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Tht phenomenology of core melt accidents in dry containments was examined for the purpose of identifying the marg ns of
afety in such C12ss 9 situations.

The scale igeometry) effects appear to crucially limit the extent (sesenty) of steam explowns. This together mth the
established reduced explouvsty.of the conum A/ water system, and the inherently high capability of dry containments ,{

treinforced concrete, and shields in some cases, seismic design etc.) lead to the conclusion that failure due to steam explosions
-

may be considered essenually incredible. These 'premixture' scaling considerauons also impact ultimate debris dispositron and -

n

coolability and need additional development.
A water flooded reactor cavity would have beneficial effects in I!mmng (but not necessanly eliminating) melt. concrete

I
5 ilteractions. Independently of the initial degree of quenching and/or scale of fragmentauon. mechanisms exist that drive the *

f"; system towards ultignate stability (coolability). Additional studies, with intermediate scale prototypic matenals are recom- 4,,

A,g mended to better explore these :nechanisms.
Containment heat removal systems must provide the crucial capability of mitigating such accidents. Passive systems should P

y[ be explored and asse: sed against currently avadable and/or improved acuve systems taking into account the rather loose time b
"

~,h constraints required for acuvation.
It appears that containment margins for accommodating the hydrogen problem are limited. This problem appears to stand

*
"

out not only in terms of potenual consequences but also m terms of lack of any readily available and clest cut solutions at this -y
time.

,& -

.~F1
i

!atroduction
vant theoretical and experimental information has been 'h
brought forth especially as a basis for the extensive ,D

Realistic understanding of core melt accidents and mechs= tic calculations carried out with computer codes !M
;

;their consequences in Light Water Power Reactors is
(MARCH, SBSER, etc.). These studies are helpfulin [

, niportant for the comprehensive determination of Risk. providing a general-purpose parametric feel for the vari- 7
s-ous effects and their si nificance. They may not repre- y

;5uch determiaations would be a cmcial factor in the $

purrent debate concerning lon5 term Nuclear Power
sent the best approach however insofar as providing the r

-

Policy. Perhaps more importantly, however, such under- comprehensive perspecuve required for amving at con-

standin5 s essential for opummng resources with respect clusions. The basic reason for this is that many more )i
"Inimmizing the risk throu5h a balanced approach in degrees of freedom, concermns qualitative phenomena

Pursutog Research and Development and implemenung as well as their quanutative features, than those practi-

84fety features addressing the whole spectrum of off- cally reslbshle by means of large scale computations,
[Mrmal operation. are needed to account for stochastic behavior as well as '

The impetus for understandins Class-9 accidents as
for timitations in the mathematical modelins (including'

3 %11 as the current staie of the art in this area are best input speficied data) of such a complex set of phenom-
-

'.-
nemplified with the work surrounding the so-called ena. At the other extreme probablistic nsk assessment

D (Zion / Indian Point) Study. A wide range of rele- studies do not contain the mechanistic insight required.
-

e
It is suggested then, especially when specific concerns
(i.e., the steam explosion or core-concrete interaction h

* N work 23 performed under the auspices of the Umted hazards) are to be addressed, that a more genenc phe- ul.
? Nucear Regulatory Commisuon. Washington. O C.
\3 under entract No NRC.0340102. nomenological structure may provide an appropnate .[j
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-1
approach. An attempt in this direction is made here. phenomena are illustrated experimentally and it is sh,m n *
There are two specifie phenomenological a3pects of thi3 that even prototypte matenal venfication is fea .

-4problem, not considered previously. that poness >uen The pre >ence ot' wolant i3 key in the>e con >iderat
- 7

n

generic character and hase prompted us in this path of In contrast. current work ti.e.. see reports dunn d.

investigation. We intreduee them bneth below. Nosember 1%) Core Melt Information F_whany '' i
n: . eu G: e.- . e.1 :n :- - :..

l.l. Effect of scale un fuci<volant mwns
Intersettens. Exten.me computer code deselopment .

'

been underway for some time and Super lar;e seale a .-
#

Mixing between two liquids is an interface phenome- eurrent standard 3) :nteraction expenment3. em k; :

non. For macroscopic >> stems (much greater than the and 5000-10000 kg eonerete. hase been planned :. i - 7
stable droplet size) the surface to volume ratio decreases next 1-2 ears. -

3

with size. and for the same contact ume (distance of The general acadent 3equence (prenunzed t.t. :

travel), the relatise proportions of masses found in reactors and dry cont.unments are only constdered hera. ~

intermixed states wdl also diminish. His consideration especially as charactenzed by the amounts of matenal,

is crucial not only in assessing the likelihood of a major interacting is discussed in section 2. Against this oserall
,

steam explosion (i.e.. involving a significant fraction of framework the concerns of Steam Explosion and Den I~

the fuel inventory) but also in developing a realistic Bed Coolability are assessed in sections 3 and .* resre' E
view of resulting fuel debris configuration and hence tively. Finally the containment pressure tran>ient n

**

coolability. He relevant fuel volumes are nearly three to estimated in section 5. A summary of conclusions n

h.,, . four orden of magnitude larger than the largest availa- given in section 6.i

t . C .3 '
ble (and practically reasonable) experiments. In addi.

.

'
y

J' tion, the available experiments have unlizeTTn over-7

j{ % abundance of coolant. De geometric scales. and con. 2. Meltdown sequences

'(" d j: tact length scale in particular are thus grossly distorted F
in the direction of favoring intermuung, explosions. 2.1. Genenc geometnc consideranons and definitions

f'y 3, 8

; and/or fragmentation. Such is the case, for example in 3

3y[e(4,[ , ' -- the EXO. FITS experiments. Yet Berman et al p} con. A scaled representation of the reactor vessel (and the

3. * cluded that fuel mixing occurs quickly and at a fine internals important to the accident sequence) as situated

p' scale (< l-2 cm) even for the reactor application. We in the reactor cavity is shown in fig.1. A plan view of

' 5[7 y h'8h6
illustrate these phenomena experimentally and conclude the reactor cavity and keyway is presented in fi 16 !

. that mixtures involving more than 2 and 10% of the fuel Important volumes, areas, and dimensions are also noted a

1 { h mass for in vessel and ex. vessel explosions respectively on these figures. According to the findings of this repot1
L;

the presence of water is beneficial and a flooded reactor
. |T are unlikely. Lcavity is assumed throughout.

p&';, |g
f. At decay heat levels the meltdown process is rathc' t'

g 1.2. Effects of debns bed stabdity on coolabdity
slow. It wotdd progress from wuthin to the ouwde of the

t;

'hg For deep beds, as those of interest here, dryout is core formmg a connguous melt region. A continuous
s7

bydrodynamically controlled by the flow resistance (in. melting and refreezing cycle would commence due to .

hd4
.

""

small passages available for melt escape and the sub. ;

I Med ciuding counter-current flow limitauens) within the bed,'

stantial heat capacity in the lower portions of the CC"Q Dryout heat fluxes are therefore dependent upon par.
and its supporung structures. De molten zone would,) ticle sizes (i.e., void space sizes) increasing with particle

,

; df [, ., $ have to be contained by frozen crusts due to boundary
4 .- ) size. Correspondingly, for any parucular decay power

losses, he melting-freezing process renders such crusts

%'
level and debri bed height there is a particle size (less

in a state of motion in the outward direction. M
,

than 0.1 cm for our case) below which dryout would
clearly the possibility of any amount of water presentg!.id occur. To completely exclude such fra6 mentation al.

- '

*

gN though intuitively reasonable it represents an impossible , within this growing molten zone must be excluded.
-

lin view of the preferred downward fuel relocanoisg

*H - task. We can, however, render the quesuon amenable to
rate of growth in the downward direction will exM;

i 1 a more definitive answer by considering instead the
that in the lateral (radial) direction. His drtual #

I ; . stabtlity of all possible coolant-debn-concrete config.
tinuum of melt configurauons (states) is likely to

.

I -y '' ' urauens and by showing that unstable beds (non.
interrupted each time a massive obstacle (core suppo' coolable) are dnven to stability (coolable) by a sponta.
structures) is encountered. Although the discreteness

j i neous change in parucle dimensions. Again the relevant;
*

s ,

.sp, ;.

i. i
, e

'
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Fig.3. Illustradon of key molten fuel pool conngurations
_ 41. Scaled representation of the reactor vessel situated within (states).

:

the reactor cavity. LCP. Lower Cover Plate. DP. Diffuser Plate.
;d the SC. Support Columns. SP Support Plate.

'
usted

diffuser plates the pool would contain at most 400 ft3s oft* Of
melt. A more likely figure would be one balf as much.fig I these states may not be always very pronounced they Upon reaching state A the radial growth may exceed thewted tre convenient milestones for the purpose of following downward relocation. States B and C would henceport the accident progression. occupy volumes closer to the maximum values of 450setor

Three such states are identified for the in. vessel and 500 ft3 of melt respectively. The final state, s' tate D,
portion of the sequence. They correspond to the lower corresponds to melt capture by the reactor cavity floorsther ,tnelt boundary coinciding with the lower core and dif. and it is amenable to a number of possible configura-/ d' fuser plates, the core support plate, and the reactor tions. The most likely, an even distnbution of essen.uous
vessel lower dome, and will be referred as states A, B, tially the whole amount of melt over all avadable reac.'' '*

,and C respectively. These states are schematically de. tor cavity area, is designated as state D. Finally thewb-
.picted in fig. 3. Prior to penetrating the lower core and possibility of dispersing some of the debri outside theCC'' i

I
ould reactor cavity (in the containment) by fuel. coolant in-
Jary teractions (or other pressure releasing events) need be

* , g considered for completeness. This possibdity mil be,

discussed later, however, as we wdl see the uncertainties/
'"' ] '3 "' '" "' f associated with the dispersion of major quantities are''

_

..,..[...... such that it would not appear prudent to generically
g p n -- -

22 n is n

-

take direct credit for this mechanism. Hence no specific
'g ;J - ..J.........., state will be defined. In as much as any amount of?

i;. dispersal will reduce the best load on the reactor cavity,:en-
however, this wd! be a factor added to a long list ofg ,* ~

.

other favorable,'yet unquantifiable, mechamsms newed
g 2. Pfan view and typical d2rnensions of reactor cauty and as providing additional snargins to safety.

ay.
In considenng the lon5 term behavior of the stabdity

.

,,A i
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of each one of these states with respect to mteracuons quanuues msobed and time, i.e., P( m' u m ,tj.
of the melt with the vanous matenals with wluch it We will find that 'ue to the parucular geog ~|
comes in contact, i.e., structural components identified constraints 'premixtures' are of limited extent and sh, -i,

y as supporting elements for each state, must be n-d. lived. He most likely times for their occurrence wtD g a

*h | The possible influence of the presence of coolant, and dunng transitions between states. It is more conveni 1. . ~

'.iE

h,$ghp
associated fuel / coolant thermal interactions need also therefore, and certatnly more pertinent to the degree

*be considered. actual knowledge implied, that the premixture probaba.

.f In the past (i.e., WASH.1400) the likelihood of an ities be referred to a certain instant tn ume (presumably I
b" energetic, large-scale (~ 20% of core), interaction, was the one maxmuz2ng its value). The continuous function. T'

estimated as "one out of ten times" that a "large molten ality in time will, therefore, be removed in favor of i
mass" encounters water. Such encounters during a core. indicating the time period by the corresponding melt z..

fQj melt accdent were taken as virtually certam (probabil. configuration state, as defined above, i.e., P,(m q i

ity of unity). More recently, and on the basis of certain meaning the probability for a premixture, able to sup.
'

#

" prototypic matenal" experiments at Sandia. it has been port propagation involving a quanitity of fuel mass m8
,'

recommended that any one encounter (again taken as and occumng within the geometrical confines of state --'

certain) of the molten core with a quantity of coolant B. during or just after the transition A - B. Crude 2
(i.e., damping of the ECCS accumulators) would pro. estimates of these premixture probabilities are given is
duce an energetic, large scale, fuel-coolant interaction, the subsequent two sections. The main intent is to -

'
.

known as vapor explosion (i.e., an upwards adjustment argue, on physical grounds, for the existence of cutog
! .*, . of the probability by a factor of 10). Even more recently points (bounds), and to provide some judgment as tof

% (Berman et al. [2] this probability was reduced by a whether these bounds are approached gradually or 1

C factor of 2. what is implicit in these estimates is that abruptly. ne graphical presentation of continuous dia. ,,.

