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ABSTRACT

Progress is described in development of a mechanistic
understanding of direct containment heating phemonena
arising during high-pressure melt ejection accidents
in pressurized water reactor systems. The experi-
mental data base is discugssed which forms the basis
ar current assessments of containment pressure re—
sponse using current lumped-parameter ccntainment
analysis methods. The deficiencies in available
®ethods and supporting daca base required to describe
I3]or phenomena occurring in the reactor cavity, in-
termediate subcompartments and containment dome are
algniignted. Code calculation results presented in
the literature are cited whicn demonstrate that the
arogress in understanding of DCH phenomena has alvo
resulted in current predictions of containment pres-
sure loadings which are significantly lower than are
oredicted by idealized, thermodynamic equilibrium
caiculations. Current methods are, nonetheless,
st1ll predicting containment-threacening loadings for
iarge participating =elt mssses under high-pressure
ejection conditioas. Recommendations for future
cesearch are discussed.

I. INTRODUCTION

Olrect containment heating (DCH) arises during
anigh-pressure severe accident sequences in light-
<ater reactors (LWRs) which lead to ejection of mol-
ten core material from the resctor vesgel iato the
reactor cavity region b th the vessel and, subse—
juently, transport of finely-divided melt to regions
of containment downstream of the cavity. The molten
material would consist, primarily, of uranium and
zirconium oxides and urreacted zirconium and iron.
The stored energy of the wmelt consists of its sensi-
ole energy, its latent heat energy and the chemical
reaction energy of its components. Direct energy
transfer from the melt to the containment atmosphere
“ould lead to neating and pressurization of the con~
tainment atmosphere.

The objectiver of this paper are to review prog-
ress that has been made in the development of the
*Work performed under the auspices of the U.S.
‘uclear Regulatory Commission.

phenomenological understanding and analytical methods
required to predict DCH scenarios in pressurized
water reactors (PWRs) and to characterize the re-
search which needs to be performed in order to reduce
uncertainties in prediction of DCH containment loads.
Section II describes the DCH scenario and the rele-
vant phenomena in various regions of the containment
building. Bounding thermodynamic calculations of DCH
containment loading are discussed in Section III. a
description of our current understanding of DCH phe~-
nomena and associated uncertainties is presented in
Section IV. A summary and recommendations for future
DCH research are described in Section V,

II. THE DCH SCENARIO
A. Background

The Zion Probabilistic Safety Study (ZPSS)?
recognized cthe possibility of severe accident condi-
tions whereby meit could accummlate in the lower head
of PWR pressure vessels under high-pressure reactor
coolant system (RCS) conditions. Failure of the vei-
sel at a location in contact with the melt would tien
lead to pressure-driven ejection of melt from the
vessel into the reactor cavity region, shown in Fig,
1 along with other features of the Zion containment
building, beneath the vessel, The study also suggest-
ed that the subsequent blowdown of the steam-hydrogen
mixture would lead to ejection of a coherent mess of
aelt from the reactor cavity and deposition of the
aelt on the water-flooded floor of the containment
building. The melt was assumed to eventually quench,
producing steam as the containment loading mechanism.

Sandia National Laboratory (SNL) conducted Cche
SPIT and HIPS?:? series of experiments which simu-
lated the process of high-pressure melt ejection,
These experiments provided cbservations of the jet
which issued from an orifice in the experimental melt
pressure vessel and of the processes of interaction
of the blowdown gas with the melt in the 1/20-th and
1/10-th scale concrete models of the Zion reactor
cavity. These experiments, using iron~-alumina ther-
mite as the core melt simulant, provided evidence
that forms the basis of the current understanding of
reactor cavity phenomena. The experiments indicated
that the blowdown gas very effectively removed the
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2elt from the cavity models and that this process of
“melt dispersal” from the reacror cavity moaels was
accompanied by fragmenctation of the melt into drop-
lets, with a spectrum of diameters ranging from aero-
sol (microns) to several millimeters. This view of
high~pressure reactor cavity dispersal phenomena in
the Zion cavity was subsequently verified by Spencer,
et al.” and by Tutu, et al.’ The SNL experimencal
results also suggested that the high-velocity molten
jet from the reactor vessel is fragmented in transit
to the base of the cavity under the influence of dis-
solved gas release and high relative velocity at the
edge of the jet.

