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N ASSESSMENT OF CLASS-Y (CORE-MELT) ACCIDENIS FOR PWR %

DRY -CONTAINMENT SYSTEMS* )
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The phenomenology of core-meit accidents in dry containments was examined for the purpose of identilving the margins of
«afery in such Class-9 situations.
The scale (geometry) effects appear to crucially limut the extent (seventy) of sicam explosions This together with the
¢stablished reduced expiosivity. of the conum-A . water system. and the inherently hugh capability of dry contunments
reinforced concrete. and shields in some cases. seisnuc design etc.) lead to the conclusion that falure due to steam explosions
may be considered essenually incredible. These ‘premuxture’ scaling considerauons also impact ulumate debns disposition and
coolability and need additional development.
A water-Nooded reactor cavity would have beneficial effects in Ufmuming (but not necessanly eliminaung) meit-concrete
interactions. Independently of the inunal degree of quenching and /or scale of fragmentauon, mechanisms exist that dnve the .
system towards ultynate stability (coolability) Additional studies, with intermediate-scale prototypic matenals are recom-

mended to better explore these mechanisms.

vwe \-:‘?\.\ 3

constraints required for acuvauon.

ume.

L lntroduction

Realistic understanding of core-melt accidents and
‘beir consequences in Light Water Power Reactors is
mporant for the comprehensive determunauon of Risk.
, Such determaations would be a crucial factor i the
(ment debate concerming long term Nuclear Power
+Policy Perhaps more importantly, however, such under-
Manding s essenual for oprimuzing resources ith respect
9 mimmizing the nsk through a balanced approach .
Punwng Research and Development and .mplemenung
«Mlery features addressing the whole spectrum of off-
%ormal operauon.
. The unpetus for understanding Class-9 accidents as
vell a5 the current state of the art in this area are best
Remplified with the work surrounding the so-called
(Zion, lndian Point) Study. A wide range of reie-

.
This work was performed under the Juspices of the United
¢ > o
Nucear Regulatory Commission. Washington DC
N\ 5 under contract No NRC-03-80-102

BR0°178882 Risalhe

Containment heat removal sysiems must provide the crucial capability of miugating such accadents. Passive systems should
be explored and assessed agaunst currently available and /or improved acuve systems taking into account the rather loose ume
-

It appears that contunment margins for accommodating the hvdrogen problem are limited. This problem appears 0 stand
out not only n terms of potenual consequences but also in terms of lack of any readily available and clear cut solutions at thus

vant theoreucal and expenimental information bas been
brought forth especially as a basis for the extensive
mechanistic calculations carned out with computer codes
(MARCH, SIMMER, etc.). These studies are helpful 1o
providing a general-purpose parametnc feel for the van-
ous effects and their sigmificance. They may oot repre-
sent the best approach however wsofar as providing the
comprehensive perspecuve required for amwving at con-
clusions. The basic reason for this is that manv more
degrees of [reedom. concerming qualitauve phenomena
as weil as their quanutauve features, than those pracu-
cally realizable by means of large scale computauons,
are needed to account for stochastic behavior as well as
for limitatons o the mathematical modeling (including
input-speficied data) of such a compiex set of phenom-
ena At the other extreme probablistic nsk assessment
studies do not contain the mechanisuc insight required.
[t s suggested then, especially when speaific concerns
(1.e., the steam explosion or core-concrete wateracton
hazards) are to be addressed, that a more genenc phe-
nomenological structure may provide an appropnate
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102 T G. Theoturmos, M. Suito

approach. An attempt in this direction is made here.
There are two specific phenomenologival aspects of this
problem, not considered previously, (hal possess such
genenic character and have prompted us in this path of
investigation. We introduce them brefly below

1.1. Effect of scale vn juei-coolant muxing

Mixing between two liguids is an interface phenome-
non. For macroscopic svstems (much greater than the
stable droplet size) the surface to volume ratio decreases
with size, and for the same contact ume (distance of
travel), the relauve proporuons of masses found in
intermuxed states will also diminush. This considerauon
is crucial not only in assessing the likelihood of a major
steam explosion (i.e.. involving a sigruficant fracuon of
the fuel 1aventory) but also in developing a realistic
view of resulting fuel debns configuranon and hence
coolability. The relevant fuel volumes are nearly three to
four order: of magnitude larger than the largest availa-
ble (and pracucally reasonable) expenments. [n addi-
tion, the available expenments have uulized in over-
abundance of coolant. The geometnc scales, and con-
tact length scale in parucular are thus grossly distorted
in the direction of favoring intermuxing, explosions,
and/or [ragmentation. Such is the case, for exampie in
the EXO-FITS experiments. Yet Berman et al 2} con-
cluded that fuel muxing occurs quickly and at a fine
scale (< 1-2 cm) even for the reactor applicauon. We
illustrate tkese phenomena expenmentaily and conciude
that mixtures involving more than 2 and 10% of the fuel
mass for in-vessel and ex-vessel explosions respectively
are unlikely.

1.2. Effects of debrns bed stability on coolability

For deep beds, as those of interest here. dryout is
hydrodynamucally controiled by the flow resistance (in-
cluding counter-current flow limitauons) withun the bed.
Dryout heat fluxes are therefore dependent upon par-
ucle sizes (i.e., void space sizes) increasing with parucle
size. Correspondingly, for any parucular decay power
level and debn bed height there is a parucle size (less
than 0.1 cm for our case) below which dryout would
occur. To completely exclude such (ragmentauon al-
though intwitvely reasonable it represents an .mpossible
task. We can, however, render the quesuon amenable to
a more defimitive answer by considenng instead the
stabulity of all possible coolant-debn-concrete config:
urations and bv showang that unstable beds (non-
coolable) are dniven to stability (coclable) by a sponta-
neous change in parucie dimensions. Agaun the relevant

i ovessotent of Class 9 1vneg i

phenomena are illustrated expenimentally and it s shown
that ¢ven protonvpie material venficaton s fe

The presence of voolant is hev 10 these considera

In contrast. current work (1.¢., see reports durnng
November 1980 Core Molt [nformation Exchanze

ateractions. Extensive computer code deselopmaint
been underway for some time and super large seule
current standards) interiction expenments. okl &
and 300010000 kg concrete. have been planncd
next | -2vears

The general Juaident sequence (pressunicd
reactors and dry contunments are only considered her
especially as charactenized by the amounts of matenils
\nteracting s discussed in secuon 2. Aganst this overall
framework the concerns of Steam Exglosion and Dubn
Bed Coolability are assessed in sections J and 4 respe
uvely. Finally the contunment pressure transicnl
estimated in section 5. A summary of conclusions »
given in secuon 6.

2. Meitdown sequences
2.1. Genenc geometric consideraiions and definitions

A scaled representation of the reactor vessel (and the
\nternals important to the accident sequence) as situated
in the reactor cavity is shown in fig. | A plan view of
the reactor cavity and keyway is presented in fig
Important volumes, areas, and dimensions are also noted
on these figures. According to the findings of thus report
the presence of water is beneficial and a flooded reactor
cavity is assumed throughout

At decay heat levels the meltdown process is rathef
slow. [t would progress from within (o the owiside of the
core forming a connguous meit region. A conunuows
meiung and refreezing cycle would commence due »
small passages available for meit escape and the sub"
stantial heat capacity in the lower poruons of the <o
and its supporung structures. The moiten zone¢
have to be contained by frozen crusts due to Do
losses. The meiting - [reezing process renders such crustd
in a state of mouon in the outward direcuon
clearly the possibility of any amount of water P
withun this growng molten zone must be excluded
i view of the preferred downward fuel relocanon ¢
rmolyowmmmcdowuvuddnecuon““"‘“"
that o the lateral (radial) direcuon. Thus wrtual '”;
unuum of melt configuratons (states) is likely '
nterrupted each ume a massive obstacle (core sup .
structures) is encountered. Although the discreteness

‘ o"i ”b . r‘-‘..-.- -
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Fig. 3. Mustraton of key moiten fuel pool configurauons

Fig | Scaled representation of the reactor vessel situated within
e reactor cavity. LCP-Lower Cover Plate. DP-Diffuser Plate.

SC-Support Columns. SP-Support Plate.

Bese states may ot be always very pronounced they
e convenient mulestones for the purpose of following
the accadent progression.

