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INTERPRETATION OF LARGE SCALE VAPQR FYPLOSION EXPERIMENTS
WITH APPLICATION TO LIGHT WATER REACTO. (LWR) ACCIDENTS
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ABSTRACT

Recent vapor explosion experiments with the
thermite - H,0 system (~ 20 kg of iron-alumina)
and large scale liquified natural gas (LNG) - H,0
tests on a volume scale equivalent to the fu‘t
inventory ‘n LWRs are interpreted in terms of the
"explosivits* potentfal relative to the CORIUM
(uoz-zroz-r..mm steel) - saturated nzo system,

Consistent with the enormous film boiling
neat flux associated with the LWR system, consid-
erations are given to potential limitations in the
necessary fragmentation and intermixing process
resulting from early freezing ana fluidization.
These ccnsiderations are shown to be consistent
with the observed behavior of large scale experi-
ments with the (NG-H,0 and the thermite-H,0
systems and the nw&o of propagating vapdr _
explosions with the CORIUM-saturated nzo system,

[NTRODUCT ION

Vapor explesions have come into prominence in
connection with potential accidents in the nuclear
industry (1]. In order for such explosions to be
of any consequence, large Qquantities (many tons)
of the molten fuel and the coclant must be finely
fntermixed prior to any significant energy trans-
fer. Since premixing on such scale can readily be
ruled out on the basis of first principle argu-
ments, large scale experiments with reactor
materials are not considered necessary [2,3).

In this context it is of interest to exar . ne
recent large scale vapor explosion experiments [4]
involving saturated LNG (equivalent to saturated
water) and water (equivalent to molten fuel) on a
volume scale approaching the volume of the fuel ‘n
4 LWR, The relative "explosivity" potential of
this system as we!l as the freguently used ther-
nite (ironealuming)-water system (5] to simylate
the LWR system fs evaluated Dby addressin the
necessary fragmentation and intermixing pr.cess.
Generally speaking, this process has bdeen jostu-
lated to take place in two stages including 2
relatively slow premixing prase involving fragmens
tation and intermixing on coarse scale in the film
poiling mode and & subsequent very rapid high
pressure liauideliquid fine scale fragmentation
and intermixing 'n connection with the propagation
stage (8], Considering the enormous fiim dotling
meat flux associated with the LWR system, primary
empohasis 13 given t0 the requirements and the
sotential for premining,
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For systems ~hich have demonstrated propagats
‘ng vapor exclosions, the corresponding
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propagation velocity has been observed to be of the
order of J00 m/s with a pressure rise time of less
than 107 s (7). Since the fragmentation and
fntermixing velocity cannot exceed the measured
propagaticn velocity, an estimate of the required
premixing scale (d) can be obtained by considering
that hydrodynamic breakup occurs during the propa-
gation stage [6,8).

] - 1/2 =
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where y s the relative velocity between fuel and
coolant, +« s the time fur complete breakup and
fragmentation and o, and o are the coolant and
fuel densities respdctively. Eauation (1) results
fn a necessary premixing scale of the order of | cm
fn order to sustain a propagating vapor explosion.
This observation is also consistent with experi-
menta) interpretations [5] as well as anmalytical
considerations of energy requirements fer.snmu-
ing (9] on an explosive time scale (< 107 s) (2],
and s gomnn7y assumed in various detonation
calculations [6,7].

The necessary premixing scale of the order of
1 ¢m implies that for the LWR system to experience
a damaging explosion, the molten fuel, which is
initially separated from the saturated water must
fragment into millions of droplets as it intermixes
with the water in the film boiling mode. Consis-
tent with the large film boiling heat flux the
potential for such premixing fs assessed below by
considering several aspects related to fuel freez-
fng and fluidization in connection with fragmenta-
tion and intermixing, respectively.

PREMIXING POTENTIAL

[n an fnitially separated system, premixing of
the hot and cold liquids fnvolives both fragmene
tation and intermixing. As such film boiling s
general'y required to prevent early separation
which dictates that the interface temperature (T.)
upon contact between the hot and cold 1iquids must
exceed the spontaneous nucleation temperature (T )
of the volatile liauid [10]. Application of this
griterion to the LWR system clearly shows that the
film doiling requirement s satisfied, 1.0, T, I8
substantially sbove T_ 4s well as the thermodynimic
critical temperature B¢ water, However, a5 11lus-
trated delow, the magnitude of the fi!m boiling
heat #lux can nave & profound effect upon both the
fragrentation as well as the intermixing
potentials.
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Fr ign