The earliest calculations of DCH containment load-
ing® 7 performed in the context of the USNRC Con~
tainment loads Working Group (CLWG) deliberations,®
were pased upon a conceptual model which postulated,
nased upon the experimental results, that droplets of
aolten core material (coriua) were ejected from the
reactor cavity into the containment acmosphere.
These droplets would interact thermally and chemical-
ly with the containment atmosphere. From a computa—
tional point of view tie entire containment building
~as represented as a single, adiabatic control vol-
ume. Thermodynamic equ.i.].ibti.un‘s and ral:e-depeadem:7
calculations were performed, where it was assumed
that the metallic constituents of the melt would oxi-
dize by direct reaction with the available oxygen
supply in the containment building dome. Interac-
tions between droplets and acmosphere, both chemical
and thermal, were computed to be quite efficient be-
cause of the large assumed control volume and large
possibie droplet interaction time. Containment-
threatening pressure loadings were predicted 'when
large quantities of melt were assumed.

A further refinement of the view of the DCH ac~
cident scenario develcped upor recognition that the
containment dome region, containing the large quanti-
ty of oxygen to drive the chemical reactions, is sep~
arated from the reactor cavity by intermediate sub~
corpartoents which are densely packed with equipment
and various other structures. Melt droplets, driven
ov the steam/hydrogen blowdown gas from the reactor
cavity, would likely encounter structure along their
trajectories and could be removed froa the flow field
arior to reaching the containment dome. This view,
initially expressed within the activities of the CLIWG
and uemonstrated in saall-scale experimnr.sng
raises the possibility that the meit droplets could
oe trapped on structure prior to complete transfer of
energy to the containment atmosphere.

The central role o hydrogen generation and com-
oustion in the context of DCH was first postulated by
Iutu,“ who observed that steammetal reaction would
be initiated in the reactor cavity during the vessel
slowdown ana aelt dispersal process. Hydrogen gener-
ation, therefore, would begin in the reactor cavity
<itn reaction rates thal are extremely large when
calculated assuming, typically, [-mm diameter zirco-
nium droplets and using accepted rate-limiting mass
transfer models.'? The possibility for copius quanti-~
ties of hydrogen generated within the reactor cavity

and in its vicinity has been recognized by Bergeron13
and discussed recently by Powers. There are as
yet, however, no experimental data available to aid
in assessment of the extent of hydrogen generation
during a DCH scenario. Since no significant quancity
of oxygen iz available in the reactor cavity, the hy-
drogen cannot burn until it reaches the oxygen supply
available either in the intermediate subcompartments
or in the containment dome region. Upon reaching the
containment dome cthe hydrogen mey burn, despite large
steam concentrations, due to high gas temperature or
due to the presence of high~temperature particulate.

B. DCH Accident Conceptual Scenario

The ideas described above have led to the
emergence of a picture of the DCH accident scenario
which has wide acceptance and which forms the basis
for integrated modeling of DCH phenomn.a]'5 in PWRs.
The Zion plant, shown in Fig. 1, here serves as a
representative system. The accident scenario is
described below.