Three such states are identified for the in-vessel
portion of the sequence. They correspond to the lower
- @elt boundary coinciding with the lower core and dif-
fuser plates, the core support plate, and the reactor
Vessel lower dome, and will be referred as states A, B,
nd C respectively. These states are schemaucally de-
Picted in fig. 3. Prior to penetraung the lower core and

f
i B \./
e — "o n et
s 2 Plas view and rypical dimensions of reactor cavity and
ay

(states).

el

diffuser plates the pool would contain at most 400 f1’ of
melt. A more likely figure would be one-haif as much.
Upon reaching state A the radial growth may exceed the
downward relocauon. States B and C would hence
occupy volumes closer to the maximum values of 450
and 500 ft’ of melt respectively. The final state. state D,
corresponds (o meit capture by the reactor cawity floor
and it is amenable to a number of possibie configura-
uons. The most likely, an even distrnibution of essen-
ually the whole amount of melt over ail avalable reac-
tor cavity area, is designated as state D Finally the
possibulity of dispersing some of the debn outside the
reactor cawvity (in the containment) by fuel-coolant in-
leracuons (or other pressure reieasing events) need be
considered for compieteness. This possibility il be
discussed later, however, as we will see the uncertaintes
associated with the dispersion of major quanuties are
such that it would not appear prudent to genernically
take direct credit for this mechamism. Hence no specific
state will be defined. [n as much as any amount of
dispersal wl reduce the heat load on the reactor cavity,
however, tus will be a factor added to a long list of
Other favorabie. yet unquanufiable, mechamisms viewed
as providing addiuonal margins to saferv

ln considenng the long term behavior of the stability
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of each one of these states with respect to interacuons
of the meit wmith the vanous matenals with whch it
comes in contact, i.e., structural components :denufied
as supporung elements for each state, must be assessed.
The possible influence of the presence of coolant, and
associated fuel/coolant thermal interactions need also
be considered.

In the past (i.e., WASH-1400) the likelihood of an
energetic, large-scale (~ 20% of core), interaction, was
esumated as “one out of ten umes” that a “large molten
mass” encounters water. Such encounters during a core-
meit accident were taken as virtually certain (probabil-
ity of unity). More recently, and on the basis of certain
“prototypic matenal” experiments at Sandia, it has been
recommended that any one encounter (agaic taken as
certain) of the molten core mith a quanuty of coolant
(1.e., damping of the ECCS accumulators) would pro-
duce an energeuc, large scale, fuel-coolant interaction,
known as vapor explosion (i.e., an upwards adjusument
of the probability by a factor of 10). Even more recently
(Berman et al. (2] this probability was reduced by a
factor of 2. What is impiicit in these esumates is that
every ‘encounter’ and every explosion would involve
substanual fracuons of the available meit. On this aspect
of the problem we would like to give our pnmary
consideration.

It has been widely recognized for some tme now,
that coherent. large scale, explosions, involve the tn-
ggenng and propagatuon processes through a [fuel-
coolant mixture (to be referred to here sumply as ‘pre-
mixture’) that is coarse enough to allow essential ther-
mal isolation berween fuel and coolant, vet it ig.fine
enough 10 support the process of propagation. The
actually required range of ‘scales’ of thus premuxture is
not known to date. It does appear, however, that from
the point of view of actual participauon in the heat
exchange process, for the ume scales. pressures, and
velocities of interest a 10 cm scale should be an ade-
quate upper bound. The adopuon of such length scale
now prowvides a handle to explicitlv account [or scale
and geometry effects in carrving out order-of-magnitude
estimates (as given 1n the subsequent two secnons) of

the potential oxtent of fuei-coolant interactions 3t the

-

vanous stazes of the melidown seguence The amount
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the above. from the point of view of eacrgenic interay
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I} probatiiits (O 3 promixiure as a4 undhbwon of

nons. the nwitdown segquence mav be chara
]

quanuties invoived and ume. 1.e.. Pim’ Um* 1)

We will find thai ‘ue to the parucular g
constraints ‘premuxtures’ are of limuted extent and
lived. The most likely umes for their occurrence il by
dunng transiuons between states. [t is more
therefore, and certainly more perunent to the degree of
actual knowledge umplied, that the premixture probaby,
ities be referred to a certain instant in ume (pres
the one maximuzing its value). The conunuous functiog,
ality in ume wll, therefore, be removed in f‘vor d
indicaung the ume penod by the corres
configuraton state, as defined above, ie., Py(m' u,..c)
meaning the probability for a premuxture, able to
port propagation involving a quanitity of fuel mass m!
and occurnng within the geometncal confines of stary
B. duning or just after the transiton A — B. Crude
esumates of these premixture probabilities are given ig
the subsequent two sections. The main intent is 1
argue, on physical grounds, for the existence of cutoff
points (bounds), and to provide some judgment as 1o
whether these bounds are approached gradually o
abruptly. The graphical presentation of continuous dis.
tnbunons is provided on these bases and should not be
taken to impily anythung more quantitauve than that.

2.2. In-vessel siates and their transitions

During the pool growth phase of state A water may
be encountered either by reaching existing quantities
remaining at lower elevatuons or due to belated addition
of emergency water. As it is to be noted throughout thig
study the presence of water at any stage can only have
beneficial effects la the case of stale A conunuous

availlability of pienuful water, especially through the
downcomer may even stgbilize the accident at this poimt
Such early and connnuous availability of water would h
worth the most serious considerations in any effort
tending the engineered safery features into the so-calice
degraded core cooling area.

On the other hand. for the purposes of current
assessments we must consider the eventuality of warer
avalabilits rather late into the meltdown process O-
the basis of the contiguous geometry of phase A and !
fuel and coclant densities, we are unable 1o ident:!

mEChaAN MM 2AginL ! préenuniures at Il stdsS

NAPK tdACR a8 10 UPPCr MAUL IO 4 totally mgre.
svstem (i.e.. the churactensuc dimension of the munis
is that of the whoie meit) Exactiy the same argumu

3 to states B and
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~¢ considered progressively less likely (but not
. mpossibley comeared o that in state A In

Fomn arove, stanthization (n gither state 4 or
iwe TeQuire substantial coohing from belew For
anter-current flow linutatons mav become
¢ while external and effective (insulation re-
submerging of the reactor vessel (state C ap-
neoiute cather than sigmificantiv improve the
« Wlearly, however, avaulability of downcomer water
he ow state B is desirable since even if it is unable to
=fiz¢ it will certainly delay transiuon to state C
The transition A — B due to the presence of support
==s will most likelv be gradual. The transition
-« <ould be >radual but it mayv also foilow the
o wtrophic failure of the core support plate along its
< 3:aet with the core barrel. [n both cases, however, the
ptezomenology is crucially affected by the small di-
measions of the receiving volume relative to the melt
dimensions (see figs. | and 3). In a catastrophic failure
for examplie of the core support plate the plenum water
({f any) will be pushed out (by the solid support dome)
nwo the downcomer regions rather than mix with the
melt Again the charactenstc dimersion will be that of
the whole meit. and the probabilities wall fall off rapidly
around the | % mark. This behavior is illustrated by the
P, .y and Py_ . in the 'fast’ transition cases shown in
fig 4 Now let us consider an arbitrary pour (‘slow’
ransitions) from a meit-through path of dimension 4,.
Due to the short fall distances involved (2-3 ft) negligi-
ble jet breakup would be expected (see Appendix A)
The melt would begin to accumulate at the bottom
displacing water into the downcomer region. For pours
under such conditions tnggenng may oot take place at
all, but if it did it would most likely occur at the iuual
mpact of the jet with the wall, i.e., early in the pour
process. [n any case, however, at any nstant in ume the
‘premuxture’ may not invoive quanuties larger than one
)t length For jet diameters up to the approximate
Raxnmum premixture dimension (~ (0 ¢cm) the quanuty
of fuel would be 0.3 ft’ Even for the unlikely large
diameter of 3 (t, and an unrealistcally hgh surface
depth mixing of ~ 10 cm, a fuel quanuty of ~ 10 ft’ is
Sumated. This corresponds to ~ 2-3% premixture and
e probability trend is lustrated in fig. 4 Up w0 the
value of 1% the fall-off in probability 1s given as gradual
due 10 uncertunues o the muxing process and the intent
0 provide reasonably bounding esumates. A very rapid
fall.off however s appropnate withun the 3-4% range.
For the in-vessel poruon of the meit sequence the
Sonciusion s that even in the presence of water (which

- dat ik L e - - . - —
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Fig. 4 Premuxture probabilities for in-vessel states and transi-
uons as funcuon of the fuel masses involved.

