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The Reactor Safety Study (WASH-1400) assessed the probability of containment failure via a steam expiosion dunng a
postulated core meitdown accident to be 10 =1 Large uncertainties were attached 1o thus probability and research has

conunued to reduce the uncertanty

In thus paper, we discuss the possible consequences of a steam explosion for a specific reactor sysiem (Zion Nuclear Stauon
— Pressunzed Water Reactor). [t is our opiumion, based on the analysis performed. that generaton of large mass mussiles by the

explosion is unlikely, while small mass mussiles, aithough

more likely would nct pose a threat 10 the containment. We do not

mean o mply um steam explosions can be disregarded dunng a postulated meitdown accident. but rather that emphasis
should now be placed on how the explosion affects the overall core meltdown accident instead of causing a direct falure.

1. Introduction o

If a complete falure of normal and emergency
coolant flow occurs in a Light Water Reactor (LWR),
fission product decay heat would eventually cause meit-
ing of the reactor fuel and surrounding cladding. In
1975, the Reactor Safety Study (WASH-1400) 4 dem-
onstrated, based on probabilistic nisk analysis. that core
meltdown accidents are the domunant nsk contnbutors
to the public from LWR's. One reason for thus conciu-
sion was that contanment fadure and subsequent radio-
acuwity release was possible given the occurrence of any
of a number of physical processes; such as hydrogen
combustion, steam explosion, overpressunzauon of con-
tainment, or meit through of the contanment basemat.

In parucular, e Reactor Safety Study esumated the
probabulity of containment failure viaan in-vessel steam
explosion given a core meitdown. The probability of
this event, P, was conceptually subdivided into three
factors:

Pa =P!C:P!P.- = "0-:'

where P, = | is the probability that 20% or more of the
core is moiten and cootacts a simuilar mass of water
remaining in the lower plenum: P, = 0.1 is the probabil-
ity of moiten core (fuel) fragmenung (< 4 mm) ¥hen it

* Work sponsored by the Nuciear Regulatory Commussion.

falls into the water; and P, = 0.1 is the fracuon of steam
explosions leading to containment failure.

The one-dimensional structural analysis used in the
Reactor Safety Study indicated that the containment
would be breached for an explosion invoiviog a fuel
mass equal to or more than 20% of the core and final
melt fragments smaller than 4 mm. This large mass 10
comjuncuon with small fragment diameters would
rapidly generate steam at high pressures, acceleraung a
liquid slug up to umpact on the vessel head. The reactor
vessel was predicted to fail below the vessel flange by
brittle fracture in the elastc regume of strain. The whole
upper head was assumed to be accelerated upward and,
if it rose to an elevauon equal to or greater than the
containment dome, it was assumed 10 have penetrated
the containment. Large uncertainty bands were attached
to these probabilities and subsequent research has at-
tempted to reduce those uncertainues.

Steam explosion phenomena dunng a postulated core
meltdown can be divided into five phases of energy
iransfer between the fuel, the coolant, and the surround-
ing structure:

(1) Fuei-coolant contac. The reactor fuel begins to
melt. contacts. and muxes with the remainung water. The
mode of heat transfer is quescent: ¢.3., film boiling.

(i) Trnggenng. The fuel and ligwd coolant are
brought into inumate contact and the rapid heat transfer
process begins.

(ii) Expiosion. The interacuon propagates through
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the mixture as the fuel begins to rapidly fragment and
vaponze the coolant at high pressures.

(iv) Expansion. The hugh pressure steam expands and
does work on the surrounding reactor system.

(v) Fluid-structure interactions. The expansion may
cause structural damage or generate mussiles (in-vessel
or ex-vessel).

Buxton (2] analyzed poruons of the fuel-coolant
contact phase using parametric models [3.4], and con-
cluded that liquid water would be present at the tme
when the core was substantally moiten. Subsequent
expeniments by Mitchell (5] dropping 5kg of moiten
iron-alumina into water indicated that just before the
explosion fuel-coolant mixing was rapid (0.1-0.25s),
that the fuel fragmented into large dropiets (10-20 mm)
while in film boiling, that the mass rauo of liqud
coolant to fuel in the muung zone was greater than one,
and that the volume fraction of steam was high (0.1-0.5).
If these expenments are representauve of reactor scale
conditions, such behavior suggests that not more than
10-20% of the core would mux with availabie water in
the lower plenum before an in-vessel steam explosion
would occur. However, no analysis has successfully
charactenzed this process and further expenments are
planned. "

There has been a large effort in expenments [5-9)
using LWR materials and analyses (10-151 to under-
stand the triggening, propagauon. and expansion behav-
jor (work potential) of steam expiosions. Current think-
ing is that explosion tnggenng may be sensitivedo 3
vanety of imtal conditions, any one of which (eg.
ambient pressure, noncondensable gases) may suppress
the tnggenng of the explosion. However, explosions can
be reinduced if the tngger energy in increased. Because
realisuc tnggers dunng the meitdown are not well known
at this time, quanutatve credit cannot be taken for
these effects.