")" every ' encounter' and every explosion would involve tnbutions is provided on these bases and should not be
-l substantial fractions of the available melt. On this aspect taken to imply anything more quantitative than that. "

q' of the problem we would like to give our primary
o consideration. 2.2. In.cessel states and theur transmons

4:- It has been widely recognized for some ttrne now, _

that coherent. large scale, explosions, involve the 'tri. During the pool growth phase of state A water may*

.) ggering and propagation processes through a fuel- be encountered either by reaching existing quantitics
M-- coolant mixture (to be referred to here simply as ' pre. remaining at lower elevations or due to belated addition

C mixture') that is coarse enough to allow essential ther. of emergency water. As it is to be noted throughout this

mal isolation between fuel and coolant, yet it is fine . study the. presence of water at any stage can only have

t --* enough to support the process of propagation. The beneficial effects. In the case of state A comunuous
?T actually required range of ' scales' of this premixture is availability of plentiful water especially through the i

not known to date. It does appear. howeser. that from dowocomer may even stabih:e the accident at this point |.

~ the pomt of v1ew of actual participation in the heat Such early and continuous availabihrv of water would b.-
.

exchange process. for the ume scales. pressures. and morth the most serious consideranons m any effort n

selocities of interest a 10 cm scale should be an ade. tending the engineered safety features into the so calia
.,

quate upper bound. The adoption of such length scale degraded core coohng area.

~f now proudes a bandle to explicitly account for scale On the other hand for the purposes of current f.)and geometrv effects in carrying out order.of.magmrude assessments we must consider the eventuality of water-

- estimates tas pen in the subsequent two sections of asallability rather late into the meltdown process O-,

the potential cuent of fuel coolant intera tions at the the basis of tne cent:guous gecmetry of phase A and t.

sanous sta;e> of the meltdown sequence The amount fuel and coolant den >ities. we are unable to ident:fs l

|2 stage - .of coolant :n a prem:uure 3heuld be of the - ne oree. mechare>m Icadm; to prem.stures' at th:
'

a that of tne fuel Su,h a potentialk espiece premn. cone!us.cn a :ndependent of acetdent and me .

ture :nsch.n; mass and w cf fud ..na u gt w ater m:eet:en Tin o hown in fi; 4 h -
.

f 3.'if u ' h : -- "- M . n
--edener w'l be a. MM .

..

taxen as m, upper hm:t tor a tetahy e;re... ?cm themataal .y mool ter tne 'uruen' 01 setu Ba3ed en mark

the abose. from the pomt of new of ener; etic interae. sy stem (i.e.. the charactenstre dimension of the mat;

tions. the meltdown sequence may be characten:ed b is that of the wheie meltt Essetly the same ar;um -

the probabthts for a premnture as a funstion of th, and conclusions are pertment also to > tate > 3 and t

|

|
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3 3antion on the other hand. m states B and C io _ _

f I)
'

l %' \
w . .: e considered progressiselv less likely (but not #''

.

....s.-- mm +1c) ecmpareJ :o that in state 1 In . . . s. . , ,

\a . rom arme. stamliut:en :n either state ti er '- s

. e. W reautre substant::.1 ecoling from below. For #~I $ -\ \*

'
. unter current f!Ow |im: tat: ens mas become ' . , s i

\ --
'

. rr .e w hile external 1.nd effeettse (insulation re- , ,

'j ' +
ubmerging of the reactor se> sci (state C ap. .

nrolute rather than sigmficantiv improse the 78L , ,

i i '3 ' - - ~

' ?'
r-Qarly, however, availabilits of downcomer water rs

g be.ew > tate B is desirable since even if it is unable to J " . . 4 *: )
- li:e it will certainly delay transition to state C. E.! |i

I,l '

I 2 g., . e, _ ems,'i

~he transition A -. B due to the presence of support ' gs _ !! |
3 (,, . =,_gi.e.2 ._ |

'

! |m. will most likely be gradual. The transition q ; ,,3
'a - C ceuld bc ;radual but it may also follow the i

|i L sman w w ;
| Ie. trephic failure of .the core support plate along its'

's i 2. sman w f
e ::act with the core barrel In both cases, however, the

'6' -

N,i 3'C7"o'""
-

peenomenology is crucially affected by the small di- I c-----

incuions of the receiving volume relative to the melt l 1
-

i

d=nensions (see figs. I and 3). In a catastrophic failure f, I
I'

( for example of the core support plate the plenum water o i
s tn , , , , ,

\. 9 (if any) will be pushed out (by the solid support dome) v * ' * * '*
into the downcomer regions rather 6an mix with the

'

t""'c" * TI* #
melt. Again the characteristic dimersion will be that of -

the shole melt, and the probabilities will fall off rapidly Fig. 4. Preauxture probabilities for in. vessel states and transi-

around the 1% mark. This behavior is illustrated by the cons as funcuon of the fuel masses involsed.

&a and P .e in the ' fast' transition cases shown in
fig 4. Now let us consider an arbitrary pour (' slow- Fig. $. Prenuxture probabiliues for ex vessel states and transi-

" "5 " I""* * " I ** f"*I **'*** ** '"d- i'
transitiotts) from a melt through path of dimension d,.

iDue to the short fall distances involved (2-3 ft) negligi-
ble jet breakup would be expected (see Appendix A).
he melt would begin to accumulate at the bottom is anyway desirable) any large scale premixing (or even |

'

displacing water into the downcomer region. For pours quenching) would be essentially impossible. To fully
'

under such conditions triggenng may not take place at prove this impossibility would not appear pracucal.
all, but if it did it would most likely occur at the initial However, the matter does not entirely belong with those

unpact of the jet with the wall, i.e., early in the pour euphemistically referred to as " engineering judgment."

Process. In any case, however, at any instant in time the Instead it represents a fundamental ' scaling' question

'premixture' may not involve quantities larger than one and at this time such scaling trends are easily observed ;j
'

Jet length. For jet diameters up to the approximate even in small scale expenments as discussed in Appen- ;

manmum premixture dimension (~ 10 cm) the quantity dix A.
'

3of fuel would be 0.3 ft . Even for the unlikely large
diameter of 3 ft, and an unreahstically high surface .'J. Ex.cessel states and transitions ,

2 is ;depth mixing of ~ 10 cm, a fuel quantity of ~ 10 ft
estunated. This corresponds to - 2-3% premixture and The discussion here parallels that of the previous ._ g |
the probability trend is illustrated in fig.4. Up to the section and again is based on Appendix A. With refer- .

value of 3% the fall-off in probability is given as gradual ence to fig. I the geometry here is somewhat more j
due to uncertainties in the mixing process and the intent favorable (than the in-vessel situations) to ' premixing,' e,

to provide reasonably bounding estimates. A very rapid however, it is still far from what would be required to {l
fall off however is appropnate within the 3 4% range. expect prenuxmg at large scale. Again, the water depth [

Fur the in vessel peruon of the melt sequence the is very linuted and the fall distance amounts to s!ir,htly H|

Concluuon is that even tn the presence of water (which over twice the melt's own charactenstic dimension. Fur- [
,

I
,

I.

1
. t

-
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.h
,

ther. due to large density difference the fuel and Ster
!

' %. . would tend to quickly stratify, i.e., any premixtures j
'," '[

would be highly dynamic and short lived. Again 've 3 *
-

h. distinguish between a ' slow' jet like pour and a ' fast' fall . ;

6 * ;
3!. due to catastrophic failure of the lower reactor vessel Ekl # y%if dome to estimate Pc_o.

A ' slow' event would most likely involve a pres- ,.
,,,--] ,, a

---
3 ;., y..y ",

h,4 Si.-c.8apj k.
surized primary system and a local vessel failure. Such ;, - -

'
.. -

failures would tend to break up the fueljet as it leaves ' ~

s'*. J." --

liff.ft,' . the reactor vessel at high velocity and would hence be
'

PM . t ? most favorable for the production of 'premixtures.' ' ' , , - * h j -

' ' ' " " ' ' ! * '. $#T*a'Di, However, such failures would be also most likely to D'.M<M. occur near the top of the melt (where heat transfer to
--

soa T." : *l J
qq
ghtss'-

{h ]}' _
the boundaries is a maximum due to the natural convec- :

-- 7'

y ,.g v, tion pattern) by the combination of thermal and mech- i '

7. ~ ' anical stresses. Hence a rather small quantity of fuel
'I would be available for this forced jetting. The internal Fig.6. Illustration of preauxture concepts likely to deselop-

.

from locallower dome failures.
1 ( ,''* pressures would quickly fall off and the remaining fuel

, ,

I9 .. Ii would most likely rest until a subsequent catastrophic
~b failure and a ' fast' coherent fall. Even less amount ofL

M'h % *premixture' would be expected in the case of a ' free'
-

.g.g' C. (gravity driven) jet. Based on the discussion of Appen- those envisioned during in-vessel sequences, still, they-

"" 3 dix A we do not expect breakup forjets with larger than cannot be reasonably expected to exceed 10% of thg.''

----I I ft diameter, i.e., for 5 ft submergence we estimate core inventory. Further it appears that even quenching.,

~ 1% premixture. For larger jets the surface entrain- of the major portion of the melt would be limited in
-

3
ip.P '/ ment would be self-limiting. Assuming,.an arbitrarily most cases by the high degree of fuel segregation ex-y,

@g ,cy, large boundary layer (on the jet surface) of 15 cm and a pected (see Appendix A). Continuation of this discub

3 ft jet yields premixtures of ~ 5%. For the forced jet sion from the point of view of debris quenching andC-
; .. ~,P3."M and for a likely breech within the upper I ft layer of coolability is resumed in section 4.' '

* s. M melt about 20% of the mass could be expelled. About
-

.

:

~ , , ,4

4 .. f. half of this mass is taken as a bound for the premixture.
These physical situations are depicted inafrg. 6 and the
corresponding probabilities are shown in fig. 5. A half-

,
*

r-% full cavity was assurned in these estimates. An ad-
'

;'

Justment by a factor of 2 would be required for a q;.
~~

.I
completely full cavity.

A ' fast' event most likely would imoise the 9

catastrophic failure of the lower dome through weaken- k , "'' j~ j
j

ing of the wall around the periphery as shown in fig. 7 " fa-
,

\

04.
T. A low pressure pnmarv system would favor this event.

[ A coherent fall as shown in fig. 7 and rather mirumal s

premature fermatten 13 emisioned under these c:reum- \' '-

|.tances. Esen if the whole lower dome was a umed to
,

be sen ue.i and ne f.nture at this re nt nether the
ferce> ner the mn:n; itras eh time > are pre >cnt to
premete ' - ormanen ei 'prenuuured The upper 1 : .

_ _ _ _ _ _ _
: d appear an upper reJM*.- o n :n : q - w.

. ;. 7:-&
_ _

eune t> anew n in fi; -
For the eue>>el portren of the melt sequence we

eenelude that althou;h the premisture quantities poten- F:; * Ib.:rauen M rre msture encert- : Lk
frem m:w.T a umkrennJ Wer cehtully present are one erder of ma;rutude greater than

-

M -

,

e e
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has not been clearly made as set. Simdarl we are esen -Il' . . "n esp!mion concern'

further away from knewmc whsh are 'ne uni, n nr ~~~

premitture 'characten> ties $nd how prepa;ation and
_mr an.!:he styrvach efficiency are related to them !!se e . au.itata ch at

:.
.s ne e .: . ..; ..

neit.a;.. . e .; .re.ma . ....

iv 5!J Of thermal energy i3 potentially ava21 our ease, trends. ['Premixtures (in film bodic mas be tr:;;ered into -
*

. m e en ef thh thermal ener;y. eeherently. into
.t.at work eeufd represent a sigmficant challenze explosions >pontaneeu>h or bs me.m3 of an euern.dh --

. ,ent.unment. Homer. as we hase already di>. applied sharp pre 35ure pui>e. The reau: red estem.d in- -

.

gger amplitude tenergy >cems to increa.e with pro ureto

u J :n the pretteu3 ehapter only a > mall preportion
level. presence of noneenden>:Mo :n the vaper blanket.os ine moiten fuel mass would be espeeted to par- > -

and mereases of fuel temperature beyond the mirumum
twipate in a coherent mteraction. Even with tho>e small film boiling temperature. Since all these trends may be |d
amount of interactin5 uel thermal energtes of the order connected to increased stability of the film boilingf ,

of aM-20t100 Nt1 need be considered for in. vessel and process. vapor blanket collapse seems to be we!! con- [ _

emo el ropectnely (taken at M and 10T respec. nected to the initiation if not also to the propagation _

tach i At thermody namteally ideal consersions i - 309
phases. This is consistent also with trends observed in '?thes would represent releases of 1200-6000 51J tbased

.

en espan> ion to one atmosphere). However. the actual
spontaneous explosions in the free pounng enode. Here. das the fel temperature increases. a maximum in the

manifestation of such releases would require an ade-
'hkehhood' and ' violence' of the explosions is first ob. Q4}.quate inertia constraint as well as the coincidence be- served, while these trends continuously danunish with

tween the bounding quantities of 'premixture' estimated further increases in the fuel temperature. In this connec- %[i..and the triggering and the sustained propagation of the tion the fuel freezing point is also relevant. If blanket
, h.plosion. Furthermore, nonideal efficiencies, due to the collapse occurs well beyond the buildup of a surface ,

*

t y rate processes during the propagation and early expan- crust, fra6 mentation (and explosion) would be rather
; .

