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steam exp1 si ns, the Sandia recent support for the e.

ABSDACT lower probability of con *=%t failure by steam
e@s ns, and the W d 4ue of e m @ steam *

The objective of this paper is to assess the risk exp1 si n studies. Further, we have critically a

that a hypothetical steam explosion may pose to reviewed some of the existing physical models which
the integrity of the containment of a commercial have been used to analyze steem explosion experi- .

LWR. In order to achieve this objective, we make ments and suggest a refinement of the Cho et. al. *

use of the results of recent comprehensive studies W m del M wM has hen used in the evab |
I and published scientific literature. With the uation of energetic considerations associated with _|

improved, but incomplete, understanding of steam I1** f**9"*****i** *I **1*~"**** 1""*****i*"*
explosions gained over the last decade, we reach W, we ate some the uncedes |

the conclusion that the probability of contain- *********d "i*h th* **d*11*' *f ***** **'1 *I*** '

ment breach by steam explosion is vegy much less and suggest additional studies which may resolve .

(a few orders of magnitude) than 10' per reactor "h*** """****1**i*** *-

year. With such a low probability, the steam
explosion becomes a negligible contributor to the our suggestions for future research are influenced e!

overall nuclear reactor risk to the public safety by the ultimate contribution of steam explosions to *'

and is completely overshadowed by other contri- ,

butors. Accordingly, we suggest that future
[

research concentrate on stall scale phenomenol6 ~ CONDITICNS FOR CCtrfAINNENT FA.IIORE SY STEAM-
-

gical studies to gain a cceplete understanding gg,Legge,
of the phenomenon.

In this section we make use of published informa-
INTRODUCTION tion on steam explosions, and outline the events

and conditions which have to be fulfilled in order
The impact of the risk associated with steam ex for the containment of a commercial LWR to fail by
plosion on the general safety of cosmercial light a steam-explosion.
water reactors (LWRs) was first estimated in the

- Reactor saf ety Study (WASM-1400) . Due to inade- There are remaining ambiguities, due to inconclu-
quate understanding of the basics of steam explo. sive research results, which will be pointed out
sions. WASM-1400 had to use conservative assump. as we describe the events. Because of these
tions regarding the probability and consequences of uncertainties, we attach conditional probabilities
steam explosions. Consequently, the conditional to the various events, even though new information
probability that a steam explosion would occur and may rule out the continuity of the events. The
would form a missile (;erhaps the vessel head) published information which we have used in this
whichwougdbreachthecontainmentwasestimated section encompasses merk done in the U.S.A., U.K.,
to be 10' . (1) Recent estimates put the p qbabil. Germany and Italy (ISPRA).

.

ity of a severe core damage accident at 10 or

| 1ess per reactor year. Coupling these estimates Termination of core Melt
rg puts the probability of 4catainment failure due to

a e a steam explosion at 10 or less per reactor year. With reference to Figure 1, the first necessary
A The Sandia National Laboratory has recently (3) condition for the occurence of a steam explosion

estimated the conditional probability of a steam is a severe accident. We assign no numerical value
g explosion to be not 10' but less than 10 for an to this probability since it is our intention to,

explosion of the relatively high efficiency of h. focus on the change in perceived risk brought
about by better understanding of steam explosions

This two orders of magnitufe reduction in the and not to evaluate overall risk. For general

h probability of contaiment failure due to steam reference, it may be noted that the NRc s4 etyf

Ou explosion would change the steam explosion frem goal (2) includes a secondary goal of 10 per
being a dcminant risk fa: tor to being one of many reactor year for severe accidents. We use the"
contributing factors. letter "p" to indicate this probability.

. |
L. E "he main Objective of this paper is to put the poper operator action, a severe accident

steam expl:sion issue in a proper perspective, c:uld be terminated. A substantial effort has
taking into a:: cunt the findings of many workers been invested by the utilities, the industry and
since 1974. In order to a:hieve this Ob;ective, the NRC since the TMI incident to understand the
we survey briefly the main findings of several causes for severe accidents. This better under-
recent corpretensive stufles on steam explosions, Standing and operator intervention reduces, in our
These include the Swedisa ",cvereent study on cpinien, the probabilyy for the generation ofsteam explosions, the NSA /URI assessrent of molten material to 10 per severe accident.

-- ... ..
* Presently at the Electric ?:ver Research Institute 9

.



_ . .

.

.

I

I
.

i
rig.1 - Conditions for Contair.me..: Failure ;

by In-Vessel staa 'xploste.. - g
9

5
e

Severe Accident Probability =P/ reactor year 9
-i
-f .

Accident I coerator ?o j Molten 1 'W
10 P

Termination j Interventi:n Intervention | Tuel ,
m

I :

I I

I I J
g-2, Coherent targe Incoherent Malt ~110 P .