Large and small scale expeniments using actual core
meltdown compositons (e.g.. ‘Conum-A =R’ 33 w0
UO., 16 w,/0 ZrO,, 2w, 0 NiO. 29 w o Stainless Steel)
have never resulted :n violent explosions. The maximum
conversion rauo of the explosion work 1o the initial fuel
thermal energy was less than 005% In contrast simu-
lant fuel melts (iron-oxide. iron-alumina) have con-
sistently produced violent expiosions with conversion
ratos as ugh as |-3% Analyses of these tests suggest
that the reason for thus lower conversion rauo is parual
solidificauon of the Conum meit.

In this paper, we analyze the structural consequences
of a steam explosion for a specific reactor system (Zion
Nuclear Station— Pressurized Water Reactor). To begin
this analysis, we make esumates of the steam explosion
conversion ratio and relauve masses .nvolved.

2. Estimate: of the expansion work from a steam explo-
sion

To analvze the response of the reactor system struc-
ture 10 a steam explosion, we must make estumates of
the expansion work based upon expenmental data [5-3]
and the models developed to analyze the data [10-15].
Based upon small scale (meit mass 0.1-1.0g) and large
scale experiments (melt mass |-20 kg). the explosion
work to melt thermal energy conversion ratio Lies in the
range of 0 to 3%. This conversion ratio is based upon
the expansion of the coolant vapor to atmosphernc pres-
sure. Large scale tests resuited in lower conversion
ratios of 0-2%. A unique value for the expiosion energy
cannot be specified because many of the key imual
conditions stll have large uncertainues. the most im-
portant being the mass of core melt and coolant that
mix and parucipate in the expiosion. Therefore. in the
subsequent structural analysis, we used both a realisuc
and a conservative value for the explosion work poten-
ual.

The current best estimate falls withun the range of
explosion energies observed expenmentally and calcu-
lated using |-D and 2-D expamsion modeis [8.11.14].
For an in-vessel explosion, assuming 0% of the core
mixes and interacts with 10 metnc tons of water in the
lower plenum at a conversion rauo of 1% gives an
expansion work of 300 MJ at the ume of reactor head
umpact. For an ex-vessel explosion in the reactor cavity,
the range of explosion work potenuals (50-1000 MJ
(15]) would be simular to an in-vessel expiosion assum-
ing the same muung rauo. The possibility of a larger
water mass in the cavity could actually reduce the work
potenual due to larger coolant to fuel ranos. m. m.,.
and more liqud coolant entrainment. All of these ex-
pansion work values are based upon m_ 'm, = | which
is believed to the representauve of Sandia expeniments
[5-9). Finally, no credit is taken for the lower conver-
sion rato of 0.05% which was expenmentally observed
for the actual core meit composiuon (Conium-A). This
is done because the mechamsm causing thus work reduc-
uon is not well known at thus ume (:f 1t were used. the
explosion work potenual for the enure core undergoing
an iuteractuon would be < 300 MI).

For the conservauve expansion work we use a value
of 3000 MJ. Thus value is obtaned {rom a thermody-
namuc expansion work calculauon assuming 0% of the
core mixes with 20 metnic tons of water in the lower
plenum, thermally equilibrates at constant volume. and
then the coolant expands isenmtropically to the vessel
volume (the maximum amount of water that could be
present below the lower core gnd plate is 33 metnc
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tons). This corresponds to a conversion ratio of 30% for
an expansion to ambient pressure. This value is based
on calculation similar to those of Hicks and Menzes
[16] and is quite conservauve for a number of reasons.

(i) The initial Corium-A test results show much
lower conversion ratios (R 0.05%).

(ii) Forty percent of the core is assumed to muix with
the water in a fuel-meit-nich muxture that has never been
observed experimentally.