; sion phase, as well as to condensation losses during the unlike7. Since the film boiling process is connected to
' early expansion phase (acceleration) would tend to re- the coolant critical temperature (in a variety of possible

duee the actually attainable releases. These considera-
ways, depending on a vanety of available models. but d

M
uona need f' ally be related to the potenual for contam-

such details are immatenal in the discussion here) a U
m

ment damage. good measure of 'nonexplosivity' defined as resistance
f'to triggers from a film boiling condition, may be given,

( 3.1. Steam explarion fundamentals by the temperature difference between the freezing point f,

, a*
,

of fuel and the entical point of coolant. AT= T/ - Q. I ,gj
The molten debris / water system is well within the

'j film boiling range. As such it favors the attainment ofFor the fuel / water system we have AT-2000 K while
-

$ ,,

for the steel / water system AT- 1000 K. This measure . yy
i e good premixtures procaded that also favorable geometric indeed agrees with observation in that the former sys- yJC,

, and pounns conditions exist. Thus the premixture tem is rather difficult to tngger while the latter is known
! quantity (extent) may be increased by dropping a fuel to explode spontaneously. From this point of view, the 5(;

'b.

[ ' J;t already in the state of breaking up (i.e., allow drop- rather neglected simulant p}aar of water 711guiii N ap-
~-

2

I ' ping elevation or forced jetting from a nozzle) in a deep

f crater container. Propagation involves the coupling be- pears to be much closer to the fuel-water system than
fp

many of the molten metal / water combinations unlized Q
; tween an advancing (into the premixture) pressure wave in simulations. The water freezes well above the entical

N
3 ront, and the fast fuel breakup and intermuun6 withf
4 the surrounding coolant in the vicinity of the front. This

temperature of nitrogen ( AT~ 150*C) and the system . 4

i ihas been difficult, albeit possible, to tngger into an
' j extensive fragmentation is a necessary requirement forexplosion (Anderson and Armstrong. [lD. We have ;h0 4, the occurrence of the explosion since it provides for the worked extensively with this pair in many different
,

3 surface area yielding the enormous heat transfer rates.
expenments (contactmg modes) presented in this report, ' f pi

( Several mechnisms have been proposed in the literature, f. S
but we never witnessed an explosion. hk { pronunent among them are one based on hydrodynamic A number of ext Nrntal studies with UO: and

r

(differenual velocity) instabilities and the other on rapid water, including in.pd + ser burst tests, reveal a rather G
boiling.mduced instabilities. While both of them have bemgn interacuon resultmg to large smooth surface

i;

a observed in special purpose expenments the con. :'
bestion of the explosion process to any one mechamsm

fragments typical of those expected from freezmg at, ;*

?$,

d
n

e m.,

1, i, s
mP

,

a -
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film botling. Recent tests at Sandia, Buxton et al. [3]. grossly distorted geometne scale and overabundance gf ,

.g , utilizing 'large' amounts of c rium A '- R (~ 5 kg) and coolant, i.e., fuel to-coolant volume rauos of 1:500 to i
,

- Q,4,i J trigger pulses as high as 100 bar have failed to produce 1:1800, these tests would tend to magniay %s6cs (c6n.j
. . but one mild ' explosion.' Also Nelson's (6) experiments densation). Even more importantly, the actual amount *

* * p' d .*-
e

(15 g scale) demonstrate that in an appropnate geome- of fuel found in 'premixture' and actually participatiny -

@| try, and trigger, yielding explosions with reactor materi- in the interaction (propagation) is not known. Hg
'

3.. _ .. !!.; ; als, the corium-A/ water system proves nonexplosive. the conversion ratio is estimated on the basis of the

Tj All details are not completely understood yet, and in the total fuel available obviously producing an underes4
f = h . ',j 2 ,

*gi
absence of information of premixture characteristics the mated efficiency estimate. Obviously these tests woulfj -.

Q .,e ,,
full implications from the 'large scale' Sandia experi- produce very different premixtures than those expecterf_.

5J,QT. . ments remain to be determined. However, it does ap- in reactor conditions on account of an over four orders.
,

i pear that rather stringent premixture conditions and of magnitude variation in. melt volume scale (surface toy;s.f g- very energetic triggers are required to achieve large scale volume effect) as well as nearly two orders-of-magnitudq'
,

J . - ,

,4 explosions with prototypic materials. With reference to distortion in mixing travel provided (see Appendix A).''gg4.g.)g''j

the phenomenology outlined in sections 2.2 and 2.3 we As a consequence these efficiency results cannot be,) .,
can identify substantial trigger pulses only in connec. interpreted as already incorporating the premixing ef,*W ' >

" "'

tion with transition C - D (catastrophic failure of lower ficiency expected in the application of interest.
reactor vessel dome). However, in this case the trigger Efficiencies of unity (thermodynamic limit conver.-

; % ee_ (impact of the whole plenum with the reactor cavity sions) have been deduced for some (with molten metals)
.

; /#p.4 :';
d0- water and floor) would come well before the attainment industrial accidents. On the other hand, due to low:

(.Cf h of the 'premixture' state produced from the subsequent value of the fuel thermal diffusivity we could not rea-S

4 h pouring of the plenum contents. Although the probabil- sonably expect ideal conversions here. We would expect
,

-

[ +^d ity of an adequate trigger associated with the premixture that the efficiency will also be a strong function of the
d probabilities of figs. 4 and 5 is judged as essentially zero 'premixture' conditions such as ' scale,' temperatures az(

,3 a value of 10-2 and 10 '' for the in-vessel and ex-vessel constraints. De available theoretical understanding
contact states respectively will be adopted to reflect slowly progresses towards the goal of fully evaluating*

y , ,

j ; N , , ac7, remaining uncertainties due to lack ct fundamental such details. Ultimately we believe it will be possible io
understanding in premixture and trigger requirements demonstrate a best estimate value of ~ 10%. At this
for self-sustaining explosions. The one order of magni- time however assuming a value less than 50% would be-

. _ , ,.

E. , 0 tude differentiation between these two probabilities is rather difficult to support. With this value we estimatep ~
0 p. > used to reflect melt composition differences with the 600 and 3000 KJ for the 2% and 10% interactions taken'

in-vessel being more Corium-A like anddhe ex vessel for the in-vessel and ex vessel cases under considera-"

*
r~~~ more Corium-E like (more metallic). tion. Note that these estimates are based on exparuions

{"*' to one atmosphere and are used as indicatne of the

~

J.A Ernmanon of mechamcal energy re/ care severety of the explosion. In reahty only a frac en is-

available for contained geometnes tin-sesseli or .a to
.

Very little information is available concenung the constraint breakthrough tex-sessel). In a more e. .: led
effietency of vapor explosions. The recent large scale fashion we may express the probability to rew. e aj ,

(up to 18 kg melt) Sandia expenments with Fe- mecharucal energy corresponding to the thermal e en

a 1, A1.0,/ water system indicate (Buxton and Benedick [3]) of fuel mass m' taccording to the prenously dis sed
a cornersion ratio (mecharucal-to thermal) of up to presenptioni thus""

'' - - 0.M. while for those Conum A - R Water tests sup
to 10 4 kg melt) for uhtch mild esplenen was ob>ersed Pt f( m' )) = P( I.m' v nr )Pt m' u nr i,
a r.it:0 of one order of ma;mtude maller iO O.9 ) -

re: crNd {3) Esen fer the Fe- Al;O, case the rat:0 i e. a. the prcduet to a nes e 2 pr ,:uare a

' tm tne ecndit.cn.0 prcb2Ni:ts - me c.;mpi an effw:enes m . hamcal ener.s rele;3e to the n' a

.xmum. thermedv ; x;'h. re F., cf ech - ! F cf : ;;e- of me reca ec _m+ . .
-

\. -J n te .he e. o f .-
- -.:--~* -

a wu .1J.te.. .n ener pti m i:p na r anc ine :r ;pr pre .c a .\. .~ . mph rekase et
ne;hpble range section 3.2 the general behauer shown :n i:;. -

Howeser. the direct appl:cability of these expenmen- projected.

t.d re ult > must be uewed cautioush. A3 a result of the

'
,

e

l

I
-
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'm-
present 23 well a3 an e.oentially one dimensional shet- ~Ogun geometrv. Clean fluid >olid impacts, on de other

, , ,

hand, may l e ew!uded in view of all the internal solid J

ruer t d +e ev'e.' ' 01 at Nu:d slu ' - -
-

:.
..ue to its 3. er: .en;:h. weu'd eeeur weil prwr to impact.

4 Even negleet:ng ueh uncert.un to-eatimate nutigating .

2
a>pects, however. the esple3 ion enerpe> estima:ed ifew #

hundred 5th are encntially one order lower than the
T.

many thou> ands of Step Jeule> e>t: mated to yield '

' s- potentially damagng mtnile ;eneratton iWASH-1400
\ [7}.

In conclusion, the steam explosion-induced contatn-
-- .

ment fEliire probabilityTs judged essentially incredible.
~

~
>

.
I

_

i e. at least two orders of magnitude lower 6E the' - ~ ~ .

.s .
10 ~ 2 esumate pren in WASH-1400.

~- -

,

e. vt&n swas, - .esw . _ . .
-

_. _ _ _ _

z. meda ewarg smene. 3,3. 3,,g, jo, ju,,,, ,,,g

0 -
'" With regard to PWR dry containment applications

I 4

a ----no real needs concerning the energenes aspecu of steam
~a

explosions appear to exist.
s. Better understanding the fundamentals would be de-
:: sirable while large prototypic matenal experiments offerdo ijoo# 'O i oo a oo 3 ao s soo little progress tn this direction.o
d E(m.n A short series of prototypic ' intermediate * experi-
g

Fig.8. Bounding estimates for the probability distnbuuon of 'Kents with scaled geometries could also prove useful in
g

awdianical energy releases due to steam explosions. shedding some additional light into the 'premixture'
o

questions raised in this study (see also Appendix A).
..

'e

:e L %e debris bed coolabWty concern
n 3.4. The damage potential

.

'4.1. The concern and the approach''

No significant inertia constraints nor mechanismsn
los substantial missile generation may be identified for Here we are concerned with the character and stabil-te

is the ex. vessel explosion case. De rather large amount of ity of State D of fig.3. Current evaluations assume a

energy involved would manifest as kinetic energy of the fast cuenching during the' transitiin~'C ~ D and thet2
:d explosion fluids distributed equally in all directions. ' subsequent coolability of the resulting debris bed is_thm

^

Froci the point of view of potential damage this explo- Esad.Takseg the whole debriinventory and particlea

nt con would be of no consequence. He expansion zone size estimates from smau (relatively) scale tests sigmfi-

:d wtll interact sith the significant quantities of water cant uncertainues concerning continued coolabtlity have

present in the reactor cavity. Such interaction would been raised. Dryout followed by melting and concrete

cause a large amount of dissipation (condensation) that attack has then been assumed foUowed by computer

would help to compensate f~r the initial expansion calculations of containment pressurizauon due to theo

trend to sweep away (expel) water from the cavity area- release of concrete steam and gases. There are a number

is Such dissipation would tend to interfere, in fact, with of difficulties with this approach:

:e the fuel dispersal process away from the reactor cavity (a) As has been seen in the previous sections the

O tad into the containment. These processes cannot be reactor geometry is not conducive to good mixing. Such

)I ' valuated with any degree of certainty at this time. fast and complete quenching would be raser imprE ,

However, the amounts of fuel thus removed would ,ble (see Appendix A) and even if it were to occur den

appear to be marpnal(< 10%) and such evaluanons are resulting steam velocity would be h26 enou6h to swee?h'e

kt cructal to the remaining of the sequence. away the cavity water. if not even 2 Good pornon of de

For the in vessel explosion the incrua constraint is fuel;

i
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,

(b) The particle size distnbutions obtamed in availa. * .,

ble fuel /cA tant interaction tests is grossly misleadingi !'%, j(too fine) due to important scaling distortions (see A .,.

pendix A);

].e
'* , e * , , ',

/Shh (c) Continued concrete attack by melt in the pres- 8
' sum ne*

, '! . , ' , '|
'

f % l yJ.y % ence of water can be shown to be an unstable process 4 4 c ,,,, -

,_
quicidy terminated by fuel freezing as we wiH demon- ,

Etraie IIelow. -

.=;._.,

However, these objections although quite plausible -
'

* * ' " ithey are quite difficult to conclusively prove. We should
resign to the fact, for example, that we well necer know, g i'

@ v r, nor would it be reasonable to have such an expectauon, f
.

i ag

|, j
, ,

the particle sire d Litbung&xtent of quenching in ~Q ;'Q, o,4 enunks =

state D 1f we ask to calculate, therefore, s_uch things as - WH1

the steam spike, and bed coolability mechanistically, ,

difficulties due to these uncertainties arise. We will "'

modify the question therefore into a set of questions wave
that are easier to answer now and even quite amenable ,3

-

.,; to confirmatory prorcrypic testing later. The essential + . . . , * d ** * * Fine ;?,

feature of this approach is that it converts a 'fuD scale' ' . * * * , * * , * * * * * , , * * , ' , * ** ' * * ' *
i',

,, , , , , .' *
f~||* problem into a prototypic yet a 'small scale' one. The

C approach consists of exarmmng allpossible mechanisms Fig.9. n!ustration of the possible conum-coolant configure. --

leading into fuel melting and concrete interactions and uons upon the reactor cavuy floor (State D).- y{ ,

demonstrating that all such processes are inherently.-

,, q unstable and driven to a stable and coolable configura-
,

%

* tion. Namely we have to consider the configurations In summary, then, our approach is based in demoe. ..

y'* schematically illustrated in fig. 9. In configuraTon D(a) strating continued coolability fer large-particle beds, -

a separated melt / water system, as it might arise from i.e., sizes greater than a few milhme ters and arguing that..

