
__

-
.

.

T5-6.5

INTERPRETATION OF LARGE SCALE VAPOR EYCLOSICN EXPERIMENTS '
'

WITH APPLICATION TO LIGHT WATER REACT 0a (LWR) ACCIDENTS
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A85 TRACT propagation velocity has been observed to be of the
, order of !00 m/s with a pressure rise time of less

Recent vapor explosion experiments with the . than 10'3
'

s (7]. Since the fraipnentation and
*thermite - H 0 system (s 20 kg of iron-alumina) intennixing velocity cannot exceed the measured

and large scale liquified natural gas (LNG) - H 0
,

premixing sclile (d)y, an estimate of the required
propagation velocit'

tests on a volume scale equivalent to the fuh
,

can be obtained by considering ;
inventory 'n LWRs are interpreted in terms of the that hydrodynamic breakup occurs during the propa- ~

l "explosivitf potential relative to the CORIUM gationstage(6,8].
(UO *I'0 -stainless steel) - saturated H 0 system.' -

2 2 2 1/2 -

Consistent with the enormous film boiling (1)d% 7 ut op)heat flux associated with the LWR system, consid- "

erations are given to potential limitations in the -

necessary fragmentation and intermixing process where u is the relative velocity between fuel and *

resulting from early freezing and fluidization. coolant, t is the time for complete breakup and +-

These censiderations are shown to be consistent
frafentation and odensities resp 8ctively[ are the coolant and

and o *
eith the observed behavior of large scale experi- fue Equation (1) results; ments with the LNG-H,0 and the thermite-H,0 in a necessary premixing scale of the order of I cmsystems and the abseffte of propagating vap6 L in order to sustain a propagating vapor explosion. -

explosions with the CORIUM-saturated H O system. This observation is also consistent with experi-2
metal inurpntations (5) as weH as anahtical

INTRODUCTION considerations of energy requirements for jntermix-
ing (9] on an explosive time scale (< 10' s)(2),Vapor explosions have come into prominence in
aconnection with potential accidents in the nuclear ca culations (6 ]-*industry (1]. In order for such explosions to be

of any consequence, large quantities (many tons) The necessary premixing scale of the order of
|

of the molten fuel and the coolant must be finely 1 cm implies that for the LWR system to experienceintermixed prior to any significant energy trans- a damaging explosion, the molten fuel, which is,

fer. Since premixing on such scale can readily be initially separated from the saturated water must
ruled out on the basis of first principle argu- fragment into millions of droplets as it intemixes
monts, large scale experiments with reactor with the water in the film Doiling mode. Consis-materials are not considered necessary (2,3]. tent with the large film boiling heet flux the

I potential for such premixing is assessed below byIn this context it is of interest to examine considering several aspects related to fuel freez-recent large scale vapor explosion experiments (4) ing and fluiditation in connection with fragmenta-involving saturated LNG (equivalent to saturated * j " "' 9 " """ q , g "' ' """' 9 ', j '-
5 aar) a4 =ar (auivatat a Sta fu'o a *

|m a. Volume scale approaching the volume of the fuel in PREMIXING POTENTIALa LWR, The relative "explosivity'' potential of
;

Bhis system as well as the frequentl In an initia11mite (tron-alumina)-water system (5)y used ther-
i separated s stem premixing of

liquids invofves ,both fragmen-to simulate the hot and cold%he LWR system . is evaluated by addressin, the tation and intermixing. As such film boiling is

R, Generally speaking, this process has been postu-
necessary fragrentation and intermixing pr Jeess, generally required to prevent early separation

which dictates that the interface temperature (T )lated to take place in two stages including a uponcontactbetweenthehotandcoldliquidsmukt
relatively slow premixing Onase involving fragmen- exceed the spontaneous nucleation temperature (T )
Bation and intermining on coarse scale in the film of the volatile 11ould (10). Application of thIs
boiling mode and a subsequent very rapid high criterion to the LWR system clearly shows that thepressure licuid liquid fine scale fragmentation film boiling requirement is satisfied, i.e. T is
and inte mixing in connection with the propagation substantially above I aswellasthethermodyn$mic
stage 66]. Considering the enor ous film boiling critical te perature hf water. However, as illus-
neat fluz associated with the LkR system, primary trated below, the ragnitude of the film boilinge-enasis is given to tre requirements and the heat flux can nave a profound effect upon both the
potential for premining, frageentation as well as the intermining

potetials.
PREMIX!NG $CALE

For systems .nich have demonstrated propagat-
[ ing vapor explostens, tne corresponding
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intermixinq
Fraomentation intermixing would appear ,;