Fig. 5 Premuxture probabiliues for ex-vessel states and transi-
uons as functon of the fuel masses involved.

is anyway desirable) any large scale premixing (or even
quenching) would be essenually impossible. To fully
prove this umpossibility would oot appear pracucal.
However, the matter does not entrely belong with those
euphemusucally referred 10 as “engineening judgment.”
Instead it represents a fundamental ‘scaling’ quesuon
and at this ume such scaling trends are easiy observed
even in small scale experiments as discussed in Appen-
dix A

2.3. Ex-vessel states and transitions

The discussion here parallels that of the previous
secuon and again is based on Appendix A. With refer-
ence to fig. | the geometry here is somewhat more
favorable (than the in-vessel situatons) to ‘premiung,’
however, it is sull far from what would be required to
expect premuung at large scale. Agan, the water depth
is very Lmuted and the fail distance amounts to slightly
over twice the melt's own charactensuc dimension. Fur-
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ther. due to large density difference the fuel and ter
would tend to quckly straufy,-ie., any premuxtures
would be highly dynamic and short-lived. Agan ‘ve
distinguish between a ‘slow’ jet-like pour and a ‘fast’ fall
due 0 catastrophic failure of the lower reactor vessel
dome to esumate ’c-o.

A ‘slow’ event would most likely involve a pres-
surized pnmary system and a local vessel failure. Such
failures would tend to break up the fuel jet as it leaves
the reactor vessel at high veloaity and would hence be
most favorable for the production of ‘premixtures.’
However, such failures would be also most likely to
occur near the top of the melt (where heat transfer to
the boundaries is a maximum due to the natural convec-
tion pattern) by the combinauon of thermal and mech-
anical stresses. Hence a rather small quantity of fuel
would be available for thus forced jetting. The internal
pressures would quickly fall off and the remaining fuel
would most likely rest until a subsequent catastrophuc
failure and a ‘fast’ coberent fall Even less amount of
‘premixture’ would be expected in the case of a ‘free’
(gravity driven) jet. Based on the discussion of Appen-
dix A we do not expect breakup for jets with larger than
| ft diameter, ie., for 5t submergence we esumate
~ |% premixture. For larger jets the surface entrain-
ment would be self-limiung Assumung an arbitranly
large boundary layer (on the jet surface) of 15 cm and a
3 ft jet yields premixtures of ~ 5%. For the forced jet
and for a likely breech within the upper | ft layer of
melt about 20% of the mass could be expelled. About
half of this mass is taken as a bound for the premuxture.
These physical situations are depicted in*fg. 6 and the
corresponding probabiliues are shown in fig. 5. A half-
full cavity was assumed in these esumates. Aa ad-
justment by a factor of I would be required for a
completelv full cavity

A ‘fast’ event most likelv would :mvoive the
catastrophic falure of the lower dome through weaken-
ing of the wall around the penphery as shown in fig. 7
A low pressure pnmary svstem would favor thus event
A coherent fall as shown in fig 7 and rather miumal

premuxture formation s ¢mvisioned under these crcum-
g .
stanees. Even il the whinie iovwer dOMeE W as Issunwd W
n N n 3 ais P the
n W af o
e - Niare | ' -
CUM S I SN N g
For the ex-vessel porton of the melt sequence we
conclude that aithough

the premuxture quantiids poten-

. t ¢ r eive of maesmiiude are » thamw
WHN Dresdnt A 10 OFST O MASRIUGLY ST nan

Fig 6. Mustrauon of premuxture concepts likely to develop
from local lower dome failures. v

those envisioned during in-vessel sequences, sull,
cannot be reasonably expected to exceed 10% of thg
core inventory Further it appears that even quenchung
of the major poruon of the meit would be limited in
most cases by the high degree of fuel segregation ex.
pected (see Appendix A). Conunuauon of this discus
sion from the point of view of debns quenching and
coolability is resumed in secuon 4.
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10 <o explosion concern

n gnd e upproach

. - -i oAb et . wes aaviliia
MJ of thermal energy s potenuaily dvai-
on of this thermal energs. coherently, into

work could represent a sigmificant challenge

nrunment. However. as we have already dis

i a the previous chapter only a smail proportion

of tne moiten fuel mass would be expected 10 par-
uuip4te 10 4 voherent interaction Even with those small
amount of interacting fuel. thermal energies of the order
of Seei- 20000 MJ need be considered for in-vessel and

exosvesel respectively (taken at 1% and 10% respec-
volv s AL thermods namically ideal consersions ( = 10%)

thes would represent reieases of 1 200-6000 MJ (based
on ¢ypansion 1o one atmosphere). However. the actual
mamfestauon of such releases would require an ade-
quate inerua constraint as well as the coincidence be-
tween the bounding quanuues of ‘premuxture’ estimated
.and the tnggenng and the sustaned propagauon of the
_plosion. Furthermore, nonideal efficiencies, due to the
“rate processes dunng the propagauon and early expan-
sion phase. as well as (o condensauon losses dunng the
early expansion phase (accelerauon) would tend to re-
duce the actually attainable releases. These considera-
uons need finally be related to the potenual for contain-
ment damage.

3.2. Steam expiosion fundamenials

The molter debris/water system is well within the
film boiling range. As such it favors the attaunment of
good premuxtures provided that also favorable geometnic
and pounng condiuons exist. Thus the premuxture
quanuty (extent) may be increased by dropping a fuel
- jet already in the state of breaking up (i.e., allow drop-

ping elevauon or forced jetung from a nozzle) in a deep

water container. Propagaton wnvolves the coupung be-

tween an advancing (into the premuxture) pressure wave
 front, and the fast fuel breakup and intermixing #th
¢ !hcmmndingcoolammmevia’nityolmc(romm
Y extensive (ragmentauon is 3 oecessary requirement for
" the occurrence of the explosion since it provides for the
1 surface area yielding the enormous heat transfer rates.
+ Several mechmusms have been proposed in the literature,
- promunent among them are one based on hydrodynamuc
(differenual velocity) instabiliues and the other on rapid
boling-induced nstabilives. While both of them have

1 observed in special purpose expenments the con-
uection of the explosion process (0 any one mechamsm

4n asscssment of Class 9 (core-mell) v

larly we are oven

has not been clearly muade as vt Sun
further away from kKnowing wiwil are tae

sremuxture charactenstics and how propagation d
sificiency are related to them Howovor guatidl ¢
our case, trends

‘Premixtures’ (in (il hotlime) may be tnggered it
expiosions sPONLANCOUSIY OF Py micifs o 47 enternail
applied sharp pressure puise The reguired externad

nuredse with pr

zger amplitude tenergy ) seems o Casufe
level. presence of aoncondensidles i the Vapy
and increases of fuel temperature beyond the munumum
film boiling temperature. Since all these trends may be
connpected to increased stability of the film boiling
process. vapor blanket collapse seems to be weil con-
nected to the imitiation if not uso to the propagation
phases. Thus is consistent also with trends observed in
spontaneous explosions ia the free pouning mode. Here.
as the fu~l temperature increases, a3 maxumum the
‘likelihood' and ‘violence’ of the expiosions is first ob-
served. while these trends conunuously diminish wath
further increases in the fuel temperature. [n this connec-
ton the fuel freezing point is also relevant. If bianket
collapse occurs weil beyond the bwldup of a surface
crust, fragmentation (and explosion) would be rather
unlike®. Since the film boiling process is connected 0
the coolant critical temperature (in a vanety of possible
ways, depending on a vanety of available models. but
such details are immatenal in the discussion here) a
good measure of ‘gonexpiosivity, defined as resistance
to mumtmaﬁlmbodin;condinon. may be given

rmlom '
-iiNe

bythcmpcamudif!mmmefrmn;pom '

olf\nlandthemnwpointolcnohm..)T=T,'-1;.
For the fuel /water system we have 37 ~ 2000 K whule
for the steel /water system AT~ 1000 K. Thus measure
indeed agrees with observauon in that the former sys-
tem is rather difficuit to tngger while the latter is known
10 expiode spontaneously. From this point of view, the
rather neglected simulant pawr of water, liqud-N; ap-
pears (o be much cioser (o the fuei-water system than
many of the moiten metal water combinatons uulized
in sumulations. The water {reezes weil above the cnucal
temperature of mtrogen (A7~ 150°C) and the system
has been difficuit, albeit possible, 10 tngger nto an
expiosion (Anderson and Armsurong, {1). We have
worked extensively with tus paur o many different
expenments (contacung modes) presented in thus report,
but we never wtnessed an expiosion.

