected available energy when

4700 kg of melt (estimated amcunt of melt that

can mix in 3.0m of water in the lower head (19))
pours into water (see Appendix B).

The thermal energy contained within the melt is
approximately 6600 MJ, of which 1V is 66 MJ. The
theoretical maximum thermcdynamic efficiency for
a cooclant expansion %o the reactor volume (23, 9)
yields approximately 310 MJ for equal masses of
fuel and coolant and approximately 300 MJ for a
coolant/fuel mass ratio of 2.0. Only under the
assumption that the melt/coolant mixture expands
isentropically and the melt and ¢oclant are in
thermal equilibrium, or that the coolant expands
to atmospheric pressure, does the theoretical
thermodynamic efficiency increase approximately
shree fold. However, all experimental evidence
ro-date indicates that the process i1s Jjuite
inefficient because heat transfer is not corpleted
behind the propagating sncck front if one exists
at all) and efficiencies =f the order of ln af the
thermal energy 4o result. The low efficiency 1is
expected as a result of =he low propagation velo-
city (due to high vapor fraction in the mixture
multidimensicnal effects and other causes.

Expansion Work, Effect of Internal Structure and

RPYV loading

The explosion work estimated above may cause damage
tc the RPV either by the pressure pulse generated

hy the explosion or by accelerating a liquid slug
against the RPV upper head as suggested in WASH-
1400. However, before this work is transmitted %0
the RPV, part of it is absorbed by the remaining
internal structure (plastic deformation). An esti-
mate of the absorbed energy requires a sophisticated
analysis. Both types of loadings (pressure pulse
and ligquid slug loading) will be dampened by the
deforming structure which would reduce the expansion
work. An estimate of the energy absorbed by the
structure would depend on how much of the structure
remains. However, an absorption of 75% of the ex~
pansion work is not unreasonable (3).

AT | Y P

The remaining (“25%) expansion work would exert an
impulse load on the RPV and may accelerate a slug.
The potential for an impulse load to fail the lower
plenun was estimated by Corradini and Swenson (5)
based on an impulse peak pressure and duration (cal=-
culated by the CSQ computer code). For a "best
estimate” load they assumed that 10% of the core
interacts with 10 =ons of water at a conversion
efficiency of 1.5% resulting in 300 MJ of work and

a pressure impulse of 100 MPa and 1.5 ms duration
(see Appendix 8). No failure of the lower plenum
was calculated for this case by guite a substantial
margin. A conservative explosion work of 3000 MJ
resulting in a pulse of 400 MPa and duration of I ms
did result in a lower plenum failure. FHowever,

such work was the result of mixing 40% of the core
(~40 tons) with 20 tons of water at a theoretical
efficiency of “16% (see Appendix B). Since our
previous arguments precluded the participation of a
large melt mass, we should not expect more than
about 10 tons of melt to interact with water. There-
fore, we conclude that the impulse load probably
would not affect the RPV (unless it could fail the
instrumentation tube at the lower head of the RFV,
which is unlikely). Furthermore, since the lower
head of the RPV is expected to fail locally (by
melting) shortly aiter the melt accumulates in the
lower head, the failure of the lower head by im~-
pulse loading will have little effect on the safety
of LWR (failure by impulse loading may relieve part
of the expansion work which would otherwise De avail~
able for accelerating a slug).

—
-

Slug Characteristics and "Missile" Generation

Acceleration of a "solid" water slug is the next step
in Figure 1 for transmitting the expansion work to
the upper head. There 1is little doubt that when
molten fuel drops into a water pool, only a voided
water (or water/fuel) "slug” could exist above the
core.

A "soft”, i.e. oided, water /fuel slug may conser-
vatively be assuzed on account of the water/fuel
mixture which remains after the explosion. How=
ever, if the explosion is triggered before the melt
reaches the lower head of the RPV (e.g. at the water
surface) very little mass of water would be available
for a siug. Furthermore, even if the explosion is
triggered at the base (i.e. at the lower head) the
f.el water mixture is expected to be highly voided
a%0.78=0.90) (24). 1f we also consider the facs
shat the structure which rermains within the RPV
afrer =he explosion would sreak any slug (voided or

O o



unvoided), we conclude that only a *soft", voided,
incoherent slug could exist at the point of impact
on the vesss upper head.