In order for the fragmentation process to be
effective the hot material must remain in a molten
state. If surface soligification sets in before
the breakup process necomes effective, little or
no fra tation will take place. To 2 first
order fuel breakup seems likely if the time for
the fuel surface temperature to reach the fuel
melting temperature

(T, « T
¢ }: __F.,‘;.‘.'.‘.J (2)

where a is the fuel thermal diffusivity, k is the
fuel thermal conductivity, T 18 the bulk fuel
temperature, T, 15 tne fuel ‘melting temperature
and Qeq 18 tm"ﬂn poiling heat flux evaluated 2t
Ty, 18 larger than the time required for nydrody-
n&ic preakup. If the latter time is approximated
3‘:;. (1), the following inequality in terms of

uel jet diameter needs to be satisfied in
order to assure fragmentation.
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Tie film boiling heat flux, Qg {s given Dy
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where o is the stefan-801tzmann constant, ¢ s the
emissivity set equal to umity, T, is the melting
temperature, 1" {s the uturmon"!mzwuuro. an
h {3 the "free convection heat transfe
coefficient.

This order of magnitude estimate wnich fs
{1lustrated in Fig. | for the rescter system*,
shows that for reasonable fuel superneats &. 400
K) and entry velocities (<« § m/s) the initial fuel
jet diameter {s of the same order a3 the necessary
premixing size (v 1 em). This is in contrast to
the thermite ({ron-alumina)-water system which 1§
frequently used 0 simylate the reactor syster
5‘1' where the jet diameter in the experiments |~
.6 cm) i3 spproximately an ordgr of magnitude
less than that required By €q. (3) .

Considering the large Jncertainty assoctated
with £4. (3) tn terms of absolute predictions, 3
relative measure of the fine scale fragrentation
reflecting the 1ikelihoce of freezing
during the premixing shase can be odbtained By
assuming similar Dreskud conditions enists for
gifferent systems. As seen fror Tadle 1, the
propability that freazing will interfere with the
fragmentation process during the sropagation stage
1s ~ 60 ang ~ 100 times Tess for the thermitees 9
and the H,0-LNG system as compared %o that for :ﬁo
LR tynt&. respectively.

"" s~ TEOU K with ieg v 3 wmz.

*For thase experimants Tp & 3000 « ang T, ~ 2360
K., The corresponding dgg ™ 1.4 W/®",

Intermixing

To a first order,
possible if the vapor flux
nucleation 1imited film poiling regime (1’1 >T ) 1
well below the hycrodymicany 1imited critical
neat flux value (see Fig. 2). The latter value s
rﬂtﬂlly interpreted to de reached when the vapor
Tux exceeds *he fluidization velocity, 1.2.
shis vapor flux can be maintained, the volatile
lquid will rerain physically separated from the
hot surface (in this case the hot 1igquid) ruling
out significant intermixing.

intermixing would appear
in the spontaneous

For a saturated system the critical heat flux
can be exoressed Dy the well known Kutateladze
equation [11]:

4
Sexr sat * 014 Prg /g VLo~ 0¢) (8)

where h,. is the latent heat of vaporization, @ is
the \m-ﬁc surface tension, and o, ang o, are the
liquid and vager densities, respectively, Wnile for
a subcooled system Eq. () is modified %0

QenF, sud
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where ¢, s the 11quid specific heat and AT is
the subdociing. 1t is of key finterest €0 re

the critical heat flux values with the film poiling
neat flux given By £q. (4).

(6)
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for some systems (such as H.0=LNG) the film
poiling neat flux is very low ;chﬁu to the
eritical neat flux (see Table 2), hence favoring
intermixing wnich 18 consistent with the experi=
mentally seronstrated high explosivity for such low
temperature Systems (13]. In contrast, for the
molten corium-saturated H.0 system, the film
poiling vaper flux due to r‘dllt on dominated heat
¢ the same order as the hydrodynamic
. Since to the first order ¢
wiume 1s groportional to (a /q‘) ’
the potential for premixing and 2 prougoi“g lpor
explosicn  (assuming fragmentation can oceur)
differs substantially Between the LWR system and
the ather systems (see Table 3).

the relatively larger intermixing potential
for the #,0-LNG system Pas peen {llustratad in
recent 'argh-scale tests {3] using material volumes
approaching those af interest for the reactor
sccident case. In these tests, LNG was poured into
c,uur sond at volumetric flow rates up to 0.3
m/sec with velocities approaching § m/s. In one
experimant, designated BURRD-9, several large scale
vapor explosions were observed with tre largest
peing eauivalent %0 3.5 kg of TNT (see Table 4).