A aumber of exy sntal studies with UO, and
water, including 10-piis ser burst tests, reveal a rather
bemuign .nteraction resuiung !0 large smooth surface
fragments tvpical of those expected from (resung at
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film boilng. Recent tests a* Sandia. Buxton et al. (3],
utilizing ‘large’ amounts of ¢ num A + R (~ 5kg) and
trigger puises as high as 100 »ar have failed to produce
but one mild ‘explosion.’ Also Neison's (6] expenments
(15 g scale) demonstrate that in an appropnate geome-
try, and tngger, yielding explosions with reactor maten-
als, the conum-A /water system proves nonexplosive.
All details are not completely understood yet, and in the
absence of informaton of premuxture charactenstics the
full implicauons from the ‘large-scale’ Sandia expen-
ments remain (0 be deterruned. However, it does ap-
pear that rather stnngent premixture conditions and
very energetic triggers are required to achieve large scale
explosions with prototypic matenals. With reference to
the phenomenology outlined in sections 2.2 and 2.3 we
can idenufy substanual trigger pulses only in connec-
ton with transivon C — D (catastrophic failure of lower
reactor vessel dome). However, in this case the tnigger
(impact of the whole plenum with the reactor cawity
water and floor) would come well before the attainment
of the ‘premixture’ state produced from the subsequent
pouring of the plenum contents. Although the probabil-
ity of an adequate tngger associated with the premixture
probabiliues of figs. 4 and 5 is judged as essenually zero
a value of 10 " and 10 ~' for the in-vessel and ex-vessel
contact states respectively will be adopted to reflect
remaining uncertainties due to lack™of fundamental
understanding in premuxture and trigger requirements
for self-sustaining explosions. The one order of magm-
tude differentiaton between these two probabilities is
used to reflect melt composition differences with the
in-vessel being more Conum-A like and jhe ex-vessel
more Conum-E like (more metallic)

1.3 Esumation of mechamical energy reiease

Verv lttle informaton s available concerrung the
effliciency of vapor explosions. The recent large-scale
(up to |18 kg melt) Sandia expenments with Fe-
Al.O, 'water svstem indicate ( Buxton and Benedick [3])
a conversion rauo (mechamcal-to-thermal) of up to
~ 10 5% while for those Conum A = R Water tests (up

Y3 ki melt) for swhich muld expiosion was obsenved
d rato of one order of magnitude ~mull i
o (3] Even for the Fe-Al.Q, cas the rano
- " # f .
. \
\ BUlisa

gibie range

However, the direct applicability of thoswe evpenmen-

grossly distorted geometnc scale and overabundance of ,
coolant, ie., fuel-to-coolant volume rauos of 1:500 1g +
111800, these tests would tend 1o magniiy '“sses (cop. |
densation). Even more importantly, the actual amoun
of fuel found in ‘premixture’ and actually pm,.n.‘ﬁ
in the interactuon (propagation) is not known. .
the conversion ratio is esumated on the basis :'&
total fuel available obviously producing an underesge
mated efficiency esumate. Obviously these tests would_
produce very different premuxtures than those expected.
in reactor condiuons on account of an over four orders-
of-magmitude vanaton in meit volume scale (surface to
volume effect) as well as nearly rwo orders-of-magnitude
distoruon in muxing travel provided (see Appendix A).
As a consequence these efficency results cannot be-
interpreted as already incorporaung the premiung efs
ficiency expected in the applicaton of interest

Efficencies of unity (thermodynamic limit convers-
sions) have been deduced for some (with moiten metals)
industrial accidents. On the other hand, due w0 low
value of the fuel thermal diffusivity we could oot rea-
sonably expect ideal conversions here. We would expecs.
that the efficency will also be a strong function of the
‘premuxture’ conditions such as ‘scale,’ temperatures and
comstrants. The available theoreucal understanding
slowly progresses towards the goal of fully evaluatung
such details. Ultimately we believe it will be possible w0
demonstrate a best esumate value of ~ 10%. At this
time however assuming a value less than 50% would be
rather difficult 1o support. With this value we esumate
600 and 3000 KJ for the 2% and 10% interactuons taken
for the in-vessel and ex-vessel cases under cons:jera-
uon. Note that these esumates are based on expansions
to one atmosphere and are used as indicauve o’ the
severety of the expiosion. In reality only a frac: n s
available for contained geometnes (in-vessel) or .= to
constraint breakthrough (ex-vessel). In 3 more ¢. lud
fashion we may express the probability to reic e a
mecharucal energy corresponding (0 the thermal . wmt
of fueli mass m' ‘according t0 the presiously dis..ved
prescnpuon) thus

Pl E(m =Pli.m om Pim "
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Fig. 8 Bounding estimates for the probability distnbuuon of
mechanical energy reieases due 1o steam explosions.

14, The damage potential

No significant iperua comstraints oor mechamsms
fot substantial mussile generation may be idenufied for
the #x-vessel explosion case. The rather large amount of
.&umolwdvoddmlwumucmmolm
@xplosion fluids distributed equally wn all direcuons.
From the point of view of potenual damage this explo-
pon would be of no consequence. The expansion zone
wil interact wth the significant quanuues of water
Present . the reactor cawity Such interacuon would
Quse a large amount of dissipauon (condensauon) that
would help 0 compensate or the imual expansion
trend 1o sweep away (expel) water from the cawity area.
Such dissipauon would tend (o interfere, in fact, with
the fuel dispersal process away from the reactor cawty
wd gt the containment These processes cannot be
®aluated with any degree of certanty at tus ume

. the amounts of ‘uel thus removed would
®pear 10 be marginal (< 10%) and such evaluauons are
%0t cructal to the remaiung of the sequence

For the \n-vessel explosion the imerta constrant is

present 2 well 3s Jn essentigily one-dimensional shet-
gun geometry Clean flwd solid impacts, on the other
hand. mas be excluded in view of all the internal solid
e 3y A0S T AAMYSEN 4% ¢ liauid slug “roa=ue
LU0 10 it sitort gt would vocur weil pror o unpaci
Even meglecting  uch uncertun-to-csimate mitigating
aspects. however, the explosion energies estimated (few
hundred MJ) are essennaily one order lower than the
many thousands of Mega-Joules esumated to vield
potentially Jamaging mussde gencration (WASH- 1200
{7k

la conclusion. the steam explosion-induced contan-
ment failure probability is judged essenually incredible.
e at least two orders-of-magnitude lower than the
10 ~* esumate aiven in WASH-1400 =S,

pa—

3.5 Needs for future work

With regard to PWR dry containment applcations
— -0 real needs concerning the energeucs aspects of steam
explosions appear 10 exast.

Better understanding the fundamentals would be de-
sirable while large prototypic matenal experiments offer
little progress in this direction.

A short series of prototypic ‘intermediate’ expern-
Wients with scaled geometries could also prove useful in
shedding some additional light into the ‘premuxture’
questions raised in this study (see also Appendix A).

4. The debris bed coolability concern
4.1. The concern and the approach

Here we are concerned »ith the character and stabu-
ity of State D of fig. 3. Current evaluauons assume a
fast quenching dunng the transiuon C=D and the
subsequent coglghilicy of the resulung debns bed is en
assessed. Taking whole debn inventory and parucle
sze esumates from small (relauvely) scale tests signifi-
cant uncertainues concermng continued coolability have
been raised. Dryout followed by melung and concrete
attack has then been assumed followed by computer
calculations of containment pressunzauon due o the
release of concrete steam and gases. There are a aumber
of difficulies with this approach:

(a) As has been seen o the previous secuons the
reactor geometry is not conduave 10 good muung. Such
fast and complete quenching would be rather .mprBba-
‘ble (see Appendix A) and even .f it were 10 occur the
resuling steam veloaity would be ugh enough 10 sweep
away the cavity water, if oot even a good poruoa of the
{uel.
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(b) The parucie size distnbutions obtaned in availa-
ble fuel/co. 'ant interacuon tests s grossly musleading,
(too fine) due o unportant scahn; distoruons (see A
pendix A);

(¢) Conunued concrete attack by melit in the pres-
ence of water can be shown to be an unstable process
Quickly terminated by fuel freezing as we will demon-
strate 7