In order to estimate whether such a hypothetical
slug could cause a large "missile"” as suggested
by the WASH-1400 study (1) we refer to the study
of Swenson and Corradini (3) and note that the
potential to generate a large "missile” is most
sensitive to the void fraction within the slug.
For the conditions evaluated in reference 3, no
large missile was produced in a PWR for a voad
fraction of 0.25 to 0.50 whereas for a triangular
void fraction distribution of 0.0-0.25-0.30, 8
tout of 10,000 trials) large "missiles” were cal~
culated to be produced under the same conditions.
Consequently, when realistic void fraction, slug
preakup condition, and trigger location are con-
sidered, no large miss.le should be generated under
considerably higher energies than those considered
in reference J (for a PWR 750 MJ mean explosion
energy resulting in a 200 MJ mean impact energy
yielded no large missile in 10,000 trials, whereas
for a BWR, mean explosion energy of 1450 MJ result-
ing in 350 MJ mean impact energy resulted in 12
large missiles out of 10,000 trials). As support
¢or this conclusion, we notice that the LANL cal-
culation of the 2ion/Indian Point study predices
no failure for a two-dimensional slug generated by
1200 MJ (25).

To further amplify the (energy) absorption capabi-

lity of the RFV, we note that a considerably higher e

energy absorption capability was estimated by
others (16). "Expected” values of 830 MJ and 1400
MJ for PWR and BWR respectively were calculated
pased on =he strain distribution within the RPV
structure. Similar conclusions were reached by the
Swedish Government Committee on Steam Explosion
(17). We, therefore, believe that the jeneration
of a "large missile” by a few hundreds MJ as cal-
culated by Sandia (3,5) is overly conservative.
Small missiles (i.e. control rod) may be jenerated
more readily, however, their energy would be ab~-
sorbed by the missile shield without causing any
damage (5). Finally, it should be realized that
internal structure within the containment will
absorb part of the energy of a large “mussile”
pefore containment failure.

Probability of Containment Failure

We now attempt O estimate the probability of con-
rainment failure based on the “event tree” of
Figure 1. "Lumping” all the above-menticned fac-
sors, namely: conversion ratio of 1\ or smaller

as a result of thermodynamically inefficient
process, an expansion work to a sonstant nigh
pressure volume, the energy absorption capability
of the internal structure, the inconsequential
impulse .cad, the snavailability of a "solid” water
slug above the core, the Very low bulk modulus of
a voided slug, the high veid fraction of whe fuel
water slug, if any, the Dreak-up of a slug by the
remaining structure, the dispersive nature of a
rwo-dimensional siug, the energy absorption caga-
bility of the RPV. of int gnal structure within
she containment, and of the containment Ltself, we
reach the conclusion that 1f a containment failure
by & large "missile” were to Occur at all, its
probability should be reduced bHv at least two
additional srders of magnitude. That is, given a
severe accident, we estimate that the sonditional

grobability of :zonta.nment rypture by an in-vessel
steam explosior. i3 about 10 This value compar<s
with an estimate: conditional probabilicy of 10

in WASH-1400 (1), and estimated congﬁnoul prob~-
abilities of 10 f~r a PWR and ~10 ~ for a BWR by
Sandia (3).

The possibility of ¢/ atainment rupture due to an ex-
vessel steam exzlcsion has also been considered.

The =onditional probabilicty of such an event is be-
lieved to be insiznificant due in part to the sane
arguments applied above to the in-vessel steam ex-
plosion. Where those arguments do not apply, there
are others whicr have the same impact. specifically,
the debris must ce released from the vessel in a
non-dispersive Tanner and it must be coherent (not
like a stream or series of drops), an adequate quan=
tity of water mist bDe present under the vessel,
coarse mixing, triggering and fine dispersion ust
sceur, the rescltant pressure pulse must find its
way through sore =Ortuous paths to the containment
itself and must e of sufficient strength to rupture
it, or a large "missile” must be energetic enough to
break the containment. The details of this process
depend on containment design, which varies from one
type of plant o another, but the conclusion is the
same, namely trhat sc many conditions and occurences
must coincide =-at the conditional probability of a
containmens daraging ex-vessel steam explosion is
insignificant. Similar conclusions have been drawn
by others (5). ~Zur judgement, similar to those of
others (S, 16, 17), is that the probability of con-
cainment failure by an u-_-guul steam explcosion is
small, of the srier of 10 ~ per severe accident.