To a first order,if the vapor flux in the spontaneousIn order for the fragmentation process to be i > T ) is
-possible

nucleation limited film boiling regime (Tthe hydrodynamically limited criticaleffective the hot material must remain in a molten
If surface solidification sets in before well below The latter value is q

the breakup process becomes effective. little orstate. heat flux value (see Fig. 2).
generally interpreted to be reached when the vapori .e.if -?

take place. To a first a
no fragmentation will

'

erder fuel breakup seems likely if the time for the fluidization velocity,the volatileflux exceeds
the fuel surface temperature to reach the fuel flux can be maintained,

remain physically separated from the 4this vapor
<aliquid willhet surface (in this case the hot liquid) rulingmelting temperature
J

out significant intermixing.
g L _(TF - T )'

2
(2)

-~

k g '
For a saturated system the critical heat flux

the well known Kutateladzewe 473
l s can be exoressed by

,

where a is the fuel thermal diffusivity, k is the equation (11):|

is the bulk fuel!
fuel thermal conductivity. T 4 (5)y

fgfo~g[go(og-o) y
-

is the fuel melting temperature = 0.14 h gtemperature. T qCHF. sat

T ,1$
s theYilm boiling heat flux evaluated ati

and 4 glarger than the time required for hydrody. is the latent heat of vaporization, e is
-

If the latter time is approximated "h''' h
f ano o are the ---

nImicbreakup. the liquic surface tension, and o(1), the following inequality in terms of liquidandvapordensities,respeclively,%hileforthe fuel jet diameter needs to be satisfied inby Eq.
a subcooled system Eq. (5) is modified to .

order to assure fragmefitation.
! '.t

#CHF.sub
(3)d<h q S-81s sub

= 1+0.1 gegp,,,g
is given by t ,g fgThe flim boiling heat flux, qpg [-- '

is
is the Itquid specific heat and atIt is of key interest to cNare

, W1

egg =ca/g-h+$g-T,) where c
the subdooling.
the critical heat flux values with the flim boiling

where e is the Stefan-Soltzmann constant, e is the heat flux given by Eq. (4).is the moltir.g
emissivity set equal to unity, Tis the saturation $seperature, anLFor some systems (such as H 0-LNG) the filmis very low felative to thetemperature,T
h is the sfree convection heat transfeF boiling heat flux

critical heat flux (see Table 2), hence favoring'

the experi-coefficient. intermixing wnich is consistent with
This order of magnitude estimate which mentally co-onstrated high explosivity for such lowis

illustrated in Fig. 1 for the reactor system *. temperature systems (13]. In contrast, ' for the
molten corium saturated H,0 system, the filmshows that for reasonable fuel superheats (< 400
boiling vapor flux due to rrdtation dominated heatK) and entry velocities (< 5 m/s) the initial fuel

jet diameter is of the same order as the necessary transfer is of the same order as the hydrodynamic
g)get

crisis limit *, Since to the first orderThis is in contrast to
premixing siae (s 1 cm).the thermite (iron-alumina)-water system which ispremixing volume is proportional to (e y,hg , vapor

/q .r
system the potential for premixing and a propagetT occur)frequently used to simulate the reactor

(4), where the jet diameter in the experiments (s explosica (assuming fragmentation can
differs substantially between the LWR system and3-6 cm) is approximately an ora of magnitude

less than that required by Eq. (3)ge the other systems (see Table 3).'.
!

Considering the large uncertainty associated The relatively larger intermixing potential
for the H,0 LNG system has been illustrated inwith Eq. (3) in terms of absolute predictions. a

relative measure of the fine scale frapentation recent larsbscale tests (3) using material volumes
of interest for the reactorfreeaing

potential reflecting the likelihcod of by approaching thoseIn these tests, LNG was poured into
,

during the premixing phase can be obtainedconditiens exists fCr| accident case.
a3 water pond at volumetric flow rates up to 0.31assuming similar breakup In onem /sec with velocities approaching 5 m/s.different systems. As seen from Table le the

probability that freezing will interfere with the experirent, desigviated 8URR0-9. several large scaletre largest

fragmentation process during the cropagation stageis s 60 and s 100 tiees less for the thermite H,0being ecuivalent to 3.5 kg of TNT (see Table 4).
vapor esplosions were observed with

and the H 0 LNG system as compared to that for the
2

LWR system, respectively.