Melt Mass Pour r

C I
, Four Tast E.ougn 10 P

~Adequate Water i -

in !mer Plenum to Cause large T.xplosion -

,

I*

-3 Succooled
10 P _

y, ,

l
Low RPV High Pressure Suppresses

'
,

Ex;1osionPressure m

l
,

-Stru:tue & Hydrodynar:icsAdequate Coarse j m

Presiixinq | L1=1t 0: arse Premix 1.7'
,

I
'

Trigger Present

~, .

#'Pl" ***' "
-3 Energy Pequirement for
0 P Fine ::ispersion

p r ion

l_
Conversion from <1% Cor. version to Upward-m

Directed Fluid MotienThermal to '

**
Mechanical Enertry

I

Energy Absorption Expa..si:. Werk"

by Internal '

Structure

10*3P

I I

" Solid" 'e ater sh g " Soft" reel.Wa*.or I: pulse I4ad
Available Above slug (sho:x wave)

Core
i

" Solid" W ter Slug Sreak"; cf Slug

ravorable to Missile by Structure. 2-01:e.- No rallure for Possible
rienal_stug Melt Mass (10% of Core)Crearson. ::o Solid ,

water Slug Possible I - and 1.5% conversion. 100
! MPa Peak Pressuze. 1.5 msCereration of Large

duration. (Pef. 5)Mise.le by a oft" ,

Sluc i
_

I
-5 i ::ntaan.ent- e

g p
i Rupture

~10 '/rea:::: year ac:: dang to the 2:7 Safe"yAssuman: P=Predatality of a severe a::: dent =

wal overall contain ent rupture pretability = 1 I/reacter year.'

,

6.1-2



_ _ - - _ _ _ __

..

- . - - - -- - - -- - -- - -

. .

4

i
Melt Progressien but was suppressed at 2.2 atmospheres. Board and ;'

Caldarola, (14) on the other hand, believe that -f'

*j|!Once the core starts melting, a gradual core slump- the pressure may inhibit only the trigger and ques ,
ing will ensue. An incoherent core slumping is tion some of the underlying assumptions of nenry
predicted by the ANCHAR code (NSAC/EPRI) and by the and Fauske model (e.g. that vapor bubble cannot 8

CORMLT code (EPRI) . On the other hand, a scenario grow until acoustic relief takes place, etc.). N'
has been postulated (4) in which portions of the assed on the single drop experiments of Nelson ,i
molten core solidify near the bottom of the core with iron oxide and water, a relationship was E
and allow the molten fraction of the core to grew. shown (15) to exist between the trigger strength m-

Cthers have postulated similar scenarios (5), how- and the ambient pressure. At pressures higher ~O
ever, the radiative heat transfer from the molten than %0.9 MPa, an explosion could be triggered by y
core will vaporize the water in the Psv lower increasing the trigger strength. A theoretical _

plenum if the melt is allowed to grow without explanation was given (15) in terms of the effect e.

slumping, thus precluding the possibility of an in- of pressure on the stability of the vapor film.
vessel steam explosion. In the MARCH code (6) it -

was originally assumed that core slumping begins Assuming that the Henry and Fauske (13) prediction 2

only after a substantial core fraction has become of the pressure effect is valid, and without
molten, however, a more recent version of the code identification of a large trigger source, it is

-

(7) includes an incoherent core slumping model. plausible that steam explosions in Lwas could be
,

-

suppressed at pressures higher than %1.0 MPa. ,

Using the above-mentioned information and our judg- This conclusion is an important one since the _

ment, we believe that the conditional probability probability of a severe accident in which the RPV
of generating a large coherent nyt mass, given the pressure remains high (TMLB' and small break ICCA)
presence of a molten fuel, is 10 The determi- is larger than that where the RPV pressure remains ...

nation of what mass of molten fuel participates in low (large break I4CA). Nevertheless, because .

the interaction is of importance to the present of the lack of a precise definition of the effect ,_

discussion since the energy potentially available of pressure we did not reduce the probability of
for release by a steam explosion is directly pro- steam explosion due to high RPV pressure. {
portional to this mass (see Appendix 8).

'

ruel/ Coolant Coarse Mixing

Coolant conditions
~ There is general agreement among researchers (see -

The next mandatory requirement for a steam explo- for example references (4), (5), (14), t.6), (171)
sion is the availability of adequate water in the that energetic steam explosions progress in three
lower head. The melt / water mass ratio signifi- stages: (1) coarse intaW aa or pr==4 wing,
cantly affects the yield of the explosion and is (2) triggering and (3) coherent propagation or
determined by the mass of water available at the fine dispersion.
time of core slumping. It is generally agreed *

that the coolant has to be subcooled in order for Although there is disagreement among researchers
a steam explosion to occur spontaneously (8), regarding the dominant mixing and fragmentation~

although the effect of the liquid subcooling is not mechanism (i.e., vapor collapse, violent boiling
clearly understood. (The theoretical model of Hall or hydrodynamic breakup) we observe that the
and Board (10) sctually predicts that high sub- film boiling fragmentation model of Henry and
cooling would reduce (or eliminate) the efficiency Fauske (8) provides a fair assessment of the
of the explosion, and soes experiments (21) support average size of the fragments produced in the
this condition.) The model suggested by Henry and breakdown of the initial coherent mass into a
Tsuske (81 did predict the occurence of suppression coarsely fragmented mixture of water and molten
of the stea= explosion data of long (9) (aluminum debris.

and water) based on water subcooling.
Triqqering

In a steam explosion study (11) perfor:ed by Sandia
(National 1,aboratory) using 18.7 kg of iron-alumina Before the propagation process can start, a trigger
melt, which was judged to be a good reactor simu- must be available. The interaction can either be
lant material, the explosion was suppressed in triggered spontaneously when entering the water
saturated water. Jn on-going study under EPRI or when hitting the base, or it may require an

sponsorship (12) in which 2 to 3 kg of corium introduced trigger. There is agreement among

was dropped or injected into saturated water has researchers that the trigger must be able to pro-

not produced steam explosions either. Since it duce local contact between the hot and cold liquids

is quite unlikely that sube:oled water would be by collapsing the vapor blanket, however, the exact
present in the lower head of the y , we reduce mechanism by which this can be accomplished is not
the conditional probability to 10 p. clearly understood and typical experiments are

randomly triggered either near a water surface or
Effect of Pressure near a structure. Based on the experiments at

Sandia (5) with corium and water, which suggest

The next parameter in Tapre 1 is the artient that the variaticas in corium c=mposition (corium

pressure, the effect of ct:n is not clearly A or coriun A+R) may suppress spontaneous trigger-

understeed. The model s.ggested by Henry and ing, we c uld reduce the condition g probability
Tauske, (131 based en dr:plet capture and bubble of steam explosion in an LWR by 10 , however, due

-growth argu ents predi: s that high arcient to remaining ambiguities, we did not. This is an

;ressure will suppress vspor explosions. Their example of how uncertain it may be to extrapolate
predicticas '13) agree w;th the experirental evi- experirental results with one type of material to

dence of vapor explosion in Treon-22 and mineral actual WR conditions. It should be pointed out

oil where a, ex;1osten was :: served at 1 at esphere that in spite of the difficulty of spontaneously

__ _ _ _
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for rapid mixing *ar exceeds the available thermal ,
trigg: ring an explosion with corium, later infer- *

entien from Sandia (19) using corium A*R with a enerr/ within the celt. Corradini and Evans (19)
larg:r mass (%8 kg) was spontaneuw.dy base trig-

in their analysis of sandia's steam explosion ex- .|
peri:ents have checked this energy requirement and j

g: red, however, this does not assure spontaneous found it to be satisfied for experimenta2 explosions -j
triggering under more " prototypic" reactor condi- involving up to 13.7 kg of iron-alumina melt and 'atiina (i.e., melt composition and mode of delivery) . However, the conditions of these experiments 4water.

were quite different from those of a hypothetical J.
A steam explosion may also be triggered by an ex- reactor accident so that the achievement of these -fc rnal trigger the size of which must be increased
with ta increase in the ambient pressure (15) . The experi= ental explcsions does not invalidate the

kffabove-rentioned theories (8,18) . On the other
qu;ctiin is what can constitute an inherent trig- hand, Cho, Fauske and Orolmes (18) had to make cer-

--:

g;r source under a " prototypic" LWR conditions. tain assumptions regarding the mechanism of the fine JI'
fome researchers have suggested that a trigger dispersion step, which have not been substantiated. ,-
stures may be present in the form of a falling We have made corresponding calculations assuming

'

cbbet which could impact the lower RPV head and somewhat dif ferent =achanisms which, in some cases,th:r:by generate a pressure pulse. The magnitude
,

lead to lower estimates of the dispersive work
%10 Mpa. It remains, however, to be proven ax- requirement. (See Appendix A). But we have found

,

of such a pressure pulse could be estimated at ~~

no case in which a steam explosion has been achieved ,

perimentally that a falling object is a viable the Cho, Fauske and Grolmes model would have pre- ;
trigg r source at high ambient pressure. We take that '

dicted it to be energetically impossible, althoughno credit for the possibility that there may noe there are remaining uncertainties as to what exper-
b3 ta external trigger present. imental values for mixing time and particle size im

are to be substituted in the model.Pr*pagation and Fine Dispersion
In essence, the Henry and Fauske model (8) predicts

'

Th3 next phase in the process is a coherent pro- that the coarse dispersion resulting from dropping
-

; g; tion of the explosion. There are several * * -

theoretical models (10,14, 15, 16, 19) which can a large (tons) coherent mass of molten debris into
water in the lower plenum of the reactor would be ,,

predict the propagation phase of the explosion, so coarse that the energy required to create the .
.

eith: ugh the fuel fragmentation mechanism behind fine dispersion necessary for an explosion, accord-tha propagating shock front (if one exists) is ing to cho, Fauske and Grolmes model (18), wouldstill a matter of debate between researchers. The ~'' exceed that available from the melt. Hence, no
mann:r in which heat is transferred behind a shock

,

front (if one exists) directly affects the effi- explosion would occur, or if one did occur, it
would involve only a small fraction of. the originalcicncy of the explosion. From a reactor safety

point of view, it is interesting to note that not coherent mass. Cn the other hand, explosions in-
volving a larger fraction of an initially smallerall steam explosions propagate throughout the coherent mass would be energetically possible, asmixture. Evidence of propagating explosions does

cxist (20), and there is also evidence of multiple .found experimentally,

explo:1ons. (19) however, there is no clear evi- A direct conclusion of the above arguments is thatd:ncs that multiple explosiens are more efficient caly a limited melt eass, possibly in a form of anthen a single explosion. In order to assess the inccherent melt pour, can participate in the melt /
impict of steam explosion on reactor safety, it water interaction.is nscessary to determine the mass of the fuel /
wit r mixture that participates in the propagation
cnd fine fragmentation. It should also be realized conversion Ratio
th;t the propagation takes place in a mixture' con-
teining a high vapot fraction, and as such is The next important question ist once all the pre-
centidsrably slower (%100 m/second) than the pro- viously described conditions and processes are

fulfilled, what fraction of the energy containedpigstion in a single-phase fluid. The fuel / coolant within the melt has been expended in producingma:s ratio and geometrical constraints also play the explosion, and what fraction remains to doa role in determining the propagation speed. Cb- work en the reactor pressure vessel? This is aviously, energetic considerations must also be controversial issue since it is difficult to mea-mada as to whether a propagation can be sustained. sure directly the efficiency of the explosien.
Assuming that a sufficient trigger is present. The experiments at Sandia with 18.7 kg iron / alumina

(claimed to be representative of corium) has yieldedth3 third and final phase of the explosion is that a kinetic energy conversion efficiency of approxi-of coherent propagation or fine dispersion. Since
this etep must occur in a very short time (order mately 1.3% for a water / melt mass ratio larger than 3.

(11) whereas three recent experiments with 48.0 kgof milliseconds), and the particles must be very
of cortum and water /relt mass ratios of between 13small (order of a millimeter or less) Henry and and 31 have yielded a kinetic energy conversionFluike (8) have proposed that the mechanical work efficiency as high as 2.6%. Similar results,

tsquired to produce the dispersion may be larger scattered between and %3%, were obtained for U0 /
7then that availaole from the explosion itself.

They have esttrated the fine dispersien work based water by other investigators (21, 22) who used
en the model of Cho, Fauske and Orolmes (19) and less than a kilegra- of CO,. The Swedish Govern-

rent committee en steam explosiens (17) has presented i

shcwsd that it depends critically on the size of
sne particles existing at the end of the coarse evidence that stear explosien efficiency is reduced |

f ragmentation step and on the mixing tire. When with increasing site of the melt, reaching a maxi- 1
I

rum of 1.5% at a relt = ass of %10 kg.eness two rodels (the film boiling fragmentation
redel (6) and the fine dispersion work model ils)) The above experarental evidence suggests that onlywsre applied to a postulated severe accident in a small fractica cf the ideal ther odynamic effi-iWA (B), it was calculated that the energy required i

*
I

& 1.h
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Excansion Work, Effect of Internal Structure and
ciency calculatH by Hi:ks and Menzies (23) is ,,

PPV toading j
actually availabli. for doing work on the system. jThree other conuents on the efficiency are perti-
nents (1) the kinetic energy efficiency evaluated The explosion work estimated above may cause damage j,

by Sandia from their experiments (19) is calculated to the RPV either by the pressure pulse generated 4

from the kinetic energy imparted to the water in by the explosion or by accelerating a liquid slug j
t

all directions (lateral and vertical). In one against the RPV upper head as suggested in WASH- *1400. However, before this work is transmitted toParticular example (page 122 of reference 19), out the RPV, part of it is absorbed by the remaining Iof a kinetic energy efficiency of 1.254, 0.21% was internal structure (plastic deformation) . An esti G
in the vertical direction and 1.04% was in the mate of the absorbed energy requires a sophisticated J
lateral direction. Since the postulated damage
by steam explosion to the RPV is by means of a analysis. Both types of loadings (pressure pulse -