CONCLUSIONS

Based on a methodical evaluation of events and con-
ditions which ~ay lead to a steam explosion in an
LR, and using cesults from the published scientific
literature, we conclude that the conditional prob-
ability of containient breach by steam oxplouoggu
of zhe order of 10 per severe accident, oOr 10

per :”ctor year, assuming a safety goal probability
of 10 | per reactor year for a severe agcident.

This compares with a probability of 10 ~ per severe
accident usugs:'. in WA§H=-1400 (1) and with a prob-
abilicy of 10 zo 10 = per severe accident cal-
culated by SanZia (3). With such a low probability,
the steam explosion becomes a negligible contributor
to the overall risk %o an LWR and is completely over-
shadowed by other contributors.

Sucgestions for Future Work

A long list of suggested future work on steam ex-
plosions was tresented Dy Scard and Caldarcla (14)
in 1977. Many of she studies they have suggested
were since carried out by Sandia and by others (see
ASME, HTD-Vol. 13, 1981, on Fuel-Coolant Interaction
9.15,21.,22)) In spite of the additional research
performed pricr to 1982, a long list of recormended
research tOopics was put forward in an Expert Review
vMeeting on Stea~ Explosion held in May, 1982 at the
NRC.
we believe t~az zie following small scale phenome-
nological stuiies are justified as confirmation
research, 3iviag additicnal assurance to tne on=
clusions statel acove:

1 Accelerazion and "coupling efficiency” las a
vehicle for energy transfer of a voided %wo-
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dimensional "slug" accelerated thrsugn inter-~
nal structure.

(2) Energy considerations in mixing hot and cold
liquids to verify and quantify existing mixing
models such as those developed by Cho, Fauske
and Grolmes (18), or a modification thereof
(see Appendix A).

(3) Triggering of steam explosions at high pres-
sure, in saturated water, using “realistic”
trigger sources such as falling objects.

(4) Effect of confinement on steam explosion effi-
ciency.

(5) Verification of computer code predictions of
an impulsive load.

We do not believe that large scale (i.e. hundreds
of kilograms of melt) steam explosion experiments
are justified at this time because of: ‘a) the very
low contribution of steam explosion to the public
risk, (b) high cost, and (c) the small psrobability
of gaining final resolution of the issues by such
experiments. Similar conclusions were drawn by
three out of four experts (26) who considered this
issue.
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APPENDIX A - Mixing Energy

cho, Fauske and Grolmes (18) have calculated the
energy necessary to break up a fuel volume into
small particles and mix them with equal volume of
coolant. It is important to know this energy. for
1f the result yields a substantial fraction of the
chermal energy within the fuel, the interaction and
therefore steam explosion would not take place. We
checked the sensitivity of the above model to the
assumptions made with regard to the geometry of the
nixed volumes. We consider a sphere of one ligquid
of radius R, and volume V  surrounded by a spher-
ical shell 3! another l&q&xd of radius R, and
volume V.. We assume that a droplet of “the inner
liquid -avu radially outward from its initial
position at r, %o its final position at r, such
that a uni!o:hy mixed sphere V_ results. The
drag work required to move the 3&:&:1.. a dis-

tance x'zﬂ'1 in %ime t is:

2
d"o-ﬂ ‘”CDA“ (22-t1) (A=1)

where W_ is drag work, o is fluid density, C. in
the cle drag coefficient, u is the pmgclo
velocity, (r_-r,) is the distance traveled by

particles, A"is the particle area, and N is the
number of particles initially in shell of radius
r.. We substitute now N-«rlndxx (nenumber o!z
piznclu per unit vglume in liquid), A=wr _,

\ i ) P
.x-(r2 rl,/t. (tlllx) -(:z/lz) :nd obtain,
1
2 2 P T 5
UD-I* tpncco,t "‘2’ Rl 1) ’/-xr1 dr (A=2)

0
lntoq:gunq and substituting Rl-lvliu and l/n=
4/3-vxp yields,

2
9 C oV, R 3
W .—-L-;- _Z. -1 (A=3)