Molten corium, consisting of oxides and unreact-
ed zirconium and stainless steel, is agsumed to have
accumlated within the lower plenum of a PWR pressure
vessel, with the reactor coolant system at “high”
pressure, The containment building initially con-
tains a mixture of air, steam and hydrogen released
from the reactor vessel during the in-vessel core
degradation phase of the severe accident. The vessel
fails in the region of the woliten material and tle
corium is ejected as a molten jet through a breach in
the vessel wall into the reactor cavity. The jet, in
transit, is Lragmented by expansion of dissolved gas-
es and by stripping at the edge of the jet. The mol-
ten corium spreads under its own momentum across the
cavity and accumilates there. Steam, which follows
the melt from the vessel, flows at high velocity
through the reactor cavity, finely subdivides the
2elt und carries some fraction of the aelt as drop-
lets into the subcompartments just above the cavicy.
Thermal and chemical transfer interactions occur be-
tween the steam and droplets within the cavity and
the subcompartments. fHydrogen is produced as the
steam redcts with the 'wreacted molten metallics. as
the melt flows through the subcomparcments, a portion
of the suspended droplets will likely be deposited on
structures. As the gas flows around the intervening
structures to the upper dome region of containment,
therefore, only a fraction of the molten material
which exits the cavity will be carried with it. This
material will then interact with the atmosphere in
the dome region. A portion of the hydrogen produced
in the subcomparfwents and the cavity will be trans-
ported to the dome region. Cowbustion of the hydro—
gen generated in-vessel and the hydrogen generated
following vessel failure would occur if conditions in
the containment dome permit.

The above scenario would be modified if it is
assumed that water is initially present in the reac-
tor cavity or if water droplets are assumed suspended
in the containment atmosphere. Because of the paucity



of experimencal date -ud analytical models percinent
to scenarios involving the presence of water in the
reactor cavity or in containment atmosphere prior to
high-pressure melt ejection, the effects of water
will not be reviewed here.

III. THERMODYNAMICS OF DCH CONTAINMENT LOADING

The current detailed, rate-dependent, milti-
region phenomenological modeling embodied, for exam~
ple, in the CONTAIN code b g preceded by bounding,
simplified, single-cell wodels.® The DHEAT and
CONTAIN codes, for example, were used to perform
thermodynamic equilibrium calculacions of the DCH
containment loading. The DHEAT model assumed an
adiabatic containment, complete chemical reaction of
the available iron and zirconlum wich oxygen and
thermal equilibration of the gas acmosphere, reac~-
tants and reaction products. Quench of the melt in
water pools was also modeled. None of che calcula-
tions performed on the time frame of the CLWG includ~
ea Che incremental loading attributable to the com-
bustion of hydrogan generated in-vessel prior to the
tailure of the reactor vessel. Even without this ad-
ditional loading mechanism, the bounding calculations
led to predictions of extremely large pressure load-
ings, compared with estimates of containment failure
pressure, when large quanticies of melt were agsumed.

Thermodynamic equilibrium calculations such as
those described above provide an upper limit to the
DCH containment pressure loading and serve as a basis
for comparison with more mechanistic, rate-dependent
calculations., Because of its importance as a refer—
ence point, a thermodynamic equilibration aodel
"ZBAL" was written at BNL to compute an upper liamit
on contalnment loading which includes the burn of in-
vessel hydrogen. The EBAL model assumes, as does
DHEAT, a single—-cell containment acmosphere consist—
ing of nitrogen, oxygen, steam and hydrogen. The
=elt coastituents are iron, iron oxide, zirconium,
zirconium oxide and uranium dioxide. The metallics
can react with steam to produce hyirogen; the hyiro—-
Jen can then burn in oxygen. In the absence of oxy-
Zen the steammetal reactions will occur. Water can
also be assumed present in the acmosphere and partic—
ipate in the thermal equilibration process. All of
the metal is assumed to react as long as oxidant is
available. All species' specific heats are treated
as temperature—dependent quantities,

Calculations were performed with EBAL using Zion
and Surry as prototypes of “large-dry” and “subatmo-
spneric” PWR containuents, respectively. It was as-
sumed thac all melt which exics the reactor vessel
participates in DCH. Table . presents the DCH ini-
ctial conditions for the two sets of calculations.
The effects of melt invenrory and hydrogen burn pa-
rapeters ere investigated. The calculation results
for containment pressure rise are shown in Fig. 2
along with escimated containgent failure condicions.
The results indicate that if all the available hydro-
Zen <ere to burn, then the computed upper limit coo-
tainment pressure rises are containment-threacening
vver a broad range of parcticipating melt mass. If it

is assuned thac the metallic melt constituents react
with steam, but thact the resulcting hydrogen does not
burn, then the computed pressure rises are consider-
ably lower. Containment-threatening locads are pre-~
dicted only for the largest of core melt inventories
if hydrogen burns are postulated not to occur.