VKT OuTh, chg TiIm BoiTing heat flux 13 approxis-
mately 1 Mw/m" a8 ccno,r'd to the critizal heat
Myx valve of 1.8 My/m* at | bar pressure. The
latter value ‘ncreases with increasing pressure as

me/m" at 100 bars.

\1‘..4!&'1'.06 by €q. (8), and reaches 4 maximum f &
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Since the (NG is injected into a pond, the
avatlatle area for vapor throughput is not 'nique-
ly defined by the container boundaries as 1/ the
LWR  system ’fz]. Fortunately, direct {infrared
observations were made of the interaction zone;
the region was about 10 m in diameter. Consider-
ing the hydrodynamic counterflow stability corre-
sponding to the critical heat flux the superficial
velocity for the methane vapor s approximately §
m/s and the corresponding vapor flow rate from the
interaction zome would be 80 kg/sec. Actual
measurements of vapor flow downwind of the zone
are compared in Fig, 3 to this calculated value,
and are shown to be in general agreement. As
demonstrated by the cumulative mass calculation,
the integration of the flow rate profile is about
30% below the total amount spilled. Thus, the
flow rates shown in Fig, 3 should 1ikely be
increased about 30%. These results are important
to the reactor system since the measyrements show
the interaction zone to be large (sare order of
magnitude as the reactor case) and the vapor
throughput for the film boiling configuration fis

in general agreement with the stability (CWF)
criterion.
On the basis of the abovy fluidization

Timitation, we estimate that ~ 1 m° (~ 400 k?) of
LNG can premix down to thy required scale (» 1 cm)
which corresponds to ~ 10° LNG droplets. Assuming
an explosion efficiency corresponding to only a

small fraction of the thermodynamic optimum”, the =

largest observed vapor explosion, (f1.e. equivalent
to ~ 3.5 kg of TNT) can readfly he explained.

CONCLUDING REMARKS

The relative "explosivity" potential, 1.e.
the potential for large scale propagating vapor
explosions relative to the LWR syster, has Deen
assessed for several systems by considering
Timitations in fragmentation and inter~ixing due
to freezing and fluidization, respectively., The
results are summarized n Table § by treating the
freezing and the fluidization potentials as
compietely independent effects,

The presence of large subcocling (reflec ed
by an increase fn q...), relatively lower melting
point (reflected by 1 decrease in Qpg) And higner
fuel superneat (aTs) contribute t% the larye
predicted difference fn “explosivity" peotential
between the thermite-H,0 system and the LaR system
(1.0, CORIUM-saturat ). In the case of the
M 0=LNG system the nnnbul reason for the much
Y‘rgor predicted "explosivity" potential relative
Lo the LWR system fs the low 7Im Botling neat
flux (q") for the MzO-LNG system,

In summary, the vanishingly Tow "explesivity”
potential indicated for the LWR system fs congige-
tent with experimental findings, no propagating
vapor explosions have Dbeen abserved w'th the
CORIUM-saturates nzo system,
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Fig. 1 Illust-ation of estimated fuel freezing-
fuel sreakup boundaries for the CORIUM-
saturated water system.
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Fig. 2 [1lustration of the intermixing regime
and sremixing potentials for gifferent
systems fn relation to thre poiling
curve.
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Fig. 3 Comparison of measured vaporization rates
and that predicted by the hydrodynamic
stability limit,

Table !

COMPARISON OF FRAGMENTATION POTENTIAL OF WO
DIFFERENT SYSTEMS RELATIVE TO THE LWR SYSTEM

(AT‘ ~ 200 K, Qgg 3 Hu/nz)

2 2
AT aT
- @)

Th.rmitt-nzo' ~ 60

Nzo-LNG’ ~ 100

nu~7mx.%,~hcmm?

*aTg ~ 20 K, Ggg ~ 0.03 /e

Table 2

COMPARISON OF g.o AND @ FOR THREE
DIFFERENT SieTeMs (PR 1 atm)

System Qe Hb/mz Gear Hh/mz'

H,0=LNG
(Saburated) ~ 0.3 + 0.3

Thermite=H,0
(-'-wa a aozc’ ~ §.28 ~ 1.4

CortumsH,0
(Saturatla)

*fyalyated at T".




[LLUSTRATION OF RELATIVE INTER POTENTIAL

Table §

RELATIVE “EXPLOSIVITY®
POTENTIALS FOR SEVERAL
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OCCURRENCE TIMES AND MAGNITUDES
MAJOR BURRO 9 RPT EXPLOSIONS [
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