964 L '1
P

We now consider the case Ygloqul volume mixing
i.e., V.®=2V_, and R_/R =2*/ “=1.260, and compare
this re ultj'thh thi: 3! Cho, Fauske and Grolmes
(CFG) (18). For one step mixing the ratio of our
estimate to that of CFG 1is

W_(this work) - :’J?-O.:SJ

12 - el +
W(CFG) 84 et

B

3
8t r_
— ® 0.2021 A=-4)
)C::f'-':

for the CFS progressive Mixing model where W _is
given by (18)

e/ 3 . "'. 3
HF CFGiel.BIC 2V, - i- p inf 2 A=5)
o P e/ 3 T
t Fe P

and assuming r:/‘.li/lux there resilts,

'dof.:hu work)

-4
ﬂp(C!‘G) = 4.35x10  XiaxX (A-6)

where x-vln/t . Substituting some N0 ical values
for X, eatatioR (A-6) yields z.nsxw'?,n;.«noﬁ,
6.29%10"2, 0.472 and 1.0 for X=10,100,1000,10° and
2.3x10 respectively. For X=1000 we obtain l’./rp-
620 and for X=10", R,/r_=6200. Consequently,

this model yields a ol estimate

reference (18) as long as Xsv 2/3/r <2.3x10° or
nI/r1<14267. It is apparent that it is important
to know the true values of C_ and particularly =.
These are not well known unuuu.

The energy required to overcouas the surface energy
when creating smaller particles by subdividing a
large particle is .

w . v xa / tp (A=7)

where 2 is the surface tension. The ratio of the
drag work calculated above by equation (A=3) to the
surface energy work W_, in an equal volume nixing
(R,/R =1.26) is -

" v
2 - 262007 _c%_,_ (A=8)
] | K-

Substituting intg equation (A-8) C_.=1, o-lq-/a’.
a-o.SN/E V,=lca”, t=0.01 sec yi!l.gn. w -
§,25x10 ° whereas for V -lxlo‘a and :-0.&1 sec,
wb/v'-x.suo . It appears therefore that under
typical LWR conditions, drag work will dominate as
in the CFGC model.

Kinetic energy consideration yields,
R

H-f“rza A 4 3
KE 12(ZL)4’1'
2 t

0

2
avp nz 5
_2.2 * = 11 (A-9)
St 1

The ratio between drag work (equation A=-31) and
kinetic energy work (equation A-9) for egqual volume
mixing is

*
A

'0" ‘t-‘

-~
-

”

=1.46

-~
-

2 (A=10)

Al
-

For 5,/0_=1/8 and CD-I. equation (A-10) yields

HD,‘Wn-O?'.BB R, /r_which again implies that cthe
-
drag work will dominate kinetic enerqy requirements

as in the CFG model.
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AP IX B - Explosion Ener of the Melt

The total energy contained within the melt is
estimat d between (§5)

@=600J/kg~"k (2700-300) *k=1. 44MJ/ kg
and, (16)

Q=500J/kg="k (3000~300) *k=l. 35MI/kg.

Canuquoguy. for 10% of a 100 ton (PWR core
Q=l.4x10 MJ, reas for 10% of a 200 ton core
(BWR) Qm2.8x10 MJ. A conversion ratioc of 1% yields
140MJ and 280MJ for PWR and BWR respectively.

(For the somewhat larger core used in reference 31,
the 1V conversion ratioc yields 183MJ and 150MJ for
PWR and BWR respectively). These anergy levels
are considerably lower than the mean peak explo-
sion energies of 750MJ and 1450MJ used in refer-
ence 3 to deriye the containment tg&lun prob=
ability of 10 for PWR and 1.2xl0 for 3WR.

Furthermore, the conservative expansion work of
J000MJ used in reference 5 for PWR implies an
efficiency of 16.50 in a 130 ton core. However,
this 3000MJ is claimed %o result from mixing 40%
of the core with 20 tons of water, for which the
theoretical thermodynamic expansion to the reactor
vessel volume is approximately 8%. (5)

We suggest that more realistic values for she

explosion energies be used in future probabilistic

studies which yield the "bottom line” for con-
tainment failure.
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