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ABSTRACT

Four stages of the vapor explosion phenomenon are
distinguished. premixing, triggering, escalation
and propagation. Faeuske proposed that spontaneous
nucleation upon contact of the hot and cold liquids
was a necessary condition for the first three stages,
hile Board, Hall and Hall have proposed a themmal
Jetonation theory based upon purely hydrodynamic
fragmentacion behind the shock front for the fourth
stage. [he evilence concerning both concepts is
discussed, and some tentative conclusions drawn,
some data relevent to the triggering and escalacion
steps, together with some brief comments concerning
.velic propagetion models, are presented.
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hn * homogeneous nucleation
i = interface

to = i{nicial interface

mfh = minimum film doiling
sn * spontaneous nucleation

I, JNTRQDUCTION

We shall define a vapor explosion as the result of
rapid self-mixing of a hot liguid and a cold vapor-
Lzable liquid such that a significant fraction of
the theoretical energy release appears in the form
of a pressure shock wave, The time scale for the
mixing process is < 10°¢ 5, based upon a 0.0l m
initial dispersal scale and a shock velocity through
the |iquid-vapor mixture > 107 n/s. Slower frag-
mencation and energy transfer result only in violent
soiling, which is relatively hamless. The key
problem from the safety viewpoint, threrefore, is to
tdencify the conditions under which vapor explosions
cannot occur, rather than those under wnich they can.
This is indeed a difficult exercise, since vapor
explosions are notoriously non-reproducible. The
stochastic nature appears to stem from the random
occurrence of & local pressure wave scrong anough

to collapse the vapor blankets sround the fuel (hot
liquid) particles before substantial solidificacion
has taken place, There are iwctually twe related,
but quite diiferent, quescions:

1. Assuming that the ligquids are poured (orf
injected) one into the other, Wwhat are the necessary
conditions for a vapor explosion to be trigrered
and to escalate in intensity and size €O & full-
scale detonation vave!

2. Without considering the escalation process,
under what conditions will & steady-state Jetonacion
wave propagate through the soarsely~disparied
mixture’

Mere have Heen two Major contributions to thess
problems. One (s the set of necessary conditions
formulated by Fauske' for the (ree-contacting node,
which has been lLoosely termed" the soontanecus

*The temm Ls [requently extended o ingi.de the
capture theory of Henry and Fauske”, which is 4
eyelic propagation theory for the escalation phase,
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nuclostion theery.™ he other is the themel =,
detonation wave theory due to Board, Hail and Hall™,
Jhich draws on the analogy 9 chemical explosions,
Jome lealures of boch theories have been criticized,
and we will focus below on a cunsideracion ot the
quescions surrounding them. In addition (o these
(WO Major concepts, a number of rheories have been
groposed fog the mixing or fragmencation scep, or
more eiaporacely, for the elemencary cyclic process
of mixing and ener transfer by which the ¢hain
reaction escalaces”. These are much Jdifficule to
serify (and hence speculative) in view of the
extremely small length and time scales in the fine
mixing process. We shall discuss some of the
common fealures Of these theories, without geing
(nte too much decail.

)

-

!oulltl" proposed the following necessary condi-
cions for a vapor expliosion when the hot ligquid
(fuel) Ls poured or injected into the cold ligquid
(coolagt), or vice versa:

1. Inictially stable film boiling, %0 that
a vapor film separates the twe Liquids and permits
-ourse premixing without excessive energy transfer.

2. Ligquide-liquid contact due to breakdown of
film boiling (either due o cooling of the hot
liquid or arrival of a pressure vave).

1. sponcanecvs aucleation upon contlct,..

4. Adequate physical and {nertial constraints
to sustain a4 shock vave.

tually, the principal concepts of initial film
boiling, tollowed by collapse of the vapor blankets
around the nhot liquid and very rapid vapor [0Mma® e
cion due tO homogeneous aucleation, were enunciated
carlive in connection vith NG explosions in
vater*"?, Fauske sharpened the concepts by recog
nizing chac the {nterfacial contact temperature,
rather than the hot ligquid dulk temperature, was
the important quantity, and that spontaneous nuclue
ation (due t0 statistical deasity tluctuations,
rather than presexiscing aucleation sites) can Jeour,
particularly with water, in poorlyswetting systams.
Angther important contribution was the distingtion
setween large and small scale 2xplosions,

q-o chege stages of an explosion nroposed vy BSoard

and Hall’, namely coarse pre~dispersal, trigaering
and propagation, (which are impligit in the nece
susary conditions due 9 Fauske  should sroperly e
supplemented oy a fourth stage escalation. ™is
recoanizes that the ¢arly propagaction, ov escalas
Lien, phase may have an engirely dilierent Mising
mswcnanism than the steady, fullysdaveloped shock
srovaget .on phase.