@ limited mixing during transition C - D or due to melt. any deviation from such coolable condition would tend .t
ing on a non-coolable particle bed is depicted. The to. produce melting and refreezing with a more favorable f

. . ,
e.'.-.
CD former may weD be the most likely sequence. The melt particle size distnbution (stability). Such beds wiH be !

-I would attack the concrete the generated gases agipting referred to as ' coarse * in distinction to those with too
p- the melt and bringing about ultimate quenching. The ' fine' or too ' chunky' particle length scales. This trend is
;M configuration D(b) is characterized by large fuel frozen schematically illustrated in fig.10. Prouded the relevant

. crusts as might result, for example, by the freezmg mechamsms are demonstrated the ultimate outcome u
process of D(a;. The resultmg bed would be guite thus completely independent of the details (miung ete i

,

genetratable to coolant and'si~a61e unless thiTrus,t sizes of the imtial fuel-coolant interaction. In turn all thro
, are' 't'oo lirte for conduciilig'' LYN:ayleat to 'the mentioned mechan:sms are quite easy to demonstrate

-

~

surface without substantiaT'hieftib[ of 'the intenor, utilizmg simulant matenals and even prototypie matene
-

7, Gradual breakup to stable but still large particle sizes expenments appear feasible and quite adequate at mter. 6

would be espected Finally, configuration D(c). repre. mediate scales. Each mechamsm is discussed m greater-

* -C Te~n'ts'a'T&7tsehed fine particulate bed rather un. deta:1 m :ne subsequent three sections but f:r t u *
likely to occur ti e.. a rather slow and prolonged trann. censider the cc:: tral aspect of the evaluanen sen em
tien C - Di. but of the tge presently eften pestul:ted the ece!.Nhts cf a scarse bed *
en the ban > of as.ulable evenmental data Fer parue!e Con d rng a . 'e MWt reactor =d a -
>::e> 16 th.:n ..rcut I mm such a bed would eller great quant:ts , I f >W i; t 100000 kg for fuel e.nd . .-

''' ' ' - y '." ten Aeli. at c.e _re st=se to . u:d .:-d oper flow e culat:e .> --

d v ut e.- -. : re' - - b- -; - ''''> v

... a;ue tnat oen uu> .tuanen a unst.:ie unee ;ase, tne c.mts bed neuld yield a 1 ft deptn u u
from the resultmg concrete attack would produce melt percutu and a surface heat flux of .t$ W. em' On :*
slostung and refreezmg on cool particles, and thus a bans parametne facters such as doubling the Ju ' '

graJual :nerea3e m particle size. lesel er art.fwQ restneung debn spread:ng :

%
e .. y.,...-- y q ;,,-~...:;-

-

,

, . x .. . -

^ *

, *4. . ' . -
-. s *
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an equnalent sphere diameter and a shape factor to
cobtain:

% pm. se evoo<e 'arge '"_
N w en ':5.. nei r ni'-r o

j [. }
'

t. t/j- ' '*
>s

- a Twie e.C For water at i bar and a bed with D F - hm and a ,

porouty of 44y7 tho. ~ eaunalent to

4, = 510e o * ' ' 2 it'im; (4) 7

which is essentially the prediction of eg. tiL The coeffi-:,..m of noe w,#e.,

Wei eev'j cient in eq. (4), contains the p'i " dependence due to {_
|

; casting eg. (3) into the form of eq. (1) for easy compari.
--

TIE son. His amounts to a 204 reduction at 5 bar. Further. ,

T . : wue ewiution iguahtaine) of Jebns parttele both equations indicate substantial increase in the enti-
-

i n -

.x v :abihty consideration $ cal heat flux with pressure a2 Shown in table I for the
.-

range of interest.
Also note the relatively strong dependence of eq. (3) on M

jus: beneath the reactor vessel (~ 50% of the total) may the porosity (see fig.11). As may be seen in Appendix B

be easily scoped by appropriate factors of 2. For our porosities of 50% for large irregular partic!es are not g
ba e case c.drabanc fuel heatup would proceed at ~ 0.3 uncommon. The diameter dependence in eq. (3) is rather ,

(

K/s and quenching of an allliquid melt to the tempera- weak and anyway applications to diameters larger than j
ture of 100*C would require heat transfer equivalent to typical packings (few centimeters) for which the correla- q

t
8000 decay-heat power-seconds (-2.5 hrs). The latent tion was obtained should be viewed with caution.
heat of fusion on the other hand would be equivalcut to Agplication of these results to a volume-heated de-

j
*

1500 decay-heat power seconds (~ 1/2 hr). bris bed implies that cooling would be available on a
fAn evaluation of ' coarse' bed cootability may be continuing basis for the portion of the upper debris bed

made with regard to counter current flow limitations. yielding the predicted amount of surface heat flux. We p[;

The flat plate CHF in pool boiling provides one such can clearly see that for ' coarse' beds the predicted j-,
estanate. Using the Kutateladze (1951) correlanon and performance is well within the heat rejection require- -|
the properties of interest (with p* = p /p,) we obtain ments even including non-currently applied parametnc ;

' *

effects on power level and spreading area. Additional
(fee water): *

safety margins are provided by the following effects:
b = $260p* -U2 W/cm . (1) (a) Actual debri amounts will be less, either due to j, ?.

2

fdispersion in the containment and/or retainment in
Perhaps a more intuitively appealing source may be solid state in the reactor vessel, than the maximum M

0found in counter-current flow experiments in packed amounts considered here:
beds (Coulson and Richardson (41). Based on an earlier (b) The actual decay heat will be less, either due to hn
correlation by Sherwood flooding data from 16 different volatile fission product migration and/or a likely under- i

c
gu/h. quid pairs in packed towers were correlated in estimauon of the role of coolant (and other heat losses)

.

dimensionless coordinates. Considering the inherent in the tn-vessel poruon of the sequence resulung in.

variability in this kind of data (.t.e., determtnauon of the underestizaating the ,cooldown, times: Q
.

onset of flooding) the correlation appears successful. In G u h inci dimen-
our case the vapor upflow ts due to an equal quanuty of sional patterns would be expected to further dwumsh

*

liquid down flow and for the range of density ratios of -

interest the flooding data may be simply represented by
.

!. ". ". Y = 0,03a - u * Table I Me

fe 'o* ' 8. (2) Counter. current flow hmitat: ens tn

pfor 100 < p* < 1600. p m,, i : 3 a 3

6 ''" I.
The specific surface area may be expressed in terms of

,

L

I

r _-
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i

. :il. of the necessary amount of liquid, and rescaling of ts

o.s . . crack. More vigorous processes of sudden stress rel$[ Mw " ! I and fragmentation of the shell into several pieces.dF '

complete exposure of the molten core to the ambiW2a

7,',-f, . 3@,[d
coolant may also be envisioned. .I

h. From the point of view, however, of debris coolali
h;,s#p ' ; o - - icy all these details are unimportant. De signific:liy

aspect is that unstable large chunks will self-destruc.sy? % j ' e' into smaller but coarse (and coolable) pieces. Some fine
- 7

M
k't'5*% particulate might (in the event of a catastrophic she!*

failure) be generated in the process however the ch'ai,,,7[M.ji, .

acteristic size will be of that typical to a quiet quenchia
p 7p,Tg,. g'' c( .{

s.a
--

p Qy ' in the film boiling regime, i.e., millimeter size rathe

tY ; than the 10-100 micron scale fragments more typical o
5 I vigorous interactions. -4

Scoping experiments were conducted for the purpos.TJ ft "<:, .;
} "as of illustrating some of the relevant phenomena. Thea. as

l M water / liquid-N fluid pair was selected and microway.e- '

g e n. . 24

.hh N Fig. I1. The porosity group in the enucal heat flux eq. (3), as a heating was utilized to volumetrically heat the wagI i '

i j,:$2 h funcuon ot the bed porosity. (liquid N does not couple to microwaves). Simulatiot2

h of the relevant thermal and mechanical properues or5i*

b C conum/ water system is of course out of the quesuon
:: the counter current flow limitations; and Our purpose instead is to explore some of the posible'j

- d (d) Unsteady bed phenomena ineluding periodic processes and phenomena as a means of thinking anc

""

(
h.) g flooding and dryout, coupled with conduction and per- gaining insights for the real system. Dese experimenu* ^

baps even radiation heat transfer mechanisms would are described in Appendix C.w3 =

P.8 " : . .q, favor coolability even further.

[ ,@i" ''- The packed bed correlation was obtained from ex- 4.J. Smallparriele growth mechomsmr
.@ perimental data with columns packed with high voidage,E high specific area, psekings, such as Tushing rings, ne dryout mechanism for very fine debris bedsA?'

saddles, etc. Application to denser particulates, there- (submillimeter sizes) involves strongly two dimenuens'
S fore. requires confirmation. A set of experiments utiliz- patteres of liquid down flow and vapor channehn; :r

ing three different sizes of lead shot and irregular rock up flow. De reason is that counter current flew canne'' ' -

fragments was carried out for this purpose with the be accommodated within the extremely >ma!! d men. e*'

air / water fluid patr. Details of these expenments are interstices and channeling and fluidizanen c.me :nt,

j presented in Appenda B. Satisfactory agreement is play. Such beds are particularly relesant to fa t rea.ter
observed. Initial dryout results for beds with the particle tLMFBR) cond:nons due to extensne thermal. tr.,

, ;. sizes of interest here were also obtamed and excellent fragmentation of the fuel coming in contact with th(
agreement with predicuons of eq (3) was obsened uee coolant (1. quid mdiumi. A rather strong de; enJsn .

~ Appenda Bt the cnout heat flux to paru,le d;ameter ite u. .

roweri :s obsened here. Since >uch ubm:ih .-*

4 .' L nei . ..r::.h neahp ma . u,:s .le beds. hncu;n unLLeh. ..nnet ce ..
cut .t :S ume. ict u3 cen ce- :ne - .

At 1" deeas heat lesch debn ; artteles as tr;e 23 cncut.

I f t ;n d;. meter u culd san ne eiun; Howes er. ew - Ncn u ' ..s rart:cle- .m
. _r .........;..._ . 4 . . . . ...:. ... . .

. .

the molten layer. gas mned. quenehmg procca d;- 60s pattern due to hfung ferce Of tne ;.: -
cussed m sectien 3 l It is quite possible that such large from the melt-ecncrete Interaenen Su,h .

chunks will asummodate a molten ecre either bs fulh esentualh lead to the encount.r cf ecM.
cents:mn; the mternal stresses ifrom melt expanseni parueles and ohdificanen uren them A . .
or, mere hkch. by gradual rehef. t e.. ercep of the sohd ing of the part: ele spectrum datnbunen to es.r .e..

hell into mternal poros:tv. er fine crack:ng, exput :en ;zes a thus ens: :ened ter:mnaun; enN r.

i
e

_

- - -, -
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.ung 2 tably coolable ' coarse' bed. On the other proumity of the liqu:d denutie> fasonn; entr.unment

:d more estensive bed melting and concrete attack. of one liquid into the other. The ancmalous volume f
"-

'd it eceur. would also produce a coolable enarse espansion of water uren free::ng faer ng eru3t tiota-
e merfece we cewde ed =

- ed !n the est eetin 'On at the water -

t nea.cr%.:.p., e .a.. r c., .c :ure. a: ..). ae .