'At Hen, tng film boiling heat flux is appronto
mately 3 N/9 as comogred to the critical heatat 1 bar pressure. The

2 flus value of 1.5 N/ms 3 N/m . latter value increases with increasing pressure as'T is s 2500 A witn opg t f4
N/*gtrated by (q. (5), and reaches a man mum a

g
111uarg T s 2300

.For these experieents Tr '3000 (l'd */# * g ** 100 b'"S-s

K. The corresponding erl
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t$1nce the LNG is injected into a pond, the 2. R. E. Henry and H. X. Fauske, " Core Melt :
available area for vapor throughput is not unique- Progression and the Attainment of a Perma- -t

ly defined by(2].the container boundaries as 11. the nently Coolable State " Proc. Thermal Reactor
LWR system Fortunately, direct inf*ared Fuels Mtg., Sun Valley, ID,1981. < -

observations were made of the interaction zone; I

the region was about 10 m in diameter. Consider. 3. T. G. Theofanous and M. Saito, "An Assessment i 1
ing the hydrodynamic counterflow stability corre- of Class-9 (Core-Melt) Accidents for PWR ;-f
spending to the critical heat flux the superficial Dry-Containment Systems," Nucl. Eng. & Design. *i.

velocity for the methane vapor is approximately 5 Vol. 66 No. 3, 1982. ,

m/s and the corresponding vapor flow rate from the 3s

interaction zone would be 80 kg/sec. Actual 4. R. P. Xoopman, et al., "Desr3ription andmeasurements of vapor flow downwind of the zone Analysis of Burro Series 40-m LNG Spill **

are compared in Fig. 3 to this calculated value, boeriments " LLNL Report UCRL-53186, August ;,

and are shown to be in general agreement. As 1981.
demonstrated by the cumulative mass calculation. -

the integration of the flow rate profile is about 5. D. E. Mitchell, , M. L. Corradini and W. W. &
305 below the total amount spilled. Thus, the Tarbell " Intermediate Scale Steam Explosion
flow rates shown in Fig. 3 should likely be Phenomena: Experiments and Analysis,"

,increased about 301. These results are important MUREG/CR-2145, September 1981. .

to the reactor system since the measurerents show
the interaction zone to be large (sare order of 6. 5. J. Board and R. W. Hall, "Recent Advances '

magnitude as the reactor case) and the vapor in Understanding Large Scale Vapor Explo - ''

throughput for the film boiling configuration is sions," Proc. 3rd Specialist Mtg. on Sodium /
in general agreement with the stability (CHF) Fuel Interaction in Fast Reactors, PNC M251
criterion. 76-12. Vol.1. Tokyo, pp. 22-26 Merch 1976.

.

.

On the basis of the *fluidization 7. 5. G. Bankoff, " Vapor Explosions: A Critical
abovg(s400kg)oflimitation, we estimate that s 1 m Review." Proc. 6th Int 1. Heat Transfer Conf., -

LNG can premix down to thg required scale (s 1 c:n) Vol. 6, pp. 355-360, 1978. S'
which corresponds to S 10 LNG droplets. Assuming
an explosion efficiency corresponding to only a ' 8. M. Baines, et al., "The H drodynamics of Large s/
small fraction of the thermodynamic opticum *, the--- Scale Fuel-Coolant Interactions," Proc., -

largest observed va
to * 3.5 kg of TNT)por explosion, (i.e. equivalent EN5/ANS Intl. Topical Mtg. on Nuclear Power t

can readily be explained. Reactor safety, Brussels, Belgium, October
16-19,1978.

CONCLU0!NG REMARKS

9. O. H. Cho,. H. K. Fauske and M. A. Grelmes,
The relative "explosivity" potential, i.e. "Some Aspects of Mixing in a Large-Mess,,,,

the potential for large scale propagating vapor Energetic Fuel-Coolant Interactions," Proc.
explosions relative to the LWR system, has been Intl. Mtg. Fast Reactor Safety and Related
assessed for several systems by considering Physics, CCNF 761001, Vol. 4 Chicago, IL,
limitations in fragmentation and interr.ixing due October 1976.
to freezing and fluidization, respectively. The
results are sumerized in Table 5 by treating the 10. H. K. Fauske, "Some Aspects of Liquid-Liquid
freezing and the fluidization potentials as Heat Transfer and Explosive Boiling," Proc.
completely independent effects. Fast Reactor Safety Mtg., 8everly Hills, CA.