- tak@ LNATA account explosions in JMieh the cons

Ta.. Lemperature I8 supercricicai, a sreferable
fermuiation s the fallowing. ). immediate local
sressuriaat ion upon Jontact, TR L automatically
satinfied above the critical temperatuce. telow
i Lemperature & sulficlent condition Lor fmngdie
ate S 10%% locel presaurization is spONnt aneAUs
ascleation, although this econdition migne be met at

a dirty surface (large Aumbers ot presexisting sites)

AL (emparature welow, dut slose to, the spontanev s
11

Aee v eation threshe

2.1 Experimencal Evidencs

The scrongest evidence in favor of the SN hypothes
sis is the extensive work*' +7, ranging in scale
from laboratocy ‘lasks to Lank=car spills on the
surface ol a hay, on ¢xplos ons of cryogenic hydro=
cagbons poured Jito aor inje:ted into wacter., AS

WG “ages”, its boiling peint Lncreases, due to
Jdifferential Jiscillation of methane away from the
heavier compunents. In a large numoer of experi~
ments it was found that the homogenecus nucleation
temperature, Ty.. of the hydrocarbon mixture had

to lie in a narrow band around the ambient water
temperacure in order to obtain a vapor explosion.
For any particular mixture there was thus an explo=
sive compusition envelope, outside of which film
soiling and ice formation occurred without an ex=
plosion. For example, only afcer 9J% poil-off did
spillage of commercial WG tn tank load quancities
result in explosions, Lt was also possible to
obtain delayed explosions with less-enriched mix<
tures in sufficient quantity by boil off from the
hyd. ocarbon layer as it spread over the water sur-
face, which could be predicred from a simple model
of the spill spreading and vaperizacion ratd . The
spontaneous nucleation requirement was thus found
gonsisctenitly to de operative over a wide range of
hydrocarbon mixtures and spill sizes.

there is nrobably no real Jisagreement that extens
sive Liguideliquid contact with interfacial temper=
atures at or above the spontaneocus nuc leacion teme
perature Ls a4 sufficient condition to produce at
Least 3 local uxplousion, This is shown by experi-
mants 9Ll Ly which 4 small volacile drop rose
slowly through a columa of 4 seevnd liquid with a
vertical tumperature gradient, props of various
organie Liyuids uxploded at Lempuratures within

L K of the theuraiical r" , but water droplets
eising in silicune okl buﬂavud quite differentliy.
pespite the fact that significant miscioblicy of
the twe Liquids was observed abuve &7) K, the exe
slosion ranye was generally 323548 X, as compared
to the thuuretical vaiue of 586 K. 3ome droos
(0,105 mm; avpeared o aucleam dubbles ac 473
§13 K, while «ume larger (L mm) drops evoived a
congLnous train of pubnles from thaeir surface une
til thay tuached 3 high Lempurature whers they exs
plo‘adl‘. Mis indicates that neterogenacus nucles
acion can proceed with water [rom a presexisting
site, whilu the Liguid superhuats and nucleates
explogively in a neardy region, The special aucles
ation properties of water are well-known, as shown
Yy measurcments of liquid censile strengths by
spianing freshiy-drawn glass sapillary tubesis,

and of the heating time, “ . o T of 4 Pusned
placinum wire in various Aiqukal RQGOt:cry 0 upe
press presuxisting (itestd, For a variety of ore
gante \lquids *_ =~ 10y, Dut [OF vater ", = 4lws,

1t L& nOt Necwssary o have .ong heating times and
tneimate liguideliquid contact throughout the exe
periment in order for small drops €O explodes®r b3
gmall (=~ J "W drops of several organic .iauids,
(acluding methenol, ethanol, and pentane, were
sllowed Lo fall 0«13 eme oMWY the surtace of a
pool ol het siligune otl or slvearols A alabie
Liquideliquad contact was sotainud of the Weder
AUMbET wpon AMpagt exceeded a critical Jalue, Wnich
depended weakly an rme subface tLumperat.rw, in
this cane the droplit evaparates iMoOthiy %0
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explosive” (TNT), ln turn depending on coolany and
Juel emperacures and ghy-tul propesties. The
Jeniai-Bankoff theory®’ is somewna:t more speciiic
concerning the nacure of the surfave Lnstability,
modeling it by an annular splash jet followi g con-
ract of a liquid coolant tongue with the fuel sur=
tace and rapid local pressurizacion.

WINCLUSIONS

|, Despite the criticisms Jhich have deen voiced,
the spontanecus nucleation cundition for a large~
scale vapor explosion, which implies instantanecus
local pressurizacion upon vapor [iim gollapse, has
ot been violated in practice, and appears o be
regsonably ifntact. Extrapolated v the LMFBR, this

tmplies that a VO, Na vapor explosivn is unlikely
(n the resctor endironment.

2 mworutical studies indicate that 3 sunercritis
Lal thermal detonation propageting steadily through
» coarse fuel-goolant (3 H,0 or U0, Na) mixture
would be difficule to otuk& LE T. & ) (boundary
layer sgripping). However, nuoloblc agreement
can be obtained with Al'H,0 shock daca at Jub~
cricical pressures by n.&tu very fast breakup,
gossibly to local doiling. However, these pre-
Jictions are sensitive to the drag goefficient and
Jimensionless Dreakup time, which to date have been
estimated from data under conditions far removed
from those in & vapor explosion,

9. selacively lowspressure shocks can collapse e
capor [ilm, even when che hot surtace retperature L3
supereritical, indicating that triggering and wssdr
Lation in most large-scale explosions sroceeds inde~
pundently of nucleation,

" 4. The escalation and possidly also the nropagation

step probably proceeds by & cyclic process in which
coolant is entcapped in the fuel, vaporizes explo=
sively with fragmentation, followed by overexpansion,
collapse and further penetration of the fusl by

coolant. Although various models have been proposed,
the Jetails are noc wall understood at this time.
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