The above pressure rise estimates result from as~
sunptions which are clearly conservative. It is
shown in Section V that when the EBA!. single-cell,
adiabatic thermodynamic equilibrium model is replaced
with the CONTAIN code's mlti-cell, rate~limited
physics approach which incorporates assumptions based
upon available experimental data, the cowputed con~
tainment pressure rise estimates (for the Surry
plant) are considerably lower chan those shown in
Fig. 2.

IV, REVIEW OF DCH PHENGMENGLOGY

A. General Methodology Requirements for DCH
Analysis

Based upon the DCH scenario outlined in Section
II, a containment response methodology is required
which describes and incegrates the pheanomsnology oc-
curring in three regions of containment: (i) the re—
actor cavity, (ii) the "incermsdiate subcompartmencs”
and (1ii) the containment dome. There are large dif-
ferences in geometry of each region among the many
U.S. BWR containment systems. Methods tmust be devel-
oped for the phenomena occurring in each region of
containment which can accommodate the differences in
plant containment design. The motion of the melt
through the vasrious regions of concainment amust be
followed, while computing the integrated release of
energy from the melt to the containment atmosphere,
the guantity of hwdrogen produced acd burned and the
energy rtransfer to water in containment. Models for
these various rate dependent exchange processes must
be incegrated into a methodology for prediction of
the presgure and temperacure response of the contain-
ment building.

Several "lumped-paramecer,” multi-cell contain-
ment analysis codes have been modified for DCH analy~
sis. The CONTAIN code, with its Interim Direct Heat~
ing Mode.l.,16 has been andified to permit integraced,
parametric calculations of DCH loading. The MAAP
code 1is also being used to predict DCH phenomena,
although the details of the modeling principles are
unpublished.!” The HMC code has been modified to
incorporate mdels of DCH phenomena. 18

DCH initial conditions are deterwined by the in-
vessel melt progression. Large uncertainties exist
in prediction of the rate of accarmlation of melt on
the lower vessel herd, in the mode, timing, and loca-
tion of vessel failure and on the composition of the
aelt discharging from the vessel. The initial breach
area is uncertain, as is the rate of growth of the
breach area as melt flows out of the vessel. Inirial
breach of rhe vessel via failure of instrument tube
penetrations has been proposed, followed by ablation
of the resulting hole to a diamerer of approximately



0.5 mecer.!? It is noted, however, that massive cir-
cumferential failure of the lower vessel head has
also been suggested. These 1issues are belng ad-
dressed as part of che USNRC MELPROG development pro—
gramz0 and will not be discussed further here.

Issues related to reactor cavity, intermediate
subcompartment and containment doge are addressed
below.

B. Reactor Cavity Phenomena
l. General Remarks

The thermel, chemical and hydrodynamic
interactions which take place within the reactor cav~
ity are thought to strongly influence the subsequent
rate of transfer of cocrium stored energy to the con~
tainment atmosphere. The major reactor cavity quan-
tities which must be characterized in order to pre-
dict DCH energy cransfers are the droplet size dis~
t.ibution and mass flux of gas constituenta (especi~
ally hydrogen) and melt exiting the cavity. The
mechanisms which govern these quantities involve com-
plex muiti~phase interactions between molten corium
and high-speed, three-dimensional, chemically react-
ing, compressible gas flows. The current understand-
ing of reactor cavity phenomena under accident condi-
tions is based upon a combination of experimental ob-
servations from smell scale experiments using both
high-temperature and low~temperature wmolten fluid
simulants, simplified calculacions and conjecture.
Integral experiments involving all features of reac-
tor cavity phenomena have not yet been carried out,

The discussion which follows is presented in two
parts. The first part presents a discussion of the
mjor relevant phenomena as we understand them. Be-
cause of the dominance of the “reactor cavity disper-
sal” DCH issue, this is addressed separately in its
Jwn section.