+
* slug" of water moving vertically upward, only the and liquid slug loading) will be dampened by the
kinetic energy in the vertical direction should be deforming structure which would reduce the expansion ~

work. An estimate of the energy absorbed by the
considered for calculating the potential for the #

structure would depend on how much of the structure
creation of a large " missile" (i.e., RPV upper remains. However, an absorption of 75% of the ex-
head). This, in turn, implies that based on the-

,

relevant experimental evidence to-date, the maximum pansion work is not unreasonable (3). -

'

thermal to vertical mechanism conversion effi-
ciency is less than 14 and probably less than 0.56, . The remaining (%256) expansion work would exert an .

impulse load on the RPV and may accelerate a slug. ~

(2) the efficiency was shown (11) to depend on The potential for an impulse load to fail the lowerwater / melt mass ratio, and was substantially re. Plenum was estimated by Corradini and Swenson (5)duced at a mass ratio smaller than 3.0. In a based on an impulse peak pressure and duration (cal-typical pos:ulated reactor accident, this ratio is
about 2. Hence, it is i= plied that in-vessel steam culated by the CSQ computer code). For a "best -

estimate" load they assumed that 10% of the core --

explosions, if they occur, will be of low effi- interacts with 10 tons of water at a conversionciency, (3) Sandia has proposed (11,19) that two efficiency of 1.5% resulting in 300 MJ of work and 7" efficiencies" be considered, one due to kinetic
energy and a second due to the pressurization of a pressure impulse of 100 MPa and 1.5 ms duration

'

the chamber air. The two efficiencies were com- (see Appendix B). No failure of the lower plenum

was calculated for this case by quite a substantial ~bined to yield a total " mechanical utilization"--- margin. A conservative explosion work of 3000 MJenergy. However, the authors (11, 19) were care-
ful in pointing out that primarily the kinetic resulting in a pulse of 400 MPa and duration of 3 ms

did result in a lower planum failure. However,energy is available to do work on the RPV. In such work was the result of mixing 40% of the corefact, the pressurization of the RPV is absorbed (%40 tons) with 20 tons of water at a theoreticalby the RPV walls, and as long as the volume of the efficiency of %164 (see Appendix B). Since our
pressurized gas cannot expand (i.e., an intact previous arguments precluded the participation of avessel), no work can be done by the gas. Conse- large melt mass, we should not expect more thanquently, the * stored energy" efficiency has no about 10 tons of melt to interact with water. There-impact on the conversion of thermal to kinetic fore, we conclude that the impulse load probablyenergy and only the kinetic energy efficiency would not affect the RPV (unless it could fail theshould be considered as a potential for producing instrumentation tube at the lower head of the RPV,a " missile". Finally, we translate this effi-

which is unlikely) . Furthermore, since the lowerciency into an expected available energy when head of the RPV is expected to fail locally (by4700 kg of melt (estimated amcunt of melt that
can mix in 3.0m of water in the lower head (19)) malting) shortly after the melt accumulates in the

lower head, the failure of the lower head by im-pours into ' water (see Appendix 8) . pulse loading will have little effect on the safety
of LWR (failure by impulse loading may relieve partThe thermal energy contained within the melt is of the expansion work which would otherwise be avail-approxi=ately 6600 MJ, of which it is 66 MJ. The
able for accelerating a slug).theoretical maximum thermodynamic efficiency for

a coolant expansion to the reactor volume (23, 5)
sluo Characteristics and " Missile" cenerationyields approximately 930 MJ for equal masses of

fuel and coolant and approximately 300 MJ for a
coolant / fuel mass ratio of 2.0. Only under the Acceleratien of a " solid" water slug is the next step

assumption that the melt / coolant mixture expands in Figure 1 for transmitting the expansion work to
isentropically and the melt and coolant are in the upper head. There is little doubt that when
thermal equilibrium, or that the coolant expands molten fuel drops into a water pool, only a voided

water for water / fuel) *sluq* could exist above theto atmospheric pressure, does the theoretical
core.thermodynamic efficiency increase approximately

three fold. However, all experimental evidence
A " soft *, i.e. voided, water / fuel slug may conser-

to-date indicates that the process is quite
inefficient because heat transfer is not corplated vatively be assumed on account of the water / fuel

mixture which remains after the explosien. Mcw-
behind the prcpagating sho:k front (if one exists
at all) and efficiencies of the order of it of the

ever, if the explosion is triggered before the melt
reaches the lower head of the RSV (e.g. at the waterthermal energy do result. The icw efficzency is surface) very little mass of water would be availableexpected as a result of the low propagation velo- for a slug. Furthermore, even if the explosion iscity (due to h2gh vapor fraction in the mixture), triggered at the base (i.e. at the icwer head) the

multidimensional ef fects and other causes, fuel / water mixture is expected to be highly voided
(210.70-0.90)(24). If we also consider the fact
that the structure which rer ains within the RPV
af ter the explosion would treak any slug (voided or
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unvalded), we conclude that only a " soft", voided, probability of :entainrent rupture by an in-vessel
||
.

steam explosior. is about 10" . This value compgsincoherent slug could exist at the point of impact with an estimated conditional probability of 10 .g
on the vessJ upper head.

inWASH-1400(lb'andestimatedcondjtionalprob- t
"j

In order to estimate whether such a hypothetical abilities of 10 fer a PWR and %10~ for 4 BWR by .

'sSandia (3) .slug could cause a large " missile" as suggested y|
by the WASH-1400 study (1) we refer to the studyd

cf svenson and Corradini (3) and note that the
The possibility of centainment rupture due to an ex- _y
vessel steam ex;1caion has also been considered. g

potential to generate a large " missile" is most The conditional probability of such an event is be-stasitive to the void fraction within the slug. lieved to be insignificant due in part to the same 9Fcr the conditions evaluated in reference 3, no arguments applied above to the in-vessel steam ex- [:

large missile was produced in a PWR for a void Where those arguments do not apply, there -a ,
frtction of 0.25 to 0.50 whereas for a triangular plosion. ~

void fraction distribution of 0.0-0.25-0.50, 8 are others which have the same impact. specifically, . ;
*

(cut of 10,000 trials) large " missiles" were cal- the debris must be released from the vessel in a |

culated to be produced under the same conditions. non-dispersive canner and it must be coherent (not ,

C:niequently, when realistic void fraction, slug like a stream or series of drops), an adequate quan- ,

tity of water east be present under the vessel,br:akup condition, and trigger location are con- coarse mixing, triggering and fine dispersion must 1
.

sid: red, no large missile should be generated under occur, the resultant pressure pulse must find its ;-
ccntiderably higher energies than those considered way through some tortuous paths to the contmi m tin reference 3 (for a PWR 750 M mean explosion itself and must be of sufficient strength to rupture(n:rgy resulting in a 200 M mean impact energy it, or a large "=issile* must be energetic enough to

-

yicided no large missile in 10,000 trials, whereas
for a BWR, mean explosion energy of 1450 M result- break the contain=ent. The details of this process
ing in 350 M mean impact energy resulted in 12 depend on containment design, which varies from one ~

lerge missiles out of 10,000 trials). As support type of plant to another, but the conclusion is the -

same, namely that so many conditions and occurencesfar this conclusion, we notice that the IML cal- must coincide that the conditional probability of a
*

culation of the zion / Indian Point study predicts containment darning ex-vessel steam explosion is ,,

no failure for a two-dimensional slug generated by insignificant. Similar conclusions have been drawn .

1200 M (25) .
by others (5). Our judgement, similar to those of

i

' To further amplify the tenergy) absorption capabi- others (5, 16, 17), is that the scohability of con-
lity of the RPV, we note that a considerably higher tainment failure by an exqessel steam explosion is ,~.

seall, of the order of 10 per severe accident.
(n:rgy absorption capability was estimated by
cthers (16). " Expected" values of 830 M and 1400

- M for PWR and SWR resp' ctively were calculated CONCLUSICNSe

based on the strain distribution within the RPV
. structure. Similar conclusions were reached by the Based on a methodical evaluation of events and con-

dicions which =ay lead to a steam explosion in anSwedish Government Committee on Steam Explosion LWR, and using results from the published scientific
*

! (17). We, therefore, believe that the generation literature, we conclude that the conditional prob-of a *large missile" by a few hundreds M as cal-
culated by Sandia (3,5) is overly conservative. ability of containgat breach by steam explosion 1s9

small missiles (i.e. control red) may be generated of the order of 10 per severe accident, or 10
more readily, however, their energy would be ab- per r getor year, assuming a safety goal probability

of 10 per reactor year for a severe qcident.sorbed by the missile shield without causing any
damage (5). Finally, it should be reallaed that This compazes with a probability of 10 per severe

internal structure within the containment will accident assugd in WyH-1400 (1) and with a prob-
absorb part of the energy of a large " missile * ability of 10 to 10 per severe accident cal-

culated by Sandia (3) . With such a low probability,
before containment failure. the steam explosion becomes a negligible contributor

to the overall risk to an LWR and is completely over-
Probability of Containment Failure shadowed by other. contributors.

. We now attempt to estimate the probability of con-
tainment failure based on the " event tree" of succestions for reture work
Figure 1. " Lumping" all the above-mentioned fac-
tors, namely: conversion ratio of 1% or smaller A long list of suggested future work on steam ex-
as a resul't of thermodynamically inefficient plosions was presented by Board and Caldarola (14)

in 1977 Many of the studies they have suggestedprocess, an expansion work to a constant high were since earned out by Sandia and by others (seepressure volume, the energy absorption capability
of the internal structure, the inconsequential ASME, HTD-Vol. 19, 1981, on Fuel-Coolant Interaction .