However, these objections although quite plausibe
they are quite difficult to conclusively prove. We should
resign to the fact, for exampie, that we will never know,
mwmuditbcmabhwhvcﬂnumm

cle size and extemt of quenching in
:muD If we ask to calculate, therefore, such things as
the steam spike, and bed coolability mechanistically,
difficulties due to these uncertainties anse. We will
modify the question therefore into a set of questions
that are casier 10 answer now and even quite amenable
to confirmatory prototypic testing later. The essental
feature of this approach is that it converts a ‘full scale’
problem into a prototypic yet a ‘small scale’ one. The
approach consists of examining ail possible mechanisms
leading into fuel melting and concrete interactions and
demonstraurg that all such processes are inherently
unstable and driven 10 a stable and coolable configura-
uon. Namely we have to consider the configurauons
schemaucally illustrated in fig. 9. In configurafion Dya)
a separated melt/water system, as it mught arise from
limited mixing dunng transition C — D or due 1o melit-
ing on a non-coolable particle bed is depicted. The
former may well be the most likely sequence. The melit
would attack the concrete the generated gases agjaung
the melt and bringing about ulumaie quenching. The
configurauon D(b) is characterized by large fuel frozen
crusts as mught result, for example, bv the freezing
process of Dia,. The resuiting bed would be guite
penetratable to coolant and suBl—'ﬁfe;—Ie'.ruu sizes
are 100 large for ;onducuﬁ"‘lﬁ( decay heat 10 the
surface without subst.muaT‘Tnehm; of the intenor
Gradual breakup to stable but sull large parucle sizes
would be expected Finallv, configuration Dic). repre-
fine particulate bed. rather un-
ukely 1o occur 11 e a rather siow and prolonged transi-
tien € — D), but of the t

~ - f -1 "
ne A3l o SV JiaDie ¢

vpe presently often postulated

renment 4 Far oart
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& 3313 ¢ -
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{rom the resulting concrete attack would produce melt
sloshung and refrec2ing on cool parucies. and thus a

sfadual incrvuse in particle wize

water
B I T S e ™
‘ v L r ,
bt e n ", Subbitng melt
o.’v;"" 4 o(..
¥ ! ! ' Concrete

1Y)
’ '.-'.'.:- o *. s o« particuiate ’
_'o.-. L s 0 0 o, M

Fig. 9 MNiustravon of the possible conum-coolant configury
uons upon the reactor cawvity floor (State D)

In summary, then, our approach is based in demon -
straung continued coolability for large-particle beds,
i.e., sizes greater than a few mullime ters and arguing tha
any deviauon from such coolable condiuon would tend
to.produce melung and refreezing with a more favorable
parucle size distnbution (stability). Such beds will bg '
referred 10 as ‘coarse’ in distinction to those with wo
‘fine’ or t00 ‘chunky’ partcle length scales. This trend i
schemaucally illustrated in fig. 10. Provided the reievant
mechamusms are demonstrated the ultumate outcome 1
thus completely independent of the details (miung et
of the imutial fuel-coolant interaction. In wm al thr
mentioned mechamisms are gquite easv to demonsirale
utilizing simulant matenails and even prototypic miny
expenments appear feasible and quite adequate at inter
mediate scales Each mechanism 1s discussed in greater
detal 1n the subsequent three sections but first wy w
the central aspect of the evaluation convem
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4n SJuinalent sphere Jianier and 3 sidpe lastor 1o
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TIME
r ~s.aise evolution (gualitatve) of Jebns particle
RIS «abrlaty considerations

jus: beneath the reactor vessel (~ 50% of the total) may
be easily ccoped by appropnate factors of 2. For our
base case adiabanic fuel heatup would proceed at ~0.3
K,'s and quenching of an all liquid melt 1o the tempera-
ture of 100°C would require heat transfer equivaleat 1o
8000 decav-heat-power-seconds (~ 2.5 hrs). The latent
heat of fusion on the other hand would be equivalent 0
1800 decay-heat-power-seconds (~ |/2 hn).

An evaluation of ‘coarse’ bed coolability may be
made with regard to counter-current flow lgutauons.
The Nat plate CHF in pool bouing provides one such
esumate. Using the Kutateladze (1951) correlauon and
the properties of interest (with p* =p,/p,) we obtain
(for water):

9, = 5260p° " '? W /e’ (1)

Perbaps a more intwiuvely appealing source may be
lound \n counter-current flow expenments in packed
beds (Coulson and Richardson [4]). Based on an earlier
correlauon by Sherwood flooding data from |6 different
g liqud pairs in packed towers were correlated in
dimensionless coordinates. Considening the wnherent
vanability w thus kind of data (i.e., determunauon of the
onset of Nlooding) the correlauon appears successful. In
our case the vapor upflow is due to an equal quanuty of
liquid down flow and for the range of density ratos of
interest the Nooding data may be sumply represented by

i 012
-‘-Y-",‘[i] = 003" y
fe ot | Mo (2)
for 100 < p* < 1600

The specific surface area may de expressed n terms of

which 1 essentally the prediction of ¢q. (1) The coefli-
cient in eq. (4), contans the p*' * dependence due to
casting ¢q. (3) into the form of eq. (1) for easv compan-
son. This amounts to a 0% reduction at § bar. Further.
both equations indicate substantial increase in the cnu-
cal heat flux with pressure as shown in table | for the
range of interest.

Also note the relatively strong dependence of eg. (3) on
the porosity (see fig. |1). As may be seen in Appendix B
poresities of 50% for large irregular parucles are not
uncommon. The diameter dependence in eq. (3) is rather
weak and anyway applicauons to diameters larger than
typical packings (few cenumeters) for which the correla-
uon was obtained should be viewed wath cauuon.

Application of these results to a volume-heated de-
bnis implies that cooling would be available on a
conunwng basis for the portion of the upper debns bed
vielding the predicted amount of surface heat flux. We
can clearly see that for ‘coarse’ beds the predicted
performance is well within the heat rejection require-
ments even including son-currently applied parametnc
effects on power level and spreading area Addituonal
safety margins are provided by the following effects:

(a) Actual debn amounts il be less, either due 0
dispersion in the comtainment and/or retaunment in
solid state in the reactor vessel, than the maximum
amounts considered here;

(b) The actual decay heat wll be less, aither due to
volaule fission product sugrauon and /or a likely unaer-
esumauon of the role of coolant (and other heat losses)
n the in-vessel poruon of the sequence resulting o
underestiraating the ‘cooidown’ umes;

(¢) Grossly asymmetn: Tows, including two dimen-
sional patterns would be expected (0 further dizumsh

Table |

Counter-current Nlow imitatons

P (bar) P 3 - 3
g (W cm® 3 ‘4 i 251 P
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Fig |1 The porosity group in the cntical heat flux eq. (1), as a
funcuon of the bed porosmity

the counter-current flow limitauons; and

(d) Unsteady bed phenomena meluding penodic
flooding and dryout, coupled with conduction and per-
haps even radiauon heat transfer mechanmisms would
favor coolability even further.

The packed bed correlation was obtained from ex-
perimental data with columns packed with high voidage,
high specific area, packings, such as Rushing nngs,
saddles, etc. Applicaton to denser particulates, there-
fore. requires confirmauon. A set of experiments, uuliz-
ing three different sizes of lead shot and irregular rock
fragments was camed out for this purpose with the
air/water flud pair. Details of these expenments are
presented 1n Appendix B Sausfactory agreement is
observed. Inutial dryout results for beds with the parucle
sizes of interest here were also obtaned and excellemt
agreement with predictions of eg (1) was observed (see
Appendis B
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cussed 0 section 3.4 [t is quite possible that such large
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of the necessary amount of liquid, and resealing of J
crack. More vigorous processes of sudden stress ':lﬂ
and fragmentauon of the shell into several pieces i
complete exposure of the molten core to the mb»!
coolant may also be envisioned.

From the point of view, however, of debns coola&:
ity all these details are unimportant. The significft
aspect is that unstable large chunks will sell-destni
into smaller but coarse (and coolable) pieces. Some fine
particulate mught (in the event of a catastrophic she.
failure) be generated in the process however the cha
acteristic size will be of that typical to a quiet quenchia
in the film boiling regime, i.e., millimeter size rathe
than the 10- 100 micron scale fragments more wpncal 0
VIgorous interactions.

Scoping expenments were conducted for the purpos
of illustrating some of the relevant phenomena Th
water /liquid-N, fluid pair was selected and microwav:
heating was utilized to volumetrically heat the waye
(liquid-N, does not coupie to microwaves). Simulatior
of the relevant thermal and mechanical properues of T
conum /water system is of course out of the quesuon
Qur purpose instead is to explore some of the posibic
processes and phenomena as a means of thinking anc
gaining insights for the real system. These expenment
are described in Appendix C.

4.3. Small particie growth mechanisms

The dryout mechanism for very fine debns beds
(submullimeter sizes) invoives strongly two dimensiona
patterns of liqud down flow and vapor channching ir
up flow. The reason is that counter-current flow cann
be accommodated within the extremely small
intersuces and channeling and fluidizaton camye i
pia\ Such beds are parucularly relevant to fust reactor

MFBR) condinons due 1o extensive thgrmialosis
‘raarre'na..on of the fuel comung 1n contact with the
coolant (Lguid sodium). A rather strong Jdependona

Ne Sout hedt TIux 10 partiv:e Siameter

power: is obsened here Since such subm
w pattern Jue to Lfung ;
m the melt-concrete nteracuon §
nrual the encoun :
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ag 4 stably coolable ‘coarse’ bed. On the other
4 more extensive bed melting and concrete attack.
d it oveur, would also produce 1 coolable coarse

i omorhe monr oo
MOHiNE o @ Mt [QVer QIISER:NY the cuncrete

¢ k¢v phenomenon here s gas-indueed agitation
¢ meit. Tlus process would promote cooling as weil
eevent the formanon of insulating fuel crusts at the
wwriace between the two lavers. The process would

e qam well withun the film boiling regime vielding
oo lrse rather than ‘fine’ solid debrnis parucles.

The phenomena was iniually illustrated by means of
he liguid-N. water/ar expenments descnbed in Ap-
~ondix D Water was purged by ar through a perfo-
tatvd botiom plate in the presence of a supenmposed
laver of liqud mtrogen. The cooling rates were mea-
sured 2™ he (reezing charactensucs at the extremes of
the gas Mlow rates, corresponding to quiet bubbling, and
ughly agitated chumn-turbulent flow regumes were ob-
served. [ndeed at zero gas flows an insulaung ice crust
quickly forms and the two fluids may remain as such for
very long time periods. For the agitated beds the heat
fuxes, prior o [reezing, were estmated at ~ 7 and
~ 18 W/cm’ for bubbly and churn flows respectively.
These values are one order of magmitude higher than
values esumated (using Berenmson's correlauon) for the
film boling of saturated Uqud mtrogen. but do seem 10
Wmmu«mmwmmw,a On
the other hand the proxumuty of thewr values for the
dearly straufied, only slightly perturbed, bubbly flow
nterface, and the clearly violently agitated system seen
n the churn flow case indicates that water /mutrogen
Muning (at the interface) in the latter case was not as
exiensive as iuually suspected. The temperature gradi-
s within the water were small in both cases. The
chum flow expenument was run at superficial gas veloc-
ity of 10 ¢m/s a value typical of concrete attack gas
release rates. The bubbly flow at just |-2 cm, s was
Qmed out 10 examine the role of muung .ntensity
the development of the solidificanon pattern as well as
© simulate the ugh degree of stratificauon expected in
%e corium /water case and feared sot 0 exst at 10
/3 due to the density pronniwornmmd liqud
Btrogen. Large and cobierent Sut very brittle crusts were

0 both cases. The churmng system seemed !0
freeze tiroughout the water layer more coberently. a3
®mpared 0 the bubbling ome. [t i suspected that
"Qca parucles (crvstals) tend t0 “oalesce formung the
arge brtle and porous crusts observed expenmentaily

The water lgwd-N; system sulfered from the

proximuty of the liqwd densities 1avonng entrainment
of one ligud into the other. The anemalous volume
expansion of water upon freezing favonng crust Tota-

3t the worge nr v v ipf

rather Lmuted tempera
perature water and ‘he f{ree2ing pomnt hmited e precis
sion of the heat transicr oefficient determunation at the
liguid . liquid bubbiing reaime. Addiuonal \\ywr"w's

> ap4n Deliveen the room i<m-

were carried out. therefore, with the Freon-i1 liquud-N

luid par. that vields :mprovements on ail three ponts
mentioned above. With the Freon- 1| density "0% greater
than that of liquid-N. a more defimtve stratified regume
is possible. Freon- |1 crystals are heavier than the liqud
and may be observed 0 ramdlv sink in the non-ag:tated
condition. Finally there is a ~ [30°C temperature span
between the room temperature Freon- 1| and its freezing
point, that substanuaily improves the determunauon of
heat transfer coefficients. These expenments confirmed
the trend that as sparging velocity increases an asymp-

~= 1ot limit corresponding to the pool boiling CHF heat

flux is reached. In fact the limut was attained at a gas
velocity of 10 cm/s and was clearly evident up (o the
maximum velocity of 16 cm/s uulized These expen-
ments also revealed certain umportant aspects of crust
JJormaton and positioning. The individually denser (than
the liquid) Freon crystals tended to merge formung, just
as in the case of water, porous and hence lighter (and
floaung) custs. However the tendency for pluggng vas
substanually reduced in companson to the water, Lqud
-N, system. A more detaled account for these results is
given in Appendix E
Let us now consider the conum-water system. As-
suming as a mimumum, | -2 ft of water on the top of the
fuel laver in the cawvity, an area of ~ 49 ft* s avalable
for steam venting At the lmut of estrunment and
film-type flooding of 26 m /s (Kutateladze's correlaton
with K = 3 68) we esumate a maumum venung of 7 15
x 10* g/s or the equivalent of 143 MI/s, or a 317
W cmr heat flux over the 4 5 x 10° e’ reactor cawity
floor area. (Clearly, the molten layer in thus case wll
spread over the whole avaable floor areas.) [f the rate
of mtial quenching is greater than this amount cawiry
water wil be entrained and expelled. We see. therefore,
that the rate of quenching is seif-limitng as discussed
earlier On the other hand a quenciung rate less than
this amount wll not interfere sigmficanty with water
exisung 1o the cavity and, or draumng back. through he
keyway from the contanment With the excelleat zas
agitaton we expect quenchung o be Lmuted by counter-
current Now of water and steam. [miually, lttle penetra-
uon into the melt s expected. As the surface lavers of
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broken up crust are formed penctrauon of the water
deeper into thus region is expected. As discussed above
the pool boiling CHF would charactenze heat transfer
under these conditions and from the esumates shown in
tabie | we project maxumum fluxes in the 200-300
W /cor’ range depending upon he pressure condiuons.
Note that these fluxes correspond w0 more than 100
cm/s vapor velociues, hence the 10 cm/s gas flows
would have a negligible influence in these flux esu-
mates. Measurements in gas-bubble-agitated (at | cm/s)
industnial (100 ton) steel furnaces have yielded heat
transfer coefficients of ~ 0.1 W /car’ K at the steel /slag
interface. This value would be significantly bigher for
the range of gas velocites expected from concrete de-
compositon. The heat flux to the upper cornium layers,
say being completely quenched to the boiling water
temperature (47 = 2200°C), would he well in excess of
220 W/cor'. That s, the bed cools umformly, rather
than cooling only near the top layers with the meit
persisting at the base. These expected 200-300 W /car’
fluxes approach but are well below the 317 W /car’ limut
established above. The corresponding tume to com-
pletely quench (accounung for the continuously added
% decay heat) is estmated (for 250 W/ cm’) at ~
22225 that s ~O(1/2) hr. We note that the ume
constant of 2 and 4 cm fuel parucles is 93 and 372 s that
is parucle-internal heat transfer is not likely to be
limiung over the whole process. -

From another point of view the water / melt interface
may be assumed, at least initally, blanketed by film
boiling A heat flux of 46 W/cm’ is estimated using
Berenson's correlation. Due to the turbulence at the
interface an augmentation by several times s value is
easily envisioned. In our nitrogen, water expenments
augmentauon by one order-of-magnitude was observed.
Due o0 the sensiuwvity of the film boiling process to the
gas thermal conductivity. the fuel -water svstem is char-
actenzed by much hugher film boiling heat transfer
compared to the crvogemuc svstem. The relative augmen-
tauon by interface agitation would be expected to be
less, therefore, for the fuel water case An upper bound.
should. however. be provided by the pool boiing CHF
hmat. This Lmut s low for muitrogen (Jdue to the small
value of the latent heat of vapermzanon) and the agta-
on Jugmentiation in M ENDORNNNAs UCAAN VIS
alues up to this kit For the fuy er case the CHF

Jutle .

sONADIE 2Nd JONSISENT With our yzPenmental data A
~ | ‘2 hr quench time penad . therefore. again esu
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4n assessment of Class-9 (core-melt) accidents

4.5 Needs for additional work

It would be desirable for all three mechanisms meq, |
uoned in the previous three secuons be examuned in z
light of protorypic matenal experiments. It is very m, .
portant (see Appendix D), however, especially for the #
quenching in the stratfied state that wall effects he -
reduced as far as possible by increasing the latery .
dimension of the melt Since not all conditions might he
within the expenmental state-of-the-art at presemy 5
simulant matenal investigauons will have to be cop.
unued. Furthermore true bed dryout and post-dryoy °
phenomena need be studied for ‘coarse’ strongly nog. -
uniform (two-dimensional) beds for the purpose of -
quantifying the suspected additonal margins of cop.
servausm. P

S. The containment pressure loading

5.1. Energy sources and sinks

Energy sources intnasically associated with a core =
melt accident are due to pnmary coolant, imital stored -
energy in the core (that was not removed by the coolaar) =
metal / water reactions and decay heat. Other potenual
sources are due to hydrogen burming and due o0 con-
crete attack (including pressunzing gas source) We~
concluded in earlier chapters that coancrete attack is not
10 be expected at any large scale. Hydrogen presents a
serious difficulty, however. The total quantity from ra
diolysis and from reacting core materials is known and
the corresponding energy to be added to that from the
intrinsic sources may be easilv estimated. Furthermore,
for most melt scenanos. the hvdrogen release will 1y
place much earbier than, say, gross core melung und
penetration of the reactor vessel. hence its ¢ffect
be scoped in conjuncuon with the release of the primun
coolant. the metal water reactor energy, and pi
stored core energy. It is coavenuent therefore. 1o Jis
unguish between a short-term response and 2 long (vrm
response. The short-term contanment response
be simular to that carned out in ECCS analy »is

H. contnbutions taken into ac.ount and the

senting the thrust of thus report Tius unw
therefore. of interest here. Thus is not 10 53y
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. ¢ Yol e tnitial heatup and meltdown may
ar o che drv state (complete loss-of-coviant and

ne. ture of all ECCS syvstemsi and ‘water en-
' e L B rransit fa\ - |

' O BEliv w2 » -
40 _parating out the hydrogen pr olem Js 1t MAS
¢ ad into a realm different than that repre-
wns L fowus of ey work

Specttvally, we are interesied in the so-valled “steam
ke' assowviated with the rapid quenching of the conum
t and the role of passive contunment heat sinks n
¢ pressure response. The subsequent transient due 10
lease f decay power will also be considered

ln this decoupled approach it is more natural to
ink of the heat source n terms of a more or less
ncentrated component associated with quenching the
aum melt 10 the containment water temperature (L.e..
is contuns tbe poruon of the imually stored and
scav heat energies not already reieased to the contan-
ient) and a distnbuted component due (© decay heat
ad taken at 1% of rated power. For the total available
ebn quanuues at around the fuel melting pownt we
sumate 200000 MJ of stored emergy. At 30 MW of
ecay heat this represents approxumately two hours of
ecav heat. Based on the conclusions of thus report, we
zouwexpntqmcm;andnhmolmuwau
such shorter time period (see previous secton) The
ontnbutions of these two components may thus be
valuated separately.

mpmvcbutnnbmolawmol 1.62 % 10°
t? of 1/4 inch steel (counting the 3.4 X 10* fté at 1/2
mmm;.mtommmmmduound
ontainment is estimated at 4.54 x 10° ft’. Active sys-
ems include sprays and the ECCS heat exchangers
vhich most likely have already succeeded i cooling
jown the short-term transient, and (an-coolers which
igain helped cool down the contunment pnor to the
ong term events considered here. The ECCS heat ex-
‘hangers and fancoolers are capable of remowving ap-
srommately | and 4 umes the |% decay power respec:
uvely This large capability even Jf parually unpaured
would be sulficient to cool down the contanment atmo-
sphere following the prumary release of enmergy and
ma«Mthspmmmﬂmm.

The availability (or not) of power and compounded
fadures in these systems need nevertheless be consid-
ered from a reliabiity-nsk perspecuve. The long tume
periods associated with both the ‘short term’ (many
hours) and the ‘long term'(days) responses need be
aken nto account in these evaluauons such that the
overall efficacy of vanous system combinauons (unciud-
ng possibly passive sysiems) may be adecuately judged.

I.G. Theotunous, M. Suit , AN aasessment o Class Y
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Such evaluations, nowever, ue outside the >eope st this
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condensation Neat wWeaed &fe BO»
calvulyte e provioe sontunment prossdre transe {
However. the results are hughiy dependent 0n fragme
lation siz¢ and heat transier coefficients tnOLLONdENSa:
ble effects. etc.) assumed and as a resull such calcula-
tions have been presented as source of jusuficauon for
more detailed modeling of these complex processes. OQur
position here is that considerauon of such detals are
distracung from the real issues and that the problem 15
more easily assessed at a different but more ippropnate
level of detail consistent with unceriunues \nherent to
the overall picture.
Let us consider a containment pressunzed at ~ 60
psia with-a sieam parual pressure of ~ 40 psia. We
calculate the distnibution of emergy, as proporuons of
the total quench energy available For a 2x 10¥ ft
volume, we estimate 37.5% required for the sieam en-
mm;mcwpamnheconmmm.only 3% s
reqmndfgr.mnn;upmeconwnmuuw.mm
constant for heating the steel liner is only a few seconds
and if all came to equilibnum from pre-accident tem-
peratures a |7% poruon (33600 MJ) of the quench
energy would be required. The concrete sink of the
containment shell is at 3.5 and 4.5 ft ticknesses. That
internal to contanment 1§ | ft thick. This concrete has
very poor conduction properues and is expected to heat
up very slowly. Dunag the 1/2 hour required for the
release of the quench energy 3 thermal boundary layer
thickness of 6 cm, ar most, has developed. The thermal
energy stored n tus boundary layer is 33000 MJ and
represents ~ 41% of the quench epergy Foral mullion
cubic feet contanment and the conditions of interest we
estLmate a pressure-lo-energy sensiuvity of 4000 MJ/ psi.
The steel and concrete sunks are, therefore, worth ~ 8
and ~ 20 psi respecuvely. The wotal heat Nux would be
314 J/cor and an average flux dunng this |/2 bour
would be 045 W/ car For an ‘average’ lemperature
driving force of 45°C we obtan a heat tracsfer coeffi-
cent of 10~} W/ car’ K. Even in the presence of aur this
s a rather modest value considenng the high flow rates
and turbulence expected, however, the aur gap (taken as
0.1 cm) between the concrete and lLoer has the much
smaller heat transfer coefficient of ~ 3 10 W emr K
and could be of controliag sigmficance Thus and other
sncertaintes .ncluding prebeaung of (bese sinks dunng
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the previous poruon of the accident suggest that not all
these indicated maximum values of the heat sink be-
nefits may be actually realized.

Based on the above estumates we conciude that the

: passive heat sinks are of no real significance. For an
L, already cooled containment a 60 psi pressure is predic-
. ted soon following vessel meltthrough. The actual ume
scale for this pressure nse is really immatenal, but
based on our earlier discussions would be expected to
be more than several minutes. Active containment cool-
ing systems will quickly remove this energy as well as
the continuously released decay heat yielding contain-
ment depressurization. [n case of 100% availability, for
example, less than | hour would be required for this
purpose.

At the other extreme of complete unavailability of
these active sysiems, the quench enmergy would be re-
leased into an already pressunized and heated contan-

P e ment, typically at ~ 60 psi. Pressunization to about 100
W@‘ psia following melt quench would now be expected. The
y~"~.,‘.7\' sink effects amount to =20% of this value If the
C-: containment does not fail immediately with the as-

il T sumed absence of containment cooling failure wll soon
:.q occur. Other inbetween cases may be considered in a

= sumilar fashion, however, it is easy to conclude that our

o results would be largely independent upon the details of

§ - g the quench process and the details of heat sink-
o'y associated heat transfer coefficients. In fact such detauls

1 would be completely shadowed by uncertaintes in our

z ".‘_;é assumptions concermng availability of the heat removal

" systems.

— It is suggested therefore that major emphasis be

r— placed in assuning operauon of containment heat re-

e moval systems.

5.3, Needs for addinonal work

The reliability of contunment heat removal systems
needs (0 exarmuned at such level of detail that (a) mecha-
nstic and common mode falures be clearly elucidated.

- (b) procedures [or enhancing rel:ability due to the long
demand penods (allowing for trouble shooting). and the
methodolegy for accounting for such in nsk assessment
studies. mav be establishe J and <) the additional safety
margins Jue SUSIMNENIZIIAN ™ PISyvg sVitems May Be

rvaluaieg

The phenomenology of core-melt accidents in dn

COMANMENnts Wl INaMInGd W the purpose of identils-

ing the margns of safety in such Class-9 situations

The scale (geometry) effects appear 10 . 7ally limy
the extent (seventy) of steam expiosions. This together '§
with the establish>d reduced explosivity of tae conyg,.
A/water system, and the inherenty high capability oy #
dry containments (reinforced concrete, and shields i ¥
some cases, seismic design eic.) lead to the conclusion W
that failure due to steam explosions may be considered =
essenually incredible. These ‘premixture’ scaling conng. —
erations also impact ulumate debris dispositon ang =
coolability and need addituonal development.

A water-flooded reactor cavity would have bcuﬂg.‘
effects in limiting (but not necessanly eliminating) mel; *
~concrete interacuons. [ndependently of the initial de. =
gree of quenching and /or scale of fragmentation, mech. ..
anisms exit that dnive the svstem towards ulumate si.
bility (coolability). Addiuonal studies, with intermediate

-scale prototypic matenials are recommended 0 better
explore these mechanisms. :

Containment heat removal systems must provide the
crucial capability of mitigaung such accidents. Pasgve
systems should be explored and assessed against cyr.
rently available and /or improved acuve systems taking =
into account the rather loose ume constraints required =
for acuvauon

It appears that containment margins for accommod-
aung the hydrogen problem are very limited. This prob. _
lem appears to stand out not only in terms of potental
consequences hut also in terms of lack of any readily
available and clear cut solutiors at this time.

Appendix A. Premixture scaling considerations

Even the largest. prototvpic matenal. fuel-covion
interaction expenments avalable to date are severen
lmited in providing an adequate base for assessing
outcome and consequences of such interactions at fuil
scale. The reason is that all these expennments are «
ducted without any considerauon for the factors thiat
mayv exert a non-protowvpic influence upon the mivi~s
scalets) and distnbution of the melt into the rec.
voiume of coolant These factors in tum wall affc.t

wiiv the guantues poteaually parncpatng
dristung. and fine, (atermuxing setis
al Jeterm:n mitia
e Deslisi® 3i2€ QisiliOy -
¢) entraunment and removal of fuci and
from withun the reactor cavity 10 the outside .

meil resirauiivauon upon the reds! vulils




anci. o 4ttick. As an exampie, consider the currently
o =% 1ost series at Sandia. A melt volume of
o iato 2261 of water. That represents J

i ot solume rano of ~ 1:3500 (for the ™o
o sule semes this ratio was 1:700 and

—— S

oot (23¢¢ LIgS i =l b
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o~
. ——orTA with respect to the prototige
Jrated i fiz. Al In additon coniig

f avolves a fuel volume scale Jown (from the
] (5L { :..'”,‘1’l

{ voressed purpose of these prototypic materal
tests - ‘o Jdetermune the ‘explosivity” of reactor matendis
(inclu. ag the effect of externally applied tnggers). [
fact, -: conversion efficiencies and particle size distn-
Bith { the quenched debn have been utilized in
asse . .onseguences in applicatons intended for
o o wonsiderauons. At this point an interesting
dilerr =4 anses. On the one hand in view of the enor-
mous ~ale-up invoived and the geometnc model distor-
wons mentoned above the empincal and direct applica-
won of these data to full core geometnes must be viewed
aath Joubt. In the absence of relevant scaling studies we
would not even know whether geometnc similanity would
provide an adequate first approxumauon nor would we
know how tc geometrically or materially distort the
experiments to correctly simulate the size effect. On the
other hand. however, we must also admut that the full
undentanding of the scaling laws for this kind of mux
ing roblem does not appear 10 be exactly a tnvial task.
How s the available expenumental informauon (0 be, if
auﬂ.umncdmn?,\nddnosuchwcanbeauxzed

10 g
@

|

Fig Al Schemauc of the melt, waier dropping distance reia-
uve wales (o the prototype (3) and current ntermediate sale
expenments (b1 The sale-up (based on fuel mass) ‘rom (he
sxpenment s by 0000

what would consutute an alternative ¢xpenmentdd na-
sis? It is the purpose of this sectvon 10 address 1n 3
f:l":l‘..'YV'."\.lr\ fashion these gquer uons [n comungction with
this effort we have carned out 3 number of different
expeniments. These expenments are not. at this stage.
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In the absence of vapor explosions the miung pro-
cess would be rather berugn. Jominated Oy film boving
ind low transient pressures. [t 15 expecied ddl the
hemign nature of thus process would be sclf-reguiated by
the tendency to cut-utl (or reduce) furiner mixung by
vapor relief through the ‘reactor cavity’ water. This
water wall impose negligible constraint for the ume
scales charactensuc of the relevant nheat exchange pro-
cess here. and would tend to be expeiled away from any
location where muung has progressed 10 any sigruficant
degree. We conclude that the process will be dnven by
the hydrodynamucs. We can (ake a closer look at these
Alwd-Muid mechanical interacuons with the help of the
schematic of fig. A.2. The imual state of the melt is
shown in a geometnically scaled fashion in relauon o
the initial comfigurauon of the reactor cawity water
including the cylindrical volume just underneath the
reactor vessel, to be referred 10 as ‘vessel cavity,’ and the
runnei-like, essenually reactangular volume referred 10
as ‘cavity"keyway.' The final state of the meit wll, of
course. be a stratified one (with respect 10 the water)
and is illustrated in rwo possible configurauons ai-
though, clearly, other disinbuuons are. as we wll see,
possibie. Wennoomdetthnmemadmdfmd
states commumicate through a jet of diameter (char-
acterisuc dimension) 4, All possible modes of lower
head failure (from a small breech to catastrophuc failure)
may be accommodated by varning the jet diameter up
1o the size of the imual meit diameter, 4. Note how-
ever that this limut in reality cannot be approached since
the jet i this crse would amve within the solid lower
heat shield Muung between the meit and water, due t0
the large density differeace and hence propeasity for
separauon (strauficauvon) would be a ughly dynamuc,
short lived. phenomenon depending primanly upon the
hydrodynamuc .nteracuon hetween the jet and the ‘ves-
sel cavity’ water. [t is convemuent 10 visualize thus iater-
action in terms of its several components.

Upon impact with the ‘vessel cavity’ floor the jet wall
be deflected wnto the honzoutal direcuon. s honzon-
wal motion, in the form of a1 essent.ally planar radially
outward jet wll copunue uaul um:. ¢t upon the ‘vessel
savity’ side walls turmag the jer  ace more nto the
verucal (but now upward) direction. Fall back from s
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Fig. A.2 Flow patterns and final states in the C — D transition.

position would vield the finally expected stratified con-
figurauon. Escape (and spreading) into the ‘cavity key-
wa,” would occur (if still in the liquid state) at this time,
although a small poruon of melt has already escaped by
encountening the passage in the honzontally jetung
phase. Corresponding to this phenomenology we may
idenufy the following successive phases: verucal jetung,
vertical nsing, fallback, and spreading. Surface instabili-
ties, in each one of these phuises would yield breakup
and intermiuing. Gravitatonal settling, on the other
hand, would prowiote separauon. The relauv® impor-
tance of these competing factors would vary among the
vanous phases and would depend strongly upon the
actual size of the jet.

Let us first consider the case of a small jet diameter
(d, = 0). Clearly the jet will break into dropiets well
before 1t reaches the water surface. Additional breakup
would occur dunng the fall through the water mass
There will be a small enough but non-zero value of 4
such that complete quenchung of the meit has occurred
pnor o arnyving at the ‘vessel cavity’ floor. The resuiting
dispersed and solidified jet could not be deflected :nto

the horzontal direction by the cavuy floor and in this
mit the debn particles wouid tend to pile up just unaer
the et position. As the et dicmoter becomes larze:

- RS - Oulvariiigi s imigal 21

cf the flow will arnve at the floor in the liqud state
hence as the diameter (ncreases the successive phases of
honzontal jetting and vertucal nsing wiil gradually ap-

pear and Jevelop. Negiecting drag forces we eyumate

fr A

jetung velocities of the order of 5-10 m/s. For the
verucal jet such velocities imply rather high Reynolds =
aumbers (i.e.. 6 X 10* for 4, ~30 cm). However, the |
turbuience level in the absence of walls would remam
undeveloped and the breakup due to turbulence action
on the jet surface should be minimal. That is, an intern
ally (jet) dnven breakup mechanism, similar to that
found in atomizing nozzles is absent. Potenual fow
oscillations of the jet as a whole (leading to pinching of
whole sezments) and surface instabilites (ie., <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>