2, Reactor Cavity Thermal Hydraulic Phenom
ena

It is useful for the discussion which
follows to chouse a specific reactor cavity configur-
ation and a set of "typical™ DCH accident initial
conditions, Figure | shows a view of the Zion reac—
tor cavity. Table | presents the definition of a set
of initial conditions for a postulated accident in
the Zion plant occurring at a primsry system pressure
af approximately 7 MPa. The vessel breach diameter,
after ablation, is assumed to be 0.55 m.

The DCH scenario 1is postulated to begin with
cevelopment of a breach of the reactor vessel and
ejection of melt into the reactor cavil:;(. Observa-
tions made in the SNL SPIT experiments® led to the
conclusion that nitrogen had been dissolved in the
iron-alumina melt which, upon release from the pres-
surized melt chamber, was released from solution and
rapidly expanded. This provided the wmechanisz for
the observed breakup of the jet. A model has been
proposed to characterize the px'oc:e:as.lg It has been

proposed that hydrogen would be dissolved in molten
corium under accident conditions and that, similarly,
the molten jet would break up in the process of Ilow
to the cavity floor., This breakup process would re-
suit in a production of droplets with some size dis-
tribution. This scenario has not yer been verified
in experiments with prototypic fluidg. The resulting
drop size distribution has not been characterized.

Ejection of liquid melt from the vessel would
continue until cthe depth of the molten pool is suffi-
ciently shallow to allow entrainment of gas into the
melt, at which point "gas blowthrough” would occur.!?
It is expectad that at this point a period of two—
phase melt ejection would begin under conditions of
two~phase flow at the vessel breach. The two—phase
period 1is believed characterized by a process of
atomization of the discharging melt at the breach.
Pilch susmarized correlations to pradict the droplet
sizes produced during atomization processes. 19 They
have not, however, been verified under prototypic DCH
accident conditicns. Upon exhaustion of the melt
supply from the vessel the blowiown of steam and hy-
drogen from the vessel would continue until che gas
supply is exhausted.

Droolets produced from the jet breakup and two-
phase atomization processes would be directed from
the vesgel to the cavity floor. At this point, cur-
rent analytical methods do not permit us to follow
their trajectories. It is quite possible that these
droplets would lose their identities and would be
abgorbed into the bulk of wmelt which would exist at
this time in the cavity. Aerosol-size droplets would
aore likely stay suspended in the cavity, perhaps to
be swept cut by the steam upon gas blowthrough. ore
detailed mechanistic understanding of these droplec
production mechanisms must be accospanied by improved
methods which will enable us te track the droplets
formed frow these mechanisms through the reactor
cavity.

Figure 3 presents “typical” computed mass flow
rates of melt and primery system steam exiting the
pressure vessel, based upon the Zion parameters of
Table I. The gas blowdown is computed assuming isen-
tropic expansion through an orifice. Galculations
indicate that the period of single phase melt ejec—
tion would last about 4 seconds, during which approx-
imately 75X of the melt would be discharged from the
vessel. Melt jet velocities of typically 30 m/s are
computed. The rwo-phase period, characterized by the
process of atomization of the discharging melt at the
breach, would last about 4 seconds. Based upon the
conditions of Table 1, the single phase gas blowdown
is expected to last about |5 seconds.