;%n.imre of a nwnen !.ner att.:am; the umcrete rather limited temperature span between the room tem-
'

perature water and he free:tnz pemt hmited the preci-
"

:e Lo phenomenon here is ps-induced agttatien sion of the heat tran>fer ecefficient determinatten at the

* x melt. Tlus process would promote cooling as well liquid, liquid bubblin; re;ime. Addinenal espenments
'

rroent the formation of insulatmg fuel crusts at the were earned out. therefere. with the Freen II liquid N: ,

nterface between the two layers. De process would fluid pair. that yields :mprosements on all three points
mentioned abose. With the Freon-11 density 0% greater __

a. ~

r gagain well within the film boding regime yieldingmz j
h[r ' coarse * rather than ' fine' solid debris parueles. than that of liquid N: a more definitive stratified regime

The phenomena was initially illustrated by means of is possible. Freon-11 erystals_are heavier than the liquid
,,,

the liquid N: water / air expenments desenbed in Ap- and may be observed to rapidly sink in the non agitated
-

rendis D. Water was purged by air through a perfo- conditioE. FinalI? 'there is a ~ 130'C' temperature span
-

*

'41'd bottom plate in the presence of a superimposed between the room temperature Freon-11 and its freezing,

'he
layer of liquid nitrogen. De cooling rates were mes- point, that substantially improves the determination of 7
sured an'd*the freezing charactenstics at the extremes of heat transfer coefficients. These expenments confirmedog

ac,
the gas flow rates, corresponding to quiet bubbling, and the trend that as sparging velocity increases an asymp-

:on
hi hly agitated churn-turbulent flow regimes were ob -' totic limit corresponding to the pool boding CHF heat _

lde
servedsIndeed at zero gas flows an insulating ice crust flux is reached. In fact the limit was attained at a gas

on.
ble quickly forn s and the two fluids may remata as such for velocity of 10 cm/s and was clearly evident up to the

md very long time periods. For the a6 tated beds the heat maximum velocity of 16 cm/s utilized. Rese experi-i
!!uxes, prior to freezing, were estimated at ~ 7 and ments also revealed certain important aspects of crust

nts
~ 18 W/cm for bubbly and churn flows respectively. formation and positioning. The individually denser (than2

These values are one order of magnitude higher than the liquid) Freon crystals tended to merge forming,just

values estimated (using Berenson's correlation) for the as in de case of water, porous and hence lighter f and

film boding of saturated liquid nitrogen, but do seem to floating) custs. However the tendency for plugg:ng was

rds approach the pool boiling CHF limit of 30 W/cm . On substantially reduced in comparison to se water / liquid2

Ns ystem. A more detailed account for these results is
sal the other hand the proximity of their values for the s

i clearly stratified, only slightly perturbed, bubbly flow given in Appendix F_

et mterface, and the clearly violently agitated system seen Let us now consider the corium-water system. As-

og a the churn Gow case indicates that water / nitrogen suming as a nummum,1-2 ft of water on the top of the

st) auxing (at the interface) in the latter case was not as fuel layer in the cavity, an area of -49 ft is available

ter tatensive as initially suspected. De temperature 5tadi- for steam venting. At the limit of entramment and

ess ents within the water were small in both cases. He film type flooding of 26 m/s (Kutateladze's correlation

the churn flow experiment was run at superficial gas veloc. with K= 3.68) we estimate a maximum ventmg of 7.15

of tty of 10 cm/s a value typical of concrete attack gas x 10' g/s or the equivalent of 143 N.U/s, or a 317
8

nd release rates. He bubbly flow at just 1-2 cm/s was W/cm heat flux over the 4 5 x 10 cm reactor casty
ar- carned out to examme the role of mixing intensity in floor area. (Clearly, the molten layer in this case will

:ed the development.of the solidificanon pattern as well as spread over the whole available floor areas.) If the rate

of to sGnidate the high degree of siritifIcation expected in of initial quenching is greater than tfus amount cavity

the corium/ water case and feared not to exist at 10. , water will be entrained and expelled We see, therefore,,

,

he ent/s due to the density proximitfor' water andliWd , that the rate of quenching is selflimiting as discussed

c6 f !htregenTarge an(coherent But veryTrittTe crusts were earlier. On the other hand a quenching rate less dan

ed forined in both cases. He churmng system seemed to this amount wdl not interfere sigmficantly with water

J freeze throughout the water layer more coherently, as ex2 sting in se cavtry and/or draining back, through &e

ed compared to the bubbling one. It is suspected that keyway from &c contamment. With the excellent gas
ft- frozen parucles (crvstals) tend to Yo'alei:e fornung the agitation we expect quenching to be limited by counter-

# I4tge bnttle and porous crusts observed expenmentally. current flow of water and steam. Iniually,little penetra-

2I The water /liquad N: system suffered from te uon into de melt is expected. As de surface layers of

,

t
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broken up crust are formed penetration of the water O. Needr for addersonal work
deeper into this region is expected. As discussed above ..

", 3 the pool boiling CHF would charactenze heat transfer It would be desirable for all three mechanisms men, '
s' under these conditions and from the estimates shown in tioned in the previous three sections be examined in the~)

a.W table I we project maximum fluxes in the 200-300 light of prototypic material experiments. It is very is, *
2'j W/cm range depending upon the pressure conditions. portant (see Appendix D), however, especially for thed

. Note that these fluxes correspond to more than 100 quenching in the stratified state that wall effects Q '

Y"h }4 T cm/s vapor velocities, hence the 10 cm/s gas flows reduced as far as possible by increasing the laterale" '

$@ ''
would have a negligible influence in these flux esti. dimension of the melt. Since not all conditions might be O--

. mates. Measurements in gas-bubble agitated (at I cm/s) within the experimental state of the art at present J

@3. . transfer coefficients of ~ 0.1 W/cm K at the steel / slag tinued. Furthermore true bed dryout and post-dryout '
c.- industrial (100 ton) steel furnaces have yielded heat simulant material investigations will have to be me. -

2

gg ., '% . interface. His value would be significantly Ugher for phenomena need be studied for ' coarse'strongly non. .-

$M?'' the range of gas velocities expected from concrete de- uniform (two-dimensional) beds for the purpose og #
@.h"y s ' composition. De heat flux to the upper corium layers, quantilpng the suspected additional margins of coe.

n g. say being conrpletely quenched to the boiling water servatism. -|
'

temperature (.1T = 2200*C), would be well in excess of''

2220 W/cm . Dat ts, the bed cools uniformly, rather
--

@p
"' ; than cooling only nect the top layers with' the melt 5. He containment pressure loading

2MM Persisting at the ba:,e. Dese expected 200-300 W/cm
2

,.

g aty p- - Ouxes approach but are we!! below the 317 W/cm limit 11. Energy sources and sinks .

,Gy g established above. He comsponding ume to com- -

D&d pletely quench (accounting for the continuously added Energy sour:es intrinsically associated with a cere -
2"# Q l'5 decay heat) is estimated (for 250 W/cm ) at ~ melt accident are due to primary coolant, initial stored

2222 s that is ~0(1/2) hr. We note that the time energy in the core (that was not removed by the coolant) -
91 constant of 2 and 4 cm fuel particles is 93 and 372 s that metal / water reactions and decay beat. Other potential

% is particle internal heat transfer is nonlikely to be sources are due to hydrogen burning and due to con...i fr! limiting over the whole process. crete attack (including pressurizing gas source). We * ''

M From another point of view the water / melt interface concluded in earlier chapters that concrete attack is not
+ e. o Z may be assumed, at least initially, blanketed by film to be expected at any large scale. Hydrogen presents a

O he Q{
2boiling. A heat Dux of 46 W/cm s estimated using serious difficulty, however. He total quantity from ra-

h ' ' . -- Berenson's correlation. Due to the turbulence at the diolysis and from reacting core materials is known and
interface an augmentation by several times this value is the corresponding energy to be added to that from the

7
p-- easily envisioned. In our nitrogen / water experiments intrinsic sources may be easily estimated. Furthermore,

augmentation by one order of magnitude was observed. for most melt scenarios, the hydrogen release will take
. Due to the sensiunty of the film bothng process to the place much earlier than. say, gross core melung and

gas thermal conducttvity the fuelewater system is char. penetration of the reactor vessel. hence its effect n .
actenzed by much higher film bothng heat transfer be scoped in conjuncuen with the release of the pnnurs

'

compared to the cryogenic ssstem. The relative augmen. coolant the metal /u Ater reactor energy, and po %
tauon by interface agitsuon would be expected to be stored core energy. It is comeruent therefore. to da-.-.

:.' tess. therefore, for the fuel / water case. An upper bound. unguish between a short. term response and a lon: rerm
.., should, however. be provided by the pool boihng CHF response. The short term conta;nment re>pon e w. J

limit. T1us linut is low for rutrogen (due to the small be umilar to that earned out in ECCS anah >t u.
salue of the latent heat of upen:2tient and the agita- H: contnbunen< taken into ae.ount and the re-
non augmentauon in our esrenment- alreads yield 3 serv much affected 5v the reh Hhts iaud
sMues up to tha L: ut For tne fuel water eue the CHF >umpt. ens of en;:neered >afen 'e ture. ie n.
hmit a autte h:;n but . nil er four to fne t.:inment heat remos2 c.,er% ~~\ ., r-

au;mentat;n ,' . n ut :t x . n r. nt - a. -*
.

un,. w.....,... . . . rar....n rs . a= ..e m....ea . a 3e4uer.. . . . 7 c.. ; .o

sonable and cons 3 tent witn our espenmental data A senting the thrust of this report. Tius ume ; .-
- 11 hr quench time pened n. therefore. agran esti. therefore. of interest here. Th:s is not to say ttut '
mated ;en edutton mas be exe!ude i :n the ions. .

~.
-

-
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Such evaluations. honeser. are outside the > cope of thim
. _I
*

ne:r . ..t feat. the initial heatuo and meltdow n mav %' work.:he drv state (complete to>s of ecolant and;ur

}dure of all ECCS estemn and water en- 5..'. The acam wrV and i&c.:n :.rmrc :ranwnt _
nr '

len: 1s the trustien C - D Th..
~

,.a-.._.... .

Rather detaded calculat: ens tc.en; nto acecent4 .;m .t v.0 penc , -

-pratm;out the hydrogen preolem a it may fragmentation and ouenchmg ch.tracter:> ties as weil a
,an-

,t 1. ed into a realm different than that repre. condensanon heat 10,>es are por.Me =d neeerarv to
,

, f0eus e( h work. calculate the preeae contenment prerure transent.7tm;:
Speut.ca!!y. we are mterested in the so-called ' steam Howeser. the results are highi) dependent on fra; men-

,

e
.ke' aree:ated with the rapid quenching of che conum tation etze and heat tran>fer eceffie:ent, inet eendensa-
:lt and the role of passne centsnment heat smis m ble effects. etc.) assumed and as a result >uch calcula-
e prenure response. The subsequent transient due to tions have been presented as source of justificanon for g,r
tease of decay power will also be considered. more detaded modeling of these complex processes. Our

In this decoupled approach it is more natural to position here is that considerauon of such detads are
_

ink of the heat source in terms of a more or less distracting from the real issues and that the problem is
ncentrated component associated with quenching the more easdy assessed at a different but more appropnate
inum melt to the containment water temperature (i.e..

level of detail consistent with uncertainties inherent toas cont.uns the poruon of the initially stored and j
the overall picture,

resy heat energies not already released to the contain- Let us consider a containment pressunzed at ~ 60
r g, ,

tent) and a distnbuted component due to decay beat psia wrth-a steam partial pressure of ~ a0 psia. We 1p .
ad taken tt 1% of rated power. For the total available calculate the distnbution of energy, as proportions of ?
ebri quantides at around the fuel melting point we the total quench energy available. For a 2x 104 ft'
stimate 200000 hU of stored energy. At 30 MW of volume, we estimate 87.5% required for the steam en-
ecay heat this represents approximately two hours of ergy exerting the 40 psi in the containment, only 3% is
ec y heat. Based on the conclusions of this report, we required for heating up the containment air. The time
<ould expect quenching and release of M energy at a constant fo7 heating the steelliner is only a few seconds
such shorter time period (see previous section). The and if all came to equilibrium from pre. accident tem. ,, I

-

ontnbutions of these two components may thus be
peratures a 17% portion (33600 SU) of the quench ''

energy would be required. The concrete sink of thevalutted separately.
8

The passive heat sinks consist of a total of I.62 x 10 containment shell is at 3.5 and 4.5 ft thicknesses. That2
of 1/4 inch steel (counting the 3.4 X 10' It at 1/2 internal to containment is I ft thick. This concrete has

3t
och thickness). The total concrete mass in and aroundvery poor conduction properties and is expected to beat
:entainment is estimated at 4.54 x 10 ft). Active sys- up very slowly. During the 1/2 hour required for the