(iii) The thermodynamuc caiculauon does not include

any dissipative effects that would realistically occur:
e.g.. two-dimensional expansion effects.
The whole core could not mix with the available water
because not all the core would be molten at the ume of
melt-coolant contact. We estimate that at most, 30-70%
of the core would be moiten; therefore, using a 40%
value is near the maximum melt mass avalable.

For both of these work esumates, no dissipauve
effects were included to account for remaimung sold
structure hindenng the explosion or the expansion phase.
These structures would be present to mutigate the pre-
dicted effects, but the exact mass and reiative locauon is
sull uncertain. i

3. Fluid- structure interactions — in-vessel

The explosion transmits loads to the reactor struc-
ture in two ways:

(i) Direct dynamic or stauc pressure loads on the
vessel.

(i) Indirect loading of the vessel by impact of a

liquid or solid slug of matenal accelerated bv the expio-
sion.
We have completed analyses which examune both types
of loadings on the Ziom Nuclear Stauon Pressunzed
Water Reactor [20]. Fig. | shows a reactor vessel sche-
matic, including the lower plenum where the steam
explosion is hypothesized to occur and the reactor vessel
head which could be impacted by matenal accelerated
by the explosion.

3.1. Lower pienum response (o the imial pressure puise

As a result of a steam explosion, a tugh pressure
pulse would be ransmitted to the lower pienum. A 2-D
empincal explosion model [13,17-19) was used to pro-
vide the comservative and best esumate values of the
early ume impulse loads on the lower plenum. The I-D
hvdrodvnamucs code. CSQ. was used to calculate the
dynamuc pressure-velocity response of the surrounding
coolant and vessel to the explosion. The empincal ex-

Analysis v “ontainment failure by a steam explosion 289

plocion model included in CSQ assumes that fuel and
coolant come to thermodvnamic equilibnum withun 3
mesh cell. The :mpulse can be charactenzed by a tnan-
gular pressure-ume history. For the best esumate case
the peak pressure is 100 MPa with a pulse durauon
of 1.5 ms: for the conservauve case the peak pressure is
400 MPa with a pulse durauon of 3 ms. Residual pres-
sures are approximately 20-40 MPa in both cases.

We developed a one-dimensional structural model of
the lower plenum assurung sphencal geometry and an
elastic-plastic matenal response. The equation of mo-
tion was numencally integrated with nme varying pres-
sure loads and falure was predicted using a stran
faillure criterion based on a umiaxial failure strain of
0.20. corrected for biaxial conditions o give a failure
strain of 0.09 Fig 2 shows the predicted falure en-
velope for tnangular :mpulse loads with the best esu-
mate and conservative loading cases plotted as circles.
The best estimate impulse load would not be expected
to fail the lower plenum, while the conservauve case
would lead to failure.

Failure of the lower plenum will provide a relief path
which will reduce the energy imparted to the slug of
material above the steam explosion. We are currently
investigaung the magmtude of this reduction and the
maximum possible siug energy For the present calcula-
tions. it was conservatively assumed that lower plenum
failure does not reduce the siug energy

3.2. Vessel head response 0 slug impact

In the later ume domain of a steam explosion. a siug
of matenial will be accelerated upwards towards the
reactor vessel head. The slug could be composed of
solid core debris. liquid. and vapor with relauve frac-
tions dependent on the steam explosion imnal condi-
tions. We have compieted structural calculatons for the
Zion PWR vessel using the finite element method t0
evaluate the response of the vessel head to impact by a
slug of matenal. In parucular, we predicted the proba-
ble sizes and velocities of mussiles that could be gener-
ated and could then threaten containment.

For this analysis we used a finite element model
represenung the reactor vessel above the nozzles. as
shown i fig. 3. Thus model was deveioped using the
HONDO II (21] computer code which can calculate the
large deformauorn. dynamuc response of axisymmetnc
solids. Because failure of the studs could lead to a large
mass mussile (the closure head), the studs were modelled
separately from the flanges with the stud material prop-
erties reduced to account for the dJdifference in area
between the solid ring in the axisymmetnc modei and
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Fig. |. Reactor vessel schemauc.

the actual stud area. Sliding interfaces were used be-
tween the flanges and between the top flange and the
stud out to give a farly accurate representation of
stud, flange behavior dunng impact. The studs were
pre-tensioned to a stress of 290 MPa. Fig. 3 also shows
the hemispherical siug which was given an imitial veloc-
ity to load the head in some of the cases examuned.