(9,15,21.22)). In spite of the additional researchimpulse load, the unavailability of a " solid" water performed pri:r to 1982, a long list of reccamendedslug above the core, the very low bulk modulus of research topics was put forward in an Expert Reviewa voided slug, the high void fraction of the fuel / Meeting on Stean Explosion held in May,1982 at thewater slug, if any, the break-up of a slug by the
rcmaining structure, the dispersive nature of a NRC."

two-dimensional slug, the energy absorption capa- the following small scale phenome-We believe thatbility of the Pfv, of internal structure within nological studies are Justified as confirmationthe containment, and of the containrent itself, we
reach the conclusion that if a contain=ent failure

research, giving additional assurance to the cen-
clusions stated above rby a large " missile" were to occur at all. its'

probability should be reduced by at least two
additional orders of sagnitude. That is, given a

(1) Acceleration and " coupling efficiency" (as a

scvere accident. we estimate that the conditional
vehicle fer energy transfer) of a voided tw-

t
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dimensional " slug" accelerated through inter- 11. Mitchell, D.E. and N.A. Evans, "The effect of
nal structure. Water to Fuel Mass Ratio and Geometry on the

Behavicr of Molten Core-Coolant Interaction at . , ,

(2) Energy considerations in mixing hot and cold Inter =ediate Scale", Proceeding of the Inter- g.
liquids to verify and quantify existing mixing national Meeting on Thermal Nuclear Reactor -J:models.such as those developed by Cho, Fauske Safety, Chicago, Illinois, vol. 2 pp 1011, e
and Grolmes (18), or a modification thereof August 1982. -i

(see W e A). 4-
12. Spencer, s.W. , L. McUmber, J.J. Sienicki, S.R. -f:

(3) Triggering of steam explosions at high pres- Sehgal and D. Squarer, *Results of Scoping
sure, in saturated water, using " realistic" Tests on Corium-Water Thermal Interactions in 3;'

trigger sources su:h as falling objects. Ex-Vessel Geometry *, to be presented at the -]'
21st National Heat Transfer Conference, Seattle, a|

(4) Effect of confinement on steam explosion effi- Washington, July 1983. [
ciency.

13. Henry, R.E. and M.K. Fauske, " Nucleation Pro- ,

(5) Verification of coaguter code predictions of cesses in large Scale vapor Explosion", Journal ,

an impulsive load. of Heat Transfer, Vol. 101, pp 280-287, May 1979.
.

We do not believe that large scale (i.e. hundreds 14. Board, S.J. and L. Caldarola, " Fuel Coolant 7
cf kilograms of melt) steam explosion experiments Interr.ction in Fast Reactors", in Syng. on Nucl.
are justified at this time because of (a) the very Reacter Thermal Hydraulics Aspects of Nucl.<

low contribution of steam explosion to the public Beacier Safety, vol. 2, ASME, 1977, pp 195-222. m

risk, (b) high cost, and (c) the small probability *

cf gaining final resolution of the issues by such 15. Corradini, M.I.. D.E. Mitchell and L.5. Nelsene ~ ~ '
experiments. Similar conclusions were drawn by "Recent Experiments and Analysis Regarding

--

three out of four experts (26) who considered this Steam Explosions with Simulant Molten Reactor
*

issue. Fuels", ASME, IrtD Vol.19, pp 49, November 1981.
i
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~23. Report on the Zion / Indian Point Study: Volume
and assuming r /V ! u l,there resalts,

E 1 g

II, Chapter 1 - Steam Explosion, LA-8306-MS, ;
NtJREG/CR-1411,14s Alaros Scientific Labora- g , ~!
tory (April 1980) = 4.35x10 X/ lax (A-6)D

!W (CrGp g
26. " Merit of a Large Scale Steam Explosion Test *

Program", Private Coastunication, May 27, 1982. py /3/ rM 3p 4'l
, .

-

forX,eqdatioR(A-6) yields 1.89x10 , 9 44x10 , T4
APPENDIX A - Mixing Energy 6.29x10 2, 0.472 and 1.0 for X=10,100,1000,10 and j

2.3x10 respectijely. For X=1000 we obtain g/r = ,

Cho, rauske and Grolmes (18) have calculated the p
620 and for X=10 , R /r =6200. Consequently, ~2

energy necessary to break up a fuel volume into thismodelyieldsaIowErenergyestimatetgan -7

small particles and mix them with equal volume of #

coolant. It is important to know this energy, for reference (18) as long as X=V l73/r <2.3x10 or .

g

if the result yields a substantial fraction of th* R /r <14267. Itisapparentthat1Eisimportant e
g g

thermal energy within the fuel, the interaction and to know the true values of C and particularly t.
These are not well known quaEtities.

*
Wetherefore steam explosion would not take place. &

checked the sensitivity of the above model to the
c sumptions made with regard to the geometry of the - The energy required to overcote the surface energy ".mixed volumes. We consider a sphere of one liquid when creating smaller particles by subdividing a **

of radius R and volume V surrounded by a spher- large particle is
1 1 andic.1 shell of another liquid of radius Ry gg ,73 _,

a

volume V,. We assume that a droplet of the inner y ,3y ,f,ps 1liquid moves radially outward from its initial
*h

to its final position at rresults.2 '"he where e is the surface tension. The ratio of thepo:ition at r1 ,,

Tthis a uniformly mixed sphere v
dragworkrequiredtomovetheharticlesadis- drag work calculated above by equation (A-3) to the ,,

surface energy work W*, in an equal volume niw4g *

tance r ~# in time t is:
2 1 (R /R =1.26) is

2 -

N
dW * ' D" 2 l' "o

~ C#D -4 D 1 (A-6)- = 2.62xlO
wh:re W is drag work, o is fluid density, C is W

n e ta~
-

tha particle drag coefficient, u is the particle
C =1 c=lgn/cm ,

Substituting intg equation (A-8)V =les , t=0.01 sec yi lks,,Wv21ocity, (r ~# ) is the distance traveled by2 1particles, A is the particle area, and N is the C=0.5N/m
=

4
number of particles initially in shell of radius 5.25x10 whereas for V =3x10 cm and t 01 sec,

4 1
We substitute now N=4rr ndry (n= number of "o/W =1.5x10 . It appears therefore that underr g

pke.ticles per unit vglume in t/w liquid), A=tr , typi al LWR conditions, drag wrk will +=N te asE **-

u=(r ~#1} / * * (# /R ) =(r /R ) and btain.2 1 2 2 in the CTG model.R

# ^~ I Kinetic energy consideration yields,
O D 2 l' " 1-W" #

R
2 2

0 W = f r ~#1 \ dr4rr o
Integrgting and substituting R =3V /4r and 1/n= 2 =gg p

lkt )4/3 vr yields, 2
p 0

29C f2 k
2

W= --1 (A-3) 2ro /R \ 5 (A-9)
D 1

2p -1 yR64 tr t; 1 2 I

5t 1p ( ) \ /
now consider the case g equal volume mixing The ratio between drag work (equation A-3) andW)

* *

g)"
r 1 it thkt Cho a e dG es

(CTG) (18). For one step mixing the ratio of our
u timate to that of CTG is: W o R

2 =1.46 d (A-10)C
KE p 'p

2 3
C oV; 0.263(this work)W 9 3 yields

Foro,/o{=1/8andC=1,equatin(A-10)
**

D64 2
y jy ,g l83 R /r which again implies that theW(CTG) ut

p
drag work will debnate kinetic energy requirements
as in the CTG model.,

8t'r
D = 0.0021 (A-4)

3Cyg'v

For the OFG rregressive mixing model where W is ,
given by (18)

fv # )fr } in lv )(A-5)
I

1 1 p 1
E(crG)=1.81 4:vg '' 2/3 r

W
2 |"

Y Y h )
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APPENDIX 8 - Explosion Energy of the Melt

The total energy contained within the melt is
~|. cstimat9d between (5)

- 3
*

Q=600J/kg 'k(2700-300) *k=1.44m/kg

and, (16) _
t

E
Q=500J/kg 'k(3000-300) *k=1.35MJ/kg.

-SE
sa

consequegtly, for 10% of a 100 ton (PWR core J<Q-1.4x10MJ,wgereasfor10%ofa200toncore ,~(BWR) Q=2.8x10 MJ. A conversion ratio of 14 yields '

140MJ and 280MJ for PWR and SWR respectively.
(For the somewhat larger core used in reference 3, ,

the 14 conversion ratio yields 183MJ and 350MJ for ,
,

PWR and BWR respectively). These anergy levels
are considerably lower than the mean peak explo- _

sion energies of 750MJ and 1450MJ used in refer- ['

ence 3 to derige the containment faglure prob-
ability of 10 for PWR and 1.2x10 for SWR. ?

Furthermore, the conservative expansion work of
3000MJ used in reference 5 for PWR implies an ~

cfficioney of 16.5% in a 130 ton core. However, -
*

this 3000 M is claimed to result from mixing 40s
'

cf the core with 20 tons of water, for which the
theoretical thermodynamic expansion to the reactor ,,

vessel volume is approximately 84. (5) .,

We suggest that more realistic values for the
~(xplosion energies be used in future pretabilistic ''' ~

studies which yield the " bottom line" for con-
tainment failure.
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