,
8

ems include sprays and the ECCS beat exchangers release of the quench energy a thermal boundary layer
~,

e

chich most likely have already succeeded in cooling thickness of 6 cm, as most, has developed. The thermal *

down the short term transient, and fan-coolers which energy stored in this boundary layer is 83000 hU and
;
t

again helped cool down the containment pnor to the
represents 41% of the quench energy. For a 2 mdlion N:ong t:rm events considered here. The ECCS heat ex- cubic feet contamment and the conditions of interest we O

changers and fancoolers are capable of removing ap- estimate a pressure to-energy sensiuvity of 4000 SU/ psi. '

praumately I and 4 times the 1% decay power respec- The steel and concrete sinks are, therefore, worth ~ 8
uv;ly. This large capabtlity even if parually impatred and ~ 20 psi respecuvely. The total heat flux u.ould be
would be sufficient to cool down the containment atmo- 814 J/cd and an average flux during this 1/2 hour
sphere following the pnmary release of energy and would be 0.45 W/cd. For an ' average' temperature -

hence deceuple the response from the long term. driving force of 45'C we obtam a heat trar.sfer coeffi-
, _The tvailabtlity (or not) of power and compounded cient of 10-2 W/cd K. Even in the presence of air this

fadures in these systems need nevertheless be consid- is a rather tuodest value considenng the high flow rates
'

*

ered from a reliabtlity-risk perspective. The long time and turbulence expected, however, the air gap (taken as
r

penods assecrated with both the 'short term' (many 0.1 cm) between the concrete and liner has the muchhours) and the 'long term *(days) responses need be smaller heat transfer coeffictent of ~ 310 -' W/cd K
taken into account in these evaluauons such that the and could be of controlling sigmficance. T1us and other

y
ovIr211 efficacv of vanous system combtnauons (includ- uncertamtes including preheaung of these smks dunng
tag pombly passive systems) may be adeauately judged.

f
a

e.
-
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the previous porton of the accident suggest that not all ing the margins of safety in such Class.9 situauons
these indicated max 4 mum values of the heat sink be. The scale (geometry) effects appear to ve-ially liant'j'7 y,j , ,

the extent (severity) of steam explosions. His together ."~. m, g. nefits may be actually reahzad.
with the establish:d reduced explosivity of tne corium. }m.h M Based on the above estimates we conclude that the

yg . passive heat sinks are of no real signifle= ace For an A/ water system, and the inherently high capability eg i

Q' , , ,~ already cooled containment a 60 psi pressure is predic. dry cone =mments (reinforced concrete, and shields is -f
_ _ _ . . . ted soon following vessel meltthrough. De actual time some cases, seismic design etc.) lead to the conclusion D

73 scale for this pressure rise is really immaterial, but that failure due to steam explosions may be considerd-

k} 'SF based on our earlier discussions would be expected to essentially incredible. nese 'premixture' scaling consig. =--

f be more than several minutes. Active contamment cool. erations also impact ultimate debris disposition and A*

^

ing systems will quickly remove this energy as weD as coolability and need additional development. _

$(4; * h , ment depressurization. In case of 100% availability, for effects in limiting (but not necessarily eliminating) melt

' '

; the continuously released decay heat yielding contain. A water flooded reactor cavity would have beneficial .

'- j|
',9 .;t example, less than I hour would be required for this -concrete interactions. Independently of the initial de. *
,

2
y

g k*i ~ purpose. gree of quenching and/or scale of fragmentation, mech.*

At the other extreme of complete unavailability of anisms exit that drive the syste'n towards ultimate sta. !
these active systems, the quench energy would be re. bility (coolability). Additional studies, with intermediate*

..
leased into an already pressurized and heated contain. . scale prototypic materials are recommended to beuer -..'

ment, typically at ~ 60 psi. Pressurization to about 100 explore these mechanisms. }

{A . ' p' . psia following melt quench would now be expected. De Containment heat removal systems must provide the '4. .
"

p , K(" sink effects amount to -::20% of this value. If the crucial capability of mitigating such occidents. Passive

|
~

containment does not fail immediately with the as. systems should be explored and assessed apmit cur.' ~
~

U Tgp{
sumed absence of contamment cooling failure will soon rently available and/or improved active systems taking

* occur. Other inbetween cases may be considered in a into account the rather loose time constraints requaraf " '
similar fashion, however,it is easy to conclude that our for activation.

~

,0 results would be largely independent upon the details of It appears that containment margins for accommod.
,,

.,

the quench process and the details.-oL heat sink. ating the hydrogen problem are very limited. His prob.1 *

y#.",
.

' '

associated heat transfer coefficients. In fact such details tem appears to stand out not only in terms of potential

@ would be completely shadowed by uncertainties in our consequences but also in terms of lack of any readily

_ yd assumptions concermng availability of the heat removal available and clear cut solutiors at this time.
,,

.

O systems.a. ' . -

# ##*---4 It is suggested therefore that major emphasis be

7--- placed in assuring operation of containmeTt heat re. Appendix A. Premixture scaling considerarfons
; ;' moval systems.

Even the largest. prototypic matenal. fuel-coola:i.

13. Nerdtfor addmonal work interacuon expenments available to date are sesereis
limited in providing an adequate base for asses ing :

The reliability of containment heat removal systems outcome and consequences of such interactions at fdl
needs to examined at such level of detail that (a) mecha: scale. The reason is that all these espenments are .. -
nistic and common mode failures be clearly elucidated. ducted without any consideration for the factors that

";.' (b) procedures for enhancing rehability due to the long may exert a non prototypic influence upon the mit e
demand penods tallowing for trouble shooting). and the scalets) and distnbution of the melt tr.to the ree. -*

.

methodolegy for account:n; for >uch m nsk asses > ment sciume of coolant. These factors m turn will affe,t -
studies. mas be e>tabbshed. and tei the additional safety onis the cuantmes potentially pe.rt:e:patin; -
mar;ms due to au;mentat:en h panae >> stems mas be. . u. ia:mn;. .nd fine. mterm:vn; nner;et:e N
euluatec es7:0 :en . Wat also m:: dete........ .. .. t:21c.. e

a;:er; nn . -J the r..uce:au na c Of *

,.;. . ,.. .. ;.. .

u. (undumts tpaea,, i Ji f II4ie de alhtncut:en s *s Edd . h
(c) entramment snd removal of fuci and. or o

The phenomenolop of eere. melt accidents in drv from uith:n the reactor cavity to :he outside _n
containment > u 3 eummed for the purpose of identify- melt re>trattiiestion upon the reacte castty : .

'

^

.
_

'

_ .

- - - . , - -
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e attack. As an example, consider the currently
what would consutute an altematvc expenmental ba- -f

'TS te t enes at Sandia. A melt volume of
sis? It is the purpose of this sectwn to addres> in s;one:

ar
preliminarv fashion these que: tion >. In con,iunetten with.tm

T. n:; ed mto 226 I of water. That repre>ents a
this effort we have earned out a number of different

-

Ant wiume ratio of ~ 1:500 (for the two expenments. These expenments are not, at this stage. J
=--

ue!
ale senes this ratio was 1:700 and :ntended to prcnide a com::lete data hase. but rather a

.

::,

;d *s .al.:e> ei , _ 2 t _Qal' .~ '.a ; ..3.e.:.n~ o
.

c ..: tree up i an,a _t i .w a.r .. neans ei -. -

stder erucial.CMa'wt:h respect to the prototype t>
In the absence of vapor explostens the mtung pro.

-

.3 itu. trated in fig. A.l. In addition eeniip
ee>$ uould be rather be:ugn. dominated by film boding

_

3

a
-nwhe3 a fuel volume >cle down (from the transient pressures. It is espected that thes r.. and low 7n of 1. 20000!

at rewd purpose of these prototypic matenal bemgn nature of this process sculd be self. regulated byprm.

:o deternune the 'explosivity' of reactor matenals
the tendency to cut.utf ier raducci further miung byT

tinch.amg the effect of externally applied enggers). In
vapor relief through the ' reactor cavity' water. This

_

test 3

fact. e conversion efficiencies and particle size distn-
water will impose negligible constraint for the time ] G;-

'

scales characterisce of the relevant heat exchange pro-
bitie d the quenched debri have been utilized in cess here, and would tend to be expelled away from ar.y

con >equences in applicanons intended for location where mixing has progressed to any significant ia>3e- *t

heen ; considerations. At this point an interesung
difen,a anses. On the one hand in view of the enor-

degree. We conclude that the process will be dnsen by

mou, , ale up mvolved and the geometnc model distor-
the hydrodynamics. We can take a closer took at these

.y7
MS.; .f

fluid-fluid mechanicalinteractions with the help of the I %uon> mentioned above the empirical and direct applica- scheniatic of fig. A.2. The initial state of the melt is
tiom ef th:se data to full core geometnes must be viewed shown in a geometrically scaled fashion in relatiotr to

'

with doubt. In the absence of relevant scaling studies we de initial configuration of the reactor cavity water ,

would not even know whether geometric similarity would including the cylindrical volume just underneath the
prodde an adequate first approximation nor would we reactor vessel, to be referred to as ' vessel cavity,' and the
knos how to geometrically or materially distort the tunnel-like, essentially reactangular volume referred to

.experiments to correctly simulate the size effect. On the as 'cavitrieyway.' ne final state of the melt will, of
other hand. however, we must also admit sat the full course, be a stratified one (with respect to the water)

j N[.undentanding of the scaling laws for this kind of mix- and is illustrated in two possible configurations al- .3

ing problem does not appear to be exactly a tnvial task. though, clearly, other distnbutions are. as we will see.
H:w is the available expenmental information to be, if possible. We will consider that de initial and final

'

at aII. utdized then? And if no such use can be extractedstates communicate through a jet of diameter (char- '

acteristic dimension) d,. All possible modes of lower

'/ head failure (from a small breech to catastrophic failure) ,['

-

may be accommodated by varymg the jet diameter up
- .

g, '

to the size of the initial melt diameter, d,. Note how-

k . . , /, j; ever that &is limit in reality cannot be approached since )%
- ,

J

f the jet in this crse would arnve within the solid lower j MR4' / . , /#/ heat shield. Mixing between the melt and water, due to
i

-

the large density difference and hence propensity for j *

separation (straulication) would be a highly dynamic.
- 7.

short lived, phenomenon depending prunanly upon the '

hydrodynamic interaction between de jet and the 'ves-
g )..

sel cavity' water. It is convement to visualize this inter- tj
'

tr
action in terms of its several components. .

a b upon impact with the vessel cavity > floor the jet will
,p -

be deflected into the bonzental direct.on. This honzon-
,J.

tal motion, in de form of os essent. ally planar r2di2Ily .j

Fig, A.I. Schemsue of the melt / water / dropping distance rela, outward jet will continue untd imy4t upon the ' vessel ,

-

tavs wales in the prototge (4) and current intermediate scale cavity' side walls turmng W* jet . oce more into de [.yexpenments ibt. He wale.up (based on fuel massi from the verucal(but now upward) direction. Fall back from $is
!expenment is by *0000

,.

4

-) .

iXs
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Q. . .$ Fig. A.1 Flow patterns and final states in the C-D transition. '"

.e
.

C Position would yield the finally expected stratified con- jetting velocities of the order of 5-10 m/s. For the ~ ~

;"1 figuration. Escape (and spreading) into the ' cavity key- vertical jet such velocities imply rather high Reynolds --

,.} wa/ would occur (if still in the liquid state) at this time, numbers (i.e., 6 x 10* for d, -30 cm). However, the
-

although a small portic,n of melt has already escaped by turbulence level in the absence of walls would reman,, ,g* encountering the passage in the horizontally jetting undeveloped and the breakup due to turbulence action,
,

4, phase. Corresponding to this phenomenology we may on the jet surface should be mimmal. That is, an intern.
-n -- identify the following successive phases: verticaljetting, ally (jet) driven breakup mechanism, similar to that
,% vertical rising, fallback, and spreading. Surface instabili- found in atomizing nozzles is absent. Potential flow,,

*
4. ties, in each one of the.se phx.es would yield breakup oscillations of thejet as a whole (leading to pinching of

(.)I
and intermtang. Gravitational settling, on the other whole see,ments) and surface instabilities (i.e., waw
hand, would procaote separation. The relatiFimpor- entrainment) remain as likely modes of breakup. The--

t-- tance of these competing factors would vary among the first mode has been investigated theoretically by
*

vanous phases and would depend strongly upon the Rayleigh and the results have been confirmed expe:i.
actual size of the jet. mentally, but typically for small size jets found n

Let us first consider the case of a smalljet diameter industnal chemical processes. The most unstabie u.
(d, ~ 0). Clearly the jet will break into droplets well length is 4.5 times the jet diameter and the resi.!L .
before it reaches the water surface. Additional breakup drops have a size twice the jet diameter. For such :a .

g would occur dunng the fall through the water mass. scale instabilities at least three to four wavelengt:ts. t:
There will be a small enough but non-zero value of d, is 13.5 to 18 diameters, would be required for breatu--

such that complete quenching of the melt has occurred We conclude that only jets of less than i ft in dr:-

pner to arnsing at the %essel cavity' Goor. The resultmg could pc-sibly be subjected to this type of bres.
disper>ed and schdified jet could not be denected :nto with:n the trase! distances as alable. It shou!d -
the hon:Ontal direction bv :he eastty Occr =d m this noted in:: altheuzh the en:.:nal Ras!c::n -

!imit the debn part:eles would tend to pile up just uncer gnore me :nert:a of tne >urrcund;ng me$.u
.

' ' '

'~

the yet re it:en 4 the .'et d:an eter beecmes lar;e a- :n.r. Och th:s effe. nto ae:: unt ils

'. . . . -- '- --' cs. ar . ::J me::. :, to : c.~ e. :a ~\ ;--

.;... -.n r.. ,, n :nore ,a.p; . r,: prep e tier. irem m_.. a..ai:::er iv.$ emi jet expenmem- , -.,

cf the now will arnve at the door in the liquid state- that much larger breakup lengths. than tho>e c: ..
hence as the diameter increases the successive phases of abose :re required. Extrapolation of these re>uit-
honzental jett:ng and sertical nsm; will gradually ap- ease wou'.d .ueld breakup lengths of -- 200a nd .
pear =d deselop. Neglectmg drag forces we estimate fer turbulent and lammatjets respectisely The .r-

. 2

-o
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ir
et> with .I, ~ l ft not enly will break into pacti remmns to be con ideed. The ;et canw with 2

ce 2d but the drops in tum will break as dy namie pres >ure of - 5 bar. Dependin; on the manner f
ad mte uece>>ne generanen of > mal!:r in witxh the brec.h t.S .ntt:ated Me imt:ai au..ntaie> of

-

a
- n- . o. i t . 3.tt . 'ed M ,f. a? r :- - or i- "re .cn u ~ pador andi

- ,,
.. .a. m u;a c .' . t a.. . st - ..e . . . . :.. . g

..en;ea O a sta,7 ,

. s.

..nt net too atfferent from that of the truual greate>t amount of mtun; .;nd esen pr.up> heat eu -

m oer. side-
precen. As the drop > dmun:.h in ize 30 chan;e Due to the lar;e jet momentum. "

. me pened ei o-etilation>. i.e.. fa>ter breakup. wau relief would take place, rather than prenure-
u a urface tension and body force > will dominate mduced breakup in the un>ubmerged pernen. In adJi- ..

.aap Tha final region ts charactenzed by the non the : rut:21 tendene of the leadin; ed;e would be to ;..

..n length. /. as truttally introduced by Bond to produce a vortex ball entrmrung surround;ng du:d as it,ap
cha ;etenze stability of a dispersed phase and later penetrates the water depth. This type of entrmnment is 5, . y

a
e-

foe-2 estensive use in a multiplicity of problems in limited in extent and furthermore would tend to be
moderated by vapor bubbles occupym; the major

ph. < J: persions. "

volume just ahead of the jet !cading ed:e.-

3 10 ))i : ( A.1 ) As the jet diameter approaches that of the irutial
_

. -a

melt dimension these initial impact phenomena become 7
The 7ened of oscillations of a sphencal drop, in this increasingly more difficult to quantify. As we have seen y
fina. capillary region has been given by Rayleigh as earlier such large diameters would correspond to

Q]%r = :e( p R'/8o )''' (A.2) catastrophic lower head failure which would be ex.
pecTecTto occur circumferend;.lly and das yield a melt

j
e

eFor a fuel drop with radius of the order of the capillary g,13 . shielded' by the accompanying fall of the whole '

lengt (~ l em) we estimate a penod of r ~ 0.2 s. This lower head. Nevertheless,' unshielded * coherent falls are

period would increase rapidly as the drop size increases. of interest in scoping out the phenomenology of the
This period is to be contrasted to a total travel time of Wdal b ct. '

~ l second (at 5 m/s) m order to appreciate that stm- A number of small scale simalant experiments were
ply there isn't enough time for complete breakup (i.e., t carried out. The water / liquid nitrogen system was

'

.~
i '

the espillary length size) for jets of order of I ft tn selected to simulate the fuel / water system of interest.
l' 6diaceter. We are able hence to define a maximum This system is attractive from the potnt of view of

diameter for complete breakup of ~ 10 cm. Incomplete simulating the low intensity of thermal interactions. [#
1

breakup in the sense outlined above is envisioned for From the point of view of mixing behavior the two fluid I

10 < d, < 30 cm. For 4, > 1 ft Rayleigh breakup would Wh ne of phry i tance. These densin ue t
'

not be expected. Hence surface mstabihues (entram- much closer in the simulation than in the prototype, I (' $ment) need only be examined. Steen s criterion for hence we expect a bias in the simulation for higher M;

entrainment in parallel flow mixing and slower separation. In fact solidified water
1.E

,

particles will usually be suspended in the highly agitated
,g8/2 (A.3) boiling liquid nitrogen system, such that a convenient QUq [ Q > 2. 5610 "c, \ method for determmmg small scale mixing consists of :g,

yields a fuel-water relative velocity of ~ l m/s, assum- determmmg the amount of ice found immediately fol. K
ing fuel-water contact takes place and ~ 10 m/s lowing the interaction. On the other hand the rate of g3

L

assuming fuel-vapor contact. No informadon appears heat transfer between the two liquids will be much .
~

-P

to exist for the multiphase multiregion conditions of higher in the fuel / water case (film boiling coefficient, ' '
!-

interest here. However, we note that water contacting temperature differences and radiation heat transfer are .

.'
the fuel actually implies fuel surface solidification (i.e., all greater). Considering these limitations these tests

I i.
resisung entrainment) and taking into account again the should be viewed as illustrations rather than actual

~ g--
short contact times and the lubricating effect of an simulations.

entrainment and vaporizing surface layer (i.e., decrease First we carned out simple pour experiments of . E'. -

3

of both viscosity and density in the above equation) we various quantities (3,10,100,1000 cm ) of water into a ; -

Conclude that for such jets mmimum mixing would be large volume of liquid nitrogen. These pours were man- ' )g_;.
i

expected in the verucal as well as in the horizontal ually carned out from a height of 10 cm acove the
nitrogen and no particular effort for speed was made. 3!-

The dynanucs of the imual jet. water encounter (im- The small jet regime discussed earlier would be ex- @w
Onentauon.

.. me.,
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. . I.x.eJ. all water was frozen into 3 phene 21 par- hace T
. tspt al of solidification in the film boiling repme. |'., ,L, t"

. :eemeine dimensions and re>ulttn; ice t .s i, ,

s_ ; ~, - . -- _

m ana most part:efe >ues are ef this-

| = s,a .

#

Ment peurs were earned out in the expenmental

{atu hown in fiz. A.4. Geometr e uttulanty with mg
ses d eastty' and irutial melt conf ;uration per fig.

'

,

'

\ ; 4as ebened. ' Melt' volumes of 31 and 0.51 were
unployed. the water volume was held in an inverted _

}| glindrical container with the help of vacuum and was
.ealed in the cylindrical segment by two free. thin.

-- m-_-_ - ',.emwircular plexiglas segments eliminating surface in-
.i.Ahties Release of the vacuum produced free fall of *

. 4ater solume and simultaneous displacement of the uouio-g
+-

;leuglas segments (supported on their side) to the side.
Fi . A.4. Schemauc of the expenmental apparatus for coherent 9The water mass was observed (with the help of televi- l ''

uon records) to undergo all phases of penetration and pours of water into liquid N - .
2 '3deflecti*ns mentioned above. The initially frozen mass - - .

tas measured either by withdrawing an already sub- {
mer;cd screen mesh immediately following the interac- leading edge of the descending water volume. Again we g
tion (1-2 seconds) er by pounng the whole contents emphasize that such carry-over would not be typical in f'

the densities and velocities of the prototype. Even so, 5| trough a screen mesh immediately following the inter.
acti:n (4-8 seconds) with good 2&reement in results. however, these experiments do support the idea that the g

,

The total water quantity was also measured and by major pEtion of the melt would collapse unquenched at ig
;

difference the amount expelled due to entrainment in the cavity floor. p
the nitrogen vapor flow was found. The results are d>
summanzed in table A.I. I

[ (~WJ note that the very small proportion of the mass
Appendix B. Counter-cusTent flow limitations in coarse

g, 2-4%) frozen. The expelled mass appears to be the beds

g order cf - 20%. This amount appears to indicate some
aspects of the selflimiting interaction characteristics The counter-current flow of air and water was studied p

T, discussed above, since both the frozen as well as thein the apparatus shown in fig. B.I. The steady state d[
water and air flow rates were measured for lead shot Q[ 82Pelled mass proportions are judged small relative to

the rather large degree of dispersion observed in the beds with particles 2,4.2, and 12.6 mm as well as for Q
b

! kb
i 40'

gTable A.1,
e E-. Results of coherent water pours in liquid N

f ,.
,, Rua number total water volume % % 'l

j_ (I) Frozen Remainin5 as liquid Entrained
-

4
3 3 5 2 76 22

i 6 3 3 79 is '- |h
.

7 5 4 76 20

) 17 * @
4 $ 3.4 68 28.6

( 18 5 2.4 82 15.6
,

O.5 -0 88 12 M
!'I 0.5 -0 90 10 pQ
'6 0.5 -0 84 16 i'' C

* Di'opping distance increased bv 23 cm.
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8' 4.eese areise Fig. B.2. Rock particulate and the three lead shot sizes used in ''y . ~ . .

% the two. component packed bed counter-current flow testa
'

N2'.?.. -
,

.

*
- '8 88'(= 3

{ Fis. B.I. Schemanc of the expenmental apparatus used in completeness since even if certain portions of the bed.

*7 two-component packed bed counter-current flow tests. are not as well irrigated (or even dried out) sater
,

availability to the bed bottom would insure ultimate*
. . ,

~ cooling by flooding from below.v w -
m

y one rock material particulate of characteristic dimen- A preliminary series of dryout experiments with deep,

'g sion similar to that of the large lead shot dimension. coarse, particulate beds were also carried out and the
The actual shapes of the rock particulate is shown in fig. results are presented here. Coarse, rocky, particulates of6- g

- q B.2. The same bed depth of 11 cm was utilized in all three different sizes (see fig. B.8) were volumetrically
cases. Water layer was maintained to the quantity heated using a $ kw microwave oven facility. Freon-ll

[. equivalent to a collapsed dimension of 19 cm as shown
t'* in fig. B.I. For each nitrogen flow setting determination

(* of the liquid downflow, at steady. state. was made. ,. .
,

The expenmental results are presented in figs. B.3-
B.O. The condition of interest for discut of heated beds

| \
- is when the liquid downflow exactly matches the gas 7,,

,

upflow. The gas selocities corresponding to this entical i p
I

.,

condition are compared to the ' predictions' of section * 'ok i I

-.

4.1 in fig. B.7. For the small size range good agreement
- i

. , .
with eq (2) is ebserved. For the large part:eles the j.

l pred:ction becomes increasingly consenatne. It a pos- ! cor s 'E *o 5"c"
''2'~

uble that wall effects bet:n to bee 0me es: dent fer a ! ,

s ene!-to-partie!e d:.imeter rat:o of ler nan 10 Such !#"
'

1

nenun: form ty effe:t3 are s e.s ;mper: ant :er the ;etuai - tu

| .:rr' eaton espe; ea .n :aet :0 esn:r" pa : : nar- '~-

%
. . . g ..,

fas * o a.s eoin non heated two-component expenment> and base
fnot been reported esen for heated bed expenments. We Fig. B3 E.srenmenta' data for the countersurre -

are tn the process of insestigating this matter. This u:er and n:: 's :n 2 med Nd er :. d . -

qualif: cation. honeser. is considered only 23 a mat:er of P..re>ity e = o 25 .

-
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oss Fio= amie toeil
.; B4 bpenmental data for the counter <urrent dow of

*

sater and rutrogen in a packed bed of 425 mm lead shot Fil. B.6. bpenmental data for the counter <urrent dow of
water and mirogen in a packed bed of 10 mm rock particles. '-

--
g

j parucles. Porosity e=0.45.
Porosity e=0.5.

1 in

was utilized as the coolant. Dryout was detected by ~ interstitial Freon in the bed locations, near the bottom
~

noting the melting of color-coded wax (crayons) par- that will ultimately dryout and cahirations indicate that
ticles or small polyethylene particles imbedded at regu-

>ed lar, one-inch axial intervals along the bed centerline.
the crayons or polyethylene particles will melt within
1 1.5 minutes in a dry bed. Liquid Freon was continu-

Four different size (10.5,9.5,8.5 and 8 cm ID) cylindri-
susly supplied to maintain the two-phase level near theter

cal test sections with a bed depth of 30 cm were utilized.
top of the test section (~ 30 cm of the two. phase layer).ate

The bed porosities were around 50% and slightly in- Through calibrations of the coupling efficiency for thecreased from 0.47 for the small size to 0.51 for the largem
. size particles. Experiments were initiated from a fully'he
of flooded condition. Power was slowly increased to the

dly full level and maintained at a steady level for at least 5
.

o s e-'s s --
11 - minutes. We estimate ~ 40 seconds to vaporize the

a s... e-. se -- o
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Fig. B.7. Companson of expenmental rutrogen superficial

"f Fib B 5. bpenmental data for the counter current now of velocities at the "cntical condiuon* with the predicuons of eq.
*ater and nitrogen in a packed bed of 12.6 mm lead shotc' (2t
parucles. Porouty e =0.47.
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-b
Particles, for each bed. Satisfactory overall agreement is . !! 'sm

77 'M observed. For the large part.cles the wall effects seem to

~ '} )
<,,,,,,, .