In view of the different possible steam explosion
energies and the different possible lcading mechamsms

N
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(fig. 4), the following calculations were performed:
(1) 300 MJ, coherent hemusphencal slug, th and

without internal pressure (15.5 MPa).

(i1) 3000 MJ, coberent hemisphencal slug, w1th and
without internal pressure (15.5 MPa).

(iii) 1200 MJ, LANL fuel slug pressure / ume history
on closure head based on 2-D SIMMER calculaton.

(iv) 300 MJ, upper core support plate impact. no
internal pressure.
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The 300 and 3000 MJ voidless water slug loads
provide severe 2-D loading conditions. The~fwel slug
pressure /time history was calculated for a previous
study by Los Alamos [15]. We included it because it
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Fig 1 Structural model and locauons of fadure evaluauon

provides a more realisuc. diffuse loading of the vessel
head based on a 2-D expansion calculauon with o
higher explosion energy. The upper core support plate
case was included because of potenual loading of the
vessel flange region.

At the locations shown in fig. 3. calculated matenal
stresses and strains were compared to two falure
critena:

(1) strain criterion for the vessel. and

(ii) fracture criterion for the studs. For the stran
failure critenion. effective plastic strains were compared
to umaxial strain at falure (0.20). with a correction
applied to those parts of the vessel expenencing biaxial
loading (biaxial falure strain 0.09). For the fracture
failure cniterion. linear-elastic fracture mechanics was
used to calculate a stress intensity factor which was
compared to the best estimate fracture toughness (K ¢
=175 MN-m’ ). This approach is valid at the studs
where the calculated fracture stress is below the vield
stress and the size of the plastic zone is small relauve t0
the stud diameter.

As the steam expansion propeis the siug of matenal
toward :mpact with the reactor vessel head. several
mechamsms could reduce the loading upon it

(i) Failure of the lower plenum.

(i1) Slug breakup by solid core structure.

(iii) Energy absorption and slug breakup by remain-
ing upper nternal structure (e.2.. control rod devices).

(iv) Two-dimensional expansion effects
In the analysis, we have taken no direct guanuiative
credit for any of these effects. However. it will be noted
where these mitigauon mechamsms could effect the
calculated results.

A typical displacement plot 0.003 s after impact is
shown in fig. § for the 300 MJ case loaded by a water
slug. At this ume. the water is rebounding and stud
stresses are maximum. [t can be seen that severe strain-
ing has occurred at the top of the head and a small zap
has opened between the flanges. Fig 6 shows the corre-
sponding effecuve plasuc strain coptours :n the vessel:
the top of the head expenences much larger strans than
the rest of the vessel.

The analvucal results were evaluated (o determune
probabie mussies resulung from the steam explosion
Results of this evaluation using straun and fracture
failure criteria are summarized in table |. The top of the
head is predicted to fail first for all loading conditions
where faure is predicted. For the 300 MJ water slug
case. stud failure is predicted. but thus falure prediction
's margnal because the calculated stress is oniy shantly
above the fracture siress

We also believe a large mass mussile is unlikely for

W YA b e ..
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Tabie i

Summary of vessel fadure evaluzuon

Case Fadure at Failure at studs Failure at vessei KE of head

top of head below flanges at stud falure

Ml

300 MJ Yes Marginal No 50

3000 MJ Yes Yes No 1050

LANL P/t history Yes No No -

Upper core support plate - No No -

the energetic water slug loading condition (3000 MJ).
but for a different reason; the total energy probably
could not realistically be delivered to the head because.
as section 3.| indicated, the lower plenum would fail
first and would relieve some of the steam pressure
accelerating the slug,

For the two-dimensional LANL fuel slug and Upper
Core Support Plate impact, no large mass mussile would
be gemerated. This shows the semsitivity of the failure
calculauon to assumed slug properues. Although the
more diffuse loading LANL case had a higher steam
explosion energy (1200°MJ), stud failure was not predic-
ted; whereas stud failure was predicted for a lower
energy (300 MJ) voidless slug.

Finally, note that for all of these loading conditions.
the muugating effects of the upper internal structure and
myw&dmmteﬁdﬂ;htbeﬁmﬁmx.mdonly
strengthens the conclusion that a large mass mussile is
unlikely.

Because the reactor vessel head is expected 10"l at

2 ELASTIC COLLISION 5 PRESSURE FORCE

¢ FLUID FLOW

the top for some loading conditions (flowering out). the
possibulity exists for generating small mass mussiles (e.3..
control rod dnives). If it 1s assumed that the control rod
dnves are not securely attached to the head after the
local failure, we can conceive of four mechanisms (il-
lustrated in fig. 7) for generaung small missiles:

(1) Elastic collision with a liquid column.

(i) Pressure /ume history force on the drive.

(i) Flud impinging on the dnve.

(iv) Inelastic collision between slug and dnives.

[f the control rod dnves are assumed to imually remain
attached to the head, the largest mussile velocity would
be determuined by the peak head velocity.

For the best esumate steam explosion work potenual
(300 M), the highest calculated mussile velocity was 120
m/s. For the conservauve case (3000 MJ), the highest
velocity was 400 m/s. These values are the mean and
upper bound velocities found by considenng these four
qussile generation mechanisms.

@ INELASTIC COLLISION

WITH WATER COLUMN ON DRIVE IMPINGING BETWEEN SLUG AND DRIVES
ON DRIVE
B, AQALA
] |

Fig 7 Methods used to caiculate mussile velociues (drives not restrained v head)
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3.3. Gross motion of the reactor vessel

As a result of the steam explosion, the ve: sl wil]
iuually be forced downward, then upward, by slug
impact. Although downward motion has not been
evaluated explicitly, it is expected to be substantally
restrained by the reactor vessel supports. Upward mo-
uon of the vessel has been calculated for two bounding
cases of restraint:

(1) No restraint,

(1) Restraint by inlet and outlet pipes without failure
Results of these calculations are given in table 2. These
values should be viewed as only approximate, however,
thcydoindicuethnwbsunddmon‘onolmevesel
could occur as a result of a steam explosion. The
concern would then be that vessel motion could fail
containment at piping penetrations. Although this is not
considered to be likely because of the doublie barners on
all piping passing through containment, this possible
failure mechamism has not been completely evaluated.

—

3.4 Applicabulity of resuits 10 other designs

mprwedin;mdymmmeroraspeaﬁc
Pressunized Water Reactor (Zion Nuclear Stauon). It is
expected that other PWR's would have similar results;
bowever, structural analysis should be performed on
several designs 1o venfy this.
Boiling water reactors differ from PWR’s in the
following areas:
(i) Greater masses of fuel and coolant.
(i1) Greater mass of internal structure.
(i) Larger reactor vessel with thinner walls (a lower
design pressure.
(iv) Control rod drives entening from below
These differences iumply (although analysis has not been
completed):
(1) Larger steam explosion energies.
(1) A greater amount of upper internals structure

Table 2

Vessel motion due to sieam expiosion

Case Verucal Verucal
displacement displacement
unrestrained restrained
im) by piping (m)

300 MU p i -

3000 MJ 13 0.2

LANL 2 / hustorv - -

UCS plate ) J

Analysis of containment faiiure by a sieam explosion

would survive at the ume of the steam explosion and
would tend to break up the liqud slug and mitigate the
loading more than in a PWR.

() The larger size of the reactor vessel and the
thinner wall dimensions make the vessel less able to
absorb umpact at a given slug energy

(iv) Since the control rod drives are in the lower part
of the vessel, failure of the lower plenum is more likely
with downward directed missiles possible.

4. Fluid- structure interactions— ex-vessel

4.1. Consequences of a smail mass nussile from an in-vessel
explosion

Based upon the in-vessel analysis described in the
previous section. we concluded that a small mass mussile
could be formed by the impact of a slug on the vessel
head. To assess the consequences of generaung a small
mass mussile, we performed concrete penetraton caicu-
lauons for a control rod drive assembly (CRD) for the
Zion reactor design. Two methods were used: empincal
correlations and a computer modei. Due to the limited
ume and funding available, a full-scale computer para-
metnic analysis was not done; rather two sets of calcula-
tons were performed represenung the realisuc expan-
sion work and the other the conservative value

Empincal correlations have been used in the past for
determiming mussile penetration capability [11]. The
major drawback of these correlations is that mussiles
considered possible due 10 a steam expiosion lie outside
the range of applicability for most of these correlations
(e.3., the veloaity is too low, missile is not ngid, or
oussile diameter :s t0o0 small). In addition. for the Zion
Pressurized Water Reactor, the small missile must first
penetrate a control rod mussile shield (heavily reinforced
I.3m thick, 6 m square) which is located above the
vessel. Therefore, w: consider use of empincal eorrela-
uons very conservauve because thev predict penetrauon
where none may actually occur.

To provide a better esumate of possible mussile
penetrauon of concrete, the hydrodynasuc computer
code CSQ [17,19), was used because it compared very
favorably with full scale EPRI turbine mussile penetra-
uon tests conducted at Sandia (22]. Since the calculation
Was quite costly, analysis was only possible using coarse
mesh sizes for two cases; a CRD umpacung the control
rod gussie shieid at 100 and 400 m, s, corresponding 1o
4 300 and 3000 MJ energy slug. We did not perform a
parametnc analysis although we velieve it is requred to
2ain more confidence in the analvsis.
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Fig 8. Initial configuration of the CRD gussile impacung the control rod mussile shield (mussile velocity = 100 m s,

Someoltberuulumsbowninﬁ;;Smdﬂorme
mdkimpmmem:hidciwﬁmshows
theiniu'llconﬁ;mtionoftthRDandmcmusde
shield and impact at 100 m/s for umes of § and ¥ ms.
The calculation indicates that the mussile is slowed
substantially and breaks Up upon impact. The same
result Was obtained using a missile of 400 m,s. There-
fon,wecondudeditumnkaymuamaumm
mmmubommmmmmm
and the containment. However, we feel that is would be
prudent to conduct smail scale expeniments for vessel
structural response, mussile generauon, and penetration.

4.2. Consequences of an ex-vessel steam explosion

There is a high probability that water will be present
n therumorcamybdowthcructorvmeldunn; the
meitdown accident. Because of this. we must consider
the effect of a steam explosion in this area. The probiem
'S complex because the explosion expansion is truly
mm-dimmuonumdthzummypamsthrou;h
Whichtheexploawnmexpand.‘rheamoumofnm
possible in the Zion reactor cavity Zion was estimated
to be between 50 and 150 metnc tons [20] which corre-
sponds 0 a shallow pooi from 0.5 to 1.5 meters in

depth. Therefore, if the explosion occurs, the expansion
would be more hemuspherical in nature because of the
large cavity surface area (50 m*) compared o the vessel
area (14 m*) compared to the vessel area (14 m*). The
early ume pressure puise mught damage the reactor
cavity wail (1.5 m thick), but it is below ground level
aud separated from the containment and support walls,
therefore, leakage is not Likely. The late tume explosion
expansion could relieve itseif one of four ways; out the
personnel access doors, up through the seal table room,
through the outlet rozzle clearance or up to the refuei-
ing pool. We cannot conceive of how the explosion
could efficently couple its energy 1o some solid material
to form a mussile. Therefore. based upon our en-
gineenng judgment, we conclude that for the Zion con-
tanment design, the ex-vessel explosion probably could
20t cause contanment falure by dvnamic pressure
pulses or by nussile generaton.

Another point to empaasize is that conclusions about
in ex-vessel steam explosion are very dependent on th=
containment and reactor design. Therefore, the different
reactor systems with their containment structures should
be considered separatelv: ¢.3. PWR-dry containmen;,
PWR-ice condenser, BWR-Mark [. Mark II or Mark 111
containments.
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M.L Corradiru e al.
8. Conclusions

In this report, we have reviewed the current under-
standing of the core meltdown process in regard 10
steam explosions and have analyzed the consequences
of a steam explosion for a parucular nuclear reactor
system (Zion Nuclear Plant—PWR large dry contan-
ment). Our current conclusions for this PWR design can
be summarized in two areas.

For in-vessel steam explosions we have concluded
that geaerauon of large mass mussiles is unlikely, whle
small mass missile generauon, although more likely.
would not pose a threat to contanment because the
missile would be stopped or destroyed by the control
rod mussile shield. This conclusion is based upon analy-
sis that indicates that vessel failure thay occur depend-
ing upon the loading conditions, and when it does, it
occurs at the top of the head first: additonally as the
explosion energy is increased from 300 to 3000 M. the
lower plenum may fail dunng the explosion, relieving
the steam pressure downward into the reactor cawity
and reducing the explosion emergy. Two-dimensional
expansion effects can also muugate the explosion work
potential. Finally, we believe that upper internal struc-
ture as well as core structure would further reduce the
work potential and increase the margin of safety.

We concluded, based upon engineering judgment,
that containment failure via an ex-vessel explosion for
the Zior design, was unlikely We should noW focus
upon how the steam explosion fits into the overall
meltdown scemario. For example, steam explosions
(while not the sole cause) may contnbute to over-
pressunzation of the containment.
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