Tutu, et al.? have provided high-speed photo-~
graphic observations of the behavior of the melt
within the reactor cavity in small-scale experiments
involving low-temperature melt simulant materials un=-
der conditions which are prototypic of high-pressure
accident conditions. The experiments involved no
dissolved gases in the melt and the walls of the
cavity do not release gas upon contact with melt, as



would concrete. These experiments, discussed in more
detail below, lindicate that the melt simulant enters
the reactor cavity, splashes and spreads in all di-
rections and covers all the surfaces of the cavity
prior to “gas blowthrough.” Gas, which then follows
the melt into the cavity, appears to strip the melt
from filme along the wells, entraining the liquid
into the gas stream. The gas carries the droplets
out of the cavity axit. The flow patterns within the
reactor cavity, deduced from the movies, suggest the
existence of a complex, recirculating, three-dimen~
sional flow field within the cavity. The applicabil-~
ity of these observations to protocypic accident con~
ditions, of course, may be influenced by the experi-~
mental simulation limitations, described briefly
above.

Detailed verificacion of the above observations
is lacking in high-temperature similant experiments.
Experimental cechniques have not been developed to
probe the interior of the reactor cavicy for detailed
flow regime and flow fleld observations in such ex-
oseriments. The evidence pertaining to the nature of
melt~gas cavity interactions in the available high-
temperature simulation experiments are (i) high~speed
x~ray movies taken at the exit of the model cavities
and (ii) the structure of the resolidified debris re-
covered atfter the experimts.“, The data from
ary-cavity (no pre-existing water) experiments sug-
gest that the melt simulants are ejected from the
cavity as dispersed droplets. Oroplet size distribu—
tions have been deducei from post-test samples ot
soiidified debris collected 1in several experi-
mnts. 21,22 e particles collected in the
various experiments were found external to the cavity
wodels and, while still molten, had very likely ex-
perienced at least one interaction with structure
prior to deposition on the structure. The nature of
the interaction of high-velocity, high surface ten—
sion droplets with structures is not understood. It
nas been assumed that the resulting particle size
distributions are characteristic of the melt at the
discharge of the reactor cavity during the experi-
ments. It is noted, however, that the situation is
somewnat more complex and that the assumption ig sub-
ject to question.

The available particle size data from experi-
ments which were designed to simulate high-pressure
DCH conditions indicate that the mass-mean particle
diameters were in the range of approximately 0.5-1.0
w2422 veasured particle diameters ranged
from aerosol-size {microns) to several millimecers.
These data represent distributions resulting from
samples of post-test collection of a sampling of
depris which were ejected from the cavity during the
transient melt ejection process. The droplets were
created from the melt by a combiration of mechanisms,
none of which are completely understood. They result
from breakup of the melt jet by the action of dis-
solved gases, atomization at the vessel breach,
splash, entrainment processes from liquid filmg and
secondary droplet breaxup (Weber breakup). The ¢ cop-
lets were presumably swept from the cavity b the
flowing gas, followed trajectories to the nearest

structure, bounced, perhaps cshatctered, and continued
to their final destinacion where, eventually, chey

were sampled.

Since the mechanisms of droplet formation are
not known, application of the available droplet size
data base to full-scale, prototypic accident condi-
tions is fraught with difficulty. While models of
reactor cavity phenomena are being developed,?3>%"
including descriptions of droplet behavior, much de-
velopment, evaluation and assessment remains to be
done. AL gresent, in DCH analyses that are being
performed, *5:2% ir is assumed that the particle
size data discucsed above 1s applicable to “high-
pressure” accident conditions. As such, the charac-
teristic mags-mean droplet diameter applicable to ac-
cidents with initial vessel pressure of approximetely
7 MPa is assumed to be in the range 0.5-1.0 mm.
There is at pregent no verified method of computing
the diameter of droplets for accidents with higher or
lower initial vessel pressure.