!E um.'inj begin to become important (particle-to-cylinder diame.
'

kme mi in un mi m m si as ask..
~

'1 LL.ub ter ration ~ 1:8). Liquid bypassing the bed along th . " |!- k..' , la... l . t . I '' '
.

gy ;} cylindrical test section wad could be observed over th ' j
g 9 :t'

,
. whole height. This liquid kept the bottom I. inch of the M

'

: p ~- - g g bed wetted. however, the next three inches up were t'1'
.

# 7' g ,, dried out. Larger.in. diameter beds would be more ap. g -
propriate for testing this particle size. however, the,

.. present oven power rating does not a!!ow this test. y. ,.

N.:04, * '

&y. .

'

Appendix C. LarE' Particle breakup behavioe ..

' . ' ;

! In considenng the stability of large fuel partides
' ' ' ~ ~ ~ '

subjected to the combined effects of decay heating in
* * " " ' "

Fig. B.8. The three sizes of rock paruculate uulized in the bed the volume and water cooling at the surface we must be f

. l.,1;'g"'
dryout udies, concerned with a number of possible configurations. Ti

f
-

-

The simplest. and the one commonly di=ued. is a,

solid sphere (or similar shape) with its maximum (center)b dry bed and the nuid (slight absorption) the operating temperature just below the melting point of fuel. The ? -

'

h- heat Dux for each experiment could be determined. idea is that this is the maximum possible stable size'-

d From the resulting height of the dryout region the since any larger size would yield phase change in the w
,

*'d dryout heat flux could be determined. center. associated internal stresses and rupture into
,-) Operating Duxes up to 52 W/cm were obtained. smaDer (and stable) fragments. It is reasonable to es.

* The pool boiling critical heat flux for Fre6tFt1. eq. (!), pect that this type of consideration would be correct but *

4 is ~ 30 cm . The dryout heat fluxes measured are only in an order-of magnitude sense since the actual2

compared to those predicted by eq. (3) in fig. B.9. A response of such an oversized particle would depend on
'~

' "y shape factor of F= 1.5 was utilized in these predictions. a number of other important factors not taken into--

The equivalent particle diameter was found by measur. acccunt in the simple concept stated above. Such fae.
ing the mean particle volume from 100 randomly,Jelected tors must include the solid crust mechanical properties*

and the actual mechanics of breakup (or simply crack.
[ ing) and stress relief mechanisms. Even so a number of,
** g interestmg questions anse in connection with e> tab!..-

,/ e ing the actual morphology of the solidified debn. Fe-co n ..
[ example. how do such particles at. or above. the en-/

,

, 7/ size form under the continuous influence of the c....

;m j _ heat or should the mamum expected partide :. -
_

:- + /t linuted atfornution by the entical size? And ti un> tor..

k'f
E / ~ particles indeed form how do they breakup and what -..

~

| the result.n; particulate dimensions? Unless d:sime. -
_ i . . g ,, | tien of the major portwn of the unstable 6.' a-v'

..
~ '

*he ubm:!hmeter (finen particle range wa t.-

| } u h..n , e.e;.th instelbie. the e de:as are n.
! ! e ec ..u. On of rr.:et:eal m:eres he--

'

:en ;d. ..m!mi her-tem. c: -
-M --

.. . . . .

....w............ .

. . . ' . . . . . .:y u .n = : eccied by bothng water is a 29 em in d:ame:.
For wster heated volumetnca!!> at the w -

Fm 119 Comranson of measured dnout fluws m:h those dea.nty .Ind coc!cd by bctling hqu;d .: tic;tn 1. .

r. . Ja mgea d ce ;> a 4 em m d:ameter sphere #1 e. 0 26 I w

I
.

l

-
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The anomalous expansion charactensucs of water to assure sumlar oserall reg:mes and gun some 1:3g ,f

around the frecung point is also noted to emphasize into the puble ranges of phenomenology. That is g - ici

that the intent here is not to exactly simulate but rather are interested in the fragmentauon behavior of frg , g$
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' 'EF
< anJ r!'e eseulsion of their liquid ecntento due 'ia.rd esr u! en .h . dd- e p.:rtW . .nd uren a.

-

: str.w preduced not only as a re u!! at solid tre rehef que refremn; and thus me:: i:n; of the C' -

d pha e shange but also due to ecolin:enduced d! r2.k Fi; C ! .ates "e thenc . . ;y for a 5
, V. ! me:r e heat;n; , u --i: .J -1- - - -'

.-
4

.* en. ' e atJr pO c. rJ3 c... . . .. ..r. s . ..J. , a.s.;14 . .

ved . :ta :..t! i"here ... e'ea.2.:.2..,0ur' a: p rac trties all :he vas to e...., -s.

..iures cu e.er. 2 diwanunu;t) . ;ur3 upon .cee, 23 it 13 ewe el u;w.rde. er:: n; :n er:ed-

enen.3 eu;n inere pr. cun ed ~.. .. :e Tlu3 ph. ;. such that the ice rema;ns en,:nnal:3 uneeu. . -

.n e ca e of twe.ht. ph. 2, n :n; r e 0 ubtan.ea Our amples con >tsted. therefere. Ot partiaily
an phere3. i.e. containing a liqu:d core Of know n ::alh lar;er amoun: et part:suiate.

gaanuty and m many cases colored such that we can A microwase power ealibracon was earned out by }
'

Jennfy the ongin of fragments followmg breakup. The suspending an iI 3-minute sphere into the microwave
sreriments progressed titrough several stages of Osen and irradisung at 1.5 W. ec. After i mmute a leak

.ahbrations and tnals and the results are presented in deseleced at the lower side fellered by complete drain. -

at equence below :nz of the hquid eere. The remaining heilow 3 heil. -

One and two-liter ice spheres were produced by following an addinonal 30 seconds of trradiation is . ,.

tmer>ing water. filled balloons mto liquid nitrogen. A >hown in fig. C.2. Next. a similar 3.mmute sphere was -

,

ubmergence of ~ 3 minutes produced rather stable, irradiated at the same power density, but while fully
parually, but symetncally, frozen spheres with a shell __irj)mersed in liquid nitrogen. At - 8.5 minutes sudden

~
,

thickness of 2 cm. Such spheres will henceforth be activity was noticed with copious nitrogen vaponzation *

referred to as '3 minute * spheres, and are found to and audible botling noises (fig. C.3). A ruptured hollow
3contain a 0.31 liquid core (for I I case). If the freezing shell (bulging around the ruptured area) and 120 cm

process was allowed to continue often a small amount equivalent volume of coane ice particulate. both shown
(~ 20 cc) of "ccarse" ice particulate was created. The in fig. C.4 resulted. An additional peruon of water (not !

3
large ice sphere itself bore no signs of frag. entation, acL*Junted in the 120 cm of paruculate)is frozen around t

except for ' mended' surface scars. It appears that inter. the shell rupture area such that at least. if not more, the
sal stresses due to volume expansion upon freez:ng initially present water amount was expelled. Several
cause crackmg of the frozen crust, small amount of sinular expenments confirmed these general trends.

E
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Fuel chunks of size greater than the crincal size are ' aerated * by 5-10 cm/s gas now due to concrete attack1

E15 ' |

|
not impossible,in fact as discussed in Appendix D they by the melt. Agam the water / liquid rutrogen system is!

Supe

|
are even likely, on a temporary basis. Quenchmg under

utlized. The nitrogen does not couple to the trucro.
c'Fe.waves and a simulation including the decay beat effects

| highly agitated conditions may yield, for example, ag -- could be carried out in the cuerowave oven. However. The

I glomerauon of partic!cs stuck together by liquid films. Iorm
The films are due to liquid sloshmg anudst a solidified radiauon heat losses cannot be matched and the consec.

12 9 " 2' )
,

j j
paruculate suspension. In the final stages of this ever

uon (boiling) heat transfer mechanisms are not under. IP *' |j.
thickening fluidized (by gases) slurry local particulate

stood well to allow a choice for the ' simulant' power
~*

! condiuons may reach well subfreezmg temperatures such _ level. Furthermore we found it necessary to werk with:

! that they may serve as freez2ng substrates for any liquid quanuues of ' fuel' in excess of 101 in order to avoid an p.m I.{i

i "' coming in contact when in close prox 2nuty %elding' of important stze effect and for such quanutes it would |

! more than one parucle f or chunk) together can be appear that the ava:lable osen power is :nadequate
Howeser. the asa:lable cochn;:s much greater than the

expected. Sinularly. such weldmg may be taim; place '

j rapidly encugh. such that an amount of liquid becemes
decay power lesel and ts etreeted to dermnate Henec; ,

totalk enclosed to a frozen shell y: eld:nz a chuni twith tne cons; derat:on of the unieupied prebiem dee nei
j|

j a licuid cere; of nze much greater than the ent: cal size enta21 a maior comptem:se
in the ab>ence of 2;: tat:en by the gas bubb:e3. 2n

is also pombie. Sab>equently a wide range of pon:biej
,

beaster may be enusaged also From a totally cont:uned insulatmg :ce erust. at the mterface between the two
~ :nternal melt ipero>ity. stren; shellsi. to a gradual rehef hqu:ds qu:ekh ferm> and in: hquid heu d eenf:gura-

e en rem.tn> table :ct a s ers , ng nme in the pr, - ,

and ; nuted reLei crackn;. ':m::ee espan> cn. ren enc- of ac.n neat.nc. a , f: .aer ,coled .'6 |
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Fig. D.I. Flow regames in water sparged by las at (a) -I cm/s and tb) 10 cm/s.

absence of agitation. but rather as a collection of highlyk
gas could be injected at measured and controlled rates. contorted irregular shaped chunks. Each chunk turnedts
Superficial velocities of 10 cm/s were utdized and the * tut to be rather porous and brittle and appeared to>
e.tpected churn. turbulent flow regime was observed.
The whole water layer cooled rather rapidly and ice consist of a conglotteration of smaller particles. How-u

formation proceeded at high rates starting at the ever this process quickly formed a plug (~ 7 cm thick):r.

liquid / liquid interface. "D2e ice did not form as a sim- seali g off the gas flow and thus interrupting the agita.c.

ple, thin. insulating layer as the one found in the
tion and the whole freezing process. This mechamsm:r.
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t> eould be earned to completten teemplete solidifi- -
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ce:m4 mnt or s. ster. c' rom tm3 a .:eewn rate we
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..aee heat tluses of 7 and IS W em; tor the bubbly' ;'
:

,
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; churn' runs respectnely. Con.:dennf the proumity j, *
'

e>e salues our concern that the intense aptatmn in j , _ , _ _ _, ,- .

^ ;
p . ' churn expenment and the non pretotyp:e proum- jp

, ef the densities of the two liquids produced estensac
.nd uncharactenstic dispersion of the two liquids does 7

-

not appear founded. Once initiated. freezmg continued
- k3

5: an accelerated pace. The ' bubbly' run exhibited a
!

Ja.snward propagation of the freeze boundary some- _ _ , , , _ .

mat more distinct than the one observed in the 'churny' . , , , ,

.n howeser in both cases the freezing proceeded in a
more or less uniform fashion. De resulting ice was Fig. E.2. Typical temperature tranuent. in a Freon.l t layer

-

/; ;orous, irregularly shaped, and rather brittle. Its ap- quenched by liquid-N:. Gas selocity. IJ.3 sm/ s.
-

pearance during the freezing and at the end of the
experiment may be seen in figs. D.2 and D.3 respec. - - ~

tively. Such large and convoluted crusts with characte . Appendix E Film boiling-liquid / liquid heat transfer in
a

f-- s
istic dimension well into the coarse region should be the stratified sparged state

$
typical of those expected in prototypic situations.

A more detailed investigation of liquid / liquid heat
transfer in the gas-sparged, stratified regime was carried

*But in the apparatus of fig. El. He Freon ll layer was
sparged by nitrogen gas and was quenched by the
addition of liquid-N: at the top. He temperature drop
transients yielded clearly defined and steady (for a given i

--

gas flow) rate (fig. E2). Rese results are summanzed in
fig. E3. An asymptotic behavior is noted beyond a gas
velocity of 10 cm/s. The measured cooling rate of this

.

2t,, , , , . g , limit corresponds to a heat loss of - 34.6 W/cm ,i.e., a
value very close to the pool boiling entical heat flux of"
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