April 2-4,1974
The presence of large subcooling (reflec ed

by an increase in emp)e, crease in 4relatively lower melt'ng11. 5. t$. Kutateladre, " Elements of Hydrodynamics
point (reflected by '4"d contribute S) and higner of Mas-Liquid Systems," Fluid Mechanics

,

-

fuel superheat (ATs) the large Soviet Research, Vol.1, 4, p. 29,1972.
predicted difference in "explosivity" potential
between the thermite-H 0 system and the LWR system 12. H. J. !vey and O. J. Morris, "On the Relevancey
(i.e. COR!UM-saturaterH 0). In the case of the of Vapor Licuid Exchange Mechanism for Sub-p
H 0-LNG system the principal reason for the much cooled Boiling Heat Transfer at High Pres-2larger predicted "explosivity" potential relative sures," AEW-R-137, Winfrith,1962.
to the LWR system is the low film boiling heat

pg) for the H 0-LNG system. 13. R. E. Henry, et al . , " Vapor Explosions 'andflux (q
2 $1mulant Fluids," Proc. Intl. Conf. on Fast

in sumary, the vanishingly low "explosivity
potential indicated for the LWR system ts consis."

Reactor Safety and Related Physics, Chicago,
IL, CONF 761001, p. 1862, October 1976.

tent with esperimental findings; no propagating
vapor explosiens have been observed witn the 14 T. G. McRae, "Lar Rapid Phase-
CCRIUM saturated H O system. Transition Dolosions,ge-scale

2 " Proc 3rd Multi-Phase
Flow and Heat Transfer Symp., Miami Beach, FL. I
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Comparison of measured vaporization rates,
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t- Table 1 .

E
COMPARISON OF FRAGMENTATION POTENTIAL OF TWOi'.

P. er
O!FFERENT SYSTEMS RELATIVE TO THE LWR SYSTEM

2O.1 s 3 m/m ) !
O 200 400

, (at s 200 K, gg
*

FUEL SUPERHEAT, 'K ,,
~ . '

F

/AT,2//aT, 2Fig. I 111ust-ation of estimated fuel freezing.
fuel breakup boundaries for the CORIUM- | ,.

System ,
saturated water system. LWR

-

Thermite-H 0* * 60
2

H 0. LNG' s 100
2

2
*aT, s 700 K, qpg * 1.4 Mw/m ,,

2
'AT,s 20 K. qFB s 0.03 Mw/m ,

Table 2

FOR THREE
COMPARISONOFoNTEMS(PANDo,.gE1atm)

O!FFERENT $
,

C- .4- |, M.._ un-. . .,.

,
,,,2 ,,,, 3f ,2,

. . ..............\ ..../f/fgtf. . . . . _ 3,,t,, q

.- .

(Sa$u. LNG
H0 s 0.3i. ' ' ' " * s 0.03-

' rated)
.,a.s..

UDYO" " Thermite-H 0 * 5.25 s 1.4~

2

|.---.
(af s 80 C)

sub
. . . . . .

es wiusa

Corium.H 0 s l a, s3
Fig. 2 Illustration of the intermining regime (Saturat$d)

and premixing potentials for different
systems in relation to the boiling * Evaluated at T .gcurve.
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is' 'e 3 Table 5 !.

' j,

ILLUSTRATICN OF RELATIVE INTERMIXING POTENTIAL / RELATIVE "EXPLOSIVITY" a.' / POTENTIALS FOR SEVERAL SYSTEMS -t
^*-

*s3 ,3
.

CHF CHSystem 2 2 '

ph ATAT 4 q ppFB F3 SystemLWR 5 5 -*

AFB 2 9FB [gyg
Thermite-H O s 5002 .

4Thermite.H O s 10 ''
2

H 0-LNG s 8000
-2

6 7H 0-LNG s 102

_

..

,
..

.t

.

~

Table 4 '

OCCURRENCE TIMES AND MAGNITUCES OF .

MAJORBURRO9RPTEXPLOSICNS[14]
. . ,

Time" Side.on Pressure TNT Equivalentb C

(s) (psi) (g)

6.5 0.12 36

7.1 0.15 64

9.2 0.27 295
....... .....................................
21.4 0.57 1890.

35.1 '0.72 3500

43.2 0.10 23

46.0 0.12 36

54.1 0.12 36

54.9 0.13 45

66.9 0.19 120 *

72.7 0.12 36

*t = 0 is start of spill-valve opening.

Measured at distance of 30 m.

" Equivalent free. air point-source explosion
of TNT.
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