Measurements of local trermsl and hydrodynamic
conditions within the experimental reactor cavities
have not been performed. As a result, conditions un-
der accident circumstances can only be surmised based
upon the above experimental observations and simpli-
fied models of the chenomena. It is assumed that a
dispersed melc droplei flow regime exists within the
reactor cavity, perheps with intermittent liquid
filme existing on the walls. As a result, it is ex-
pected that efficient heat transfer between the melt
and the blowdown gas will take place and, with its
low heat capacity, it is expected that the gus will
heat to temperatures approaching the melt temperature

. during its transit through the cavity. Calculations

based on a one-dimensional reactor cavity model sug-
gest that this was the case in the SNL Surtsey DCH-|
test.?d 4 consequence of the gas heating is acceler-
ation of the gas. Calculations based upon the Zion
cavity with initial conditions as listed in Table 1
indicate that the peak cross-sectionally averaged gas
velocity just under the vessel, where the gas teuper-
ature is 500K would be about 188 m/s. At the same
time, the gas velocity at the cavity exit, where the
gas Ctemperature could be in the range 1500K-2500K,
would be in the range 565-940 m/s. With the above
assumptions, therefore, gas velocities within the
reactor cavity can be several hundred m/s wich gas
temperatures approaching the melt temperature.

3. Reactor Cavity Metal-Steam Reaction and
Hydrogen Production

No DCH experiments have been performed
using molten corium simulants together with high-
pressure steam as the blowdown fluid. Plans are be—
ing made at SNL to perform such experiments in the
Surtsey fac:l.l.i.l:y.z6 Our current understanding of
metal-steam chemical reaction phenomenology within
the reactor cavity, therefu.e, 1s iargely based i.pon
an experimental data base related to zirconiup-steam
and iron~steam chemical reactions.?”>28 This infor-
mation is supplemented by the thermal-hydraulic ob-
servatlons described above, theoretical considera-
tions and conjecture.



The available, one~dimensional modeis of reactor
cavity tnteractions?¥: 2* have not been used to pre~
aict cavity chemical reaction phenomena. Published
calculations of the exteat of metal-steam reaction in
the reactor cavity have been performed using single~
droplet heat and mags transfer modeis and bounding
thermodynamic equilibrium models.

Single~droplet models and calculations have been
reported by several authors.!!s!2,1% They assume
a dispersed melt droplet flow regime in the reactor
cavity, that zirconium or iron droplets are suspended
in a steam flow and that the stceam supply is effec-
tively unlimited. The reaction rates are governed by
either steam diffusion through a steam-hwyirogen layer
external to the droplets or by steam diffusion
through the molten liquid. The relative velocity of
steam and droplet is either specified by assumption
or chrough solution of a momentum equation for a
droplet in a specified gas flow field. A single~
aroplet mxdel, developed at BNL for scoping calcula-
tion purposes, assumes Crthat a droplet is released
into the cavity gas flow and is accelerated by drag
forces. The droplet, released under the reactor ves-
sel, is assumed to travel along the cavity axis. The
4as velocity along the cavity is assumed to vary due
to the heatup of the gas, described above. A gas
cemperature distribution is assumed based upon judg-
@ent and the veloecity distribution is computed based
apon an assumed steam discharge flow rate and the
ideal gas law. Transient single droplet momentum and
energy equations are solved while accounting for
aetal-steam reaction and hydrogen production. Either
liquid-phase or gas~phase diffusion is assumed to
Jovern the reaction rate.

Typical calculation results are shown in Fig. 4,
which presents the extent of chemical reaction of
zirconium in steam as a function of droplet path
length (cavity lengths are typically 15 m) for sever—~
al droplet diameters with an initial droplet tempera-
ture of 2500K. For rtase cowditions the chemical re—
action is gas-phase diffusion limited.2? These calcu-
lation results support earlier conclusions, 11,1s
that, based upon single-droplet models, the metal-
steam reaction would be nearly complete for droplets
sith diameters less than | mm and very extensive for
ziameters up to several willimeters. The potential
for extensive hydrogen generation within the reactor
cavity, therefore, is great.

The above calculations indicate that, in the
oresence of adequate steam, metal-steam reaction
rates are large enough to ensure extensive, if not
complete, cnemical reaction of the metallic melt con-
stituents and hardrogen production within the reactor
cavity. Tutu3® has considered the effect of steam
inventory on the maximum amount of hydrogen that
coula pe generated in the Zion reactor cavity as a
function of the primary sysiem inventory, expressed
in terms of the pressure at the instant of vessel
failure. The model assumed complete mixing of all
the core melt and the entire steam inventory in the
primary system. The thermodynamic equilibrium state
Jas computed. The results for the Zion melt

inventory shown in Table | indicate that at 7 MPa
(1000 psia) sufficient steam is available to react
about 50% of the metallic, while at [5 MPa (2200
psia) in excess of 80% of the mecallic can be react-~
ed. On a well-mixed assumption basis, therefore, it
is clear that hydrogen generation within the reactor
cavity can be extensive.

Simplified models such as those described above
may overestimate the extent of metal-steam reaction.
Several potentially-important effects are not com
sidered. Mass transport rates may be affected by the
presence of neighboring droplets. If the local con-
centration of droplets in the cavity is large, then
local steam depletion could occur, therebvy either
turning off or reducing the rate of reaction. Final-
ly, the presence of diluent oxides should have some
effect on the reaction rates, These effects must
eventually be accounted for in detailed models of the
cavity interaction scenario.

In order to model these effects a much-improved
understanding will have to be developed of the high—
temperature, high-velocity, multi-phase flow regime
within the cavity. Models for droplet entrainment
rate, deposition rate and droplet breakup will have
to be developed. The Surtsey experiments with steam
driver gas will aid in model deveiopment. However,
separate-effects experiments with instrumentation ad-
equate to probe the multi-phase flow structure within
the cavity under very high gas velocity conditions
will also be necessary in order to provide the de-
tailed data necessary for model development.

4. Reactor Cavity Melt Dispersal

Of the melt mess delivered to the reactor
cavity, the fraction which is swept out of the cavity
into the downstream regions of containment 1s expect-—
ed to strongly influence the extent of containment
pressurization. It is expected that wmelt can be
ejected from a reactor cavity through either the exit
of the cavity through which the instrument tubes
pass, or through the annulus between the reactor ves-
sel and biological shield if this region is not
blocked. Prediction of the melt flow rates through

- thege regions depends upon the ability to model the

complex, transient thermel-hydraulic phenomena in—
volving multi~phase interactions between melt and
blowdown gas flow discussed above. At the present
tize no verified models are available with which one
can predict the “extent of melt dispersal” during
high-pressure melt ejection from a reactor cavity of
arbitrary design. One-dimensional cavity models are
under develoment,23-2'° but the constitutive rela-
tions, including entrainment rate, deposition rate,
droplet breakup, etc., for the multi~phase interac—
tions must be developed in future research.

In the absence of validated models to predict
the fraction of melt dispersed from cavities of arbi-
trary design, small-scale simulation experiments have
been conducted to provide measurements of the disper-
sal fractions under conditlons thought to simulate
high—-pressure melt ejection conditions., Experiments



have been performed to date using models of the Zion,
Surry and Watts Bar cavities in the US.s"'-‘S'g'“'zz'
23,31 the sizewell plant in the UK?S and the Ringhals
piants in Sweden. 3¢ The experiments related to the US
cavities were designed to simulate “high-pressure”
melt ejection conditions. The BNL experimental con-
ditions® were chosen to simulate accident conditions
where the vessel pressure 18 initially about 7 MPa
and the vessel breach diameter about 0.4 m. Experi-
ments related to the Zion cavity have been performed
at SNL, ANL and at BNL. These experiments range from
1/10-th to 1/42~nd in linear scale. In all but one
(DCH-1) of the HIPS and Surstey experiments performed
to date, in excess of 90% of the wmelt was dispersed
from the Zion concrete cavities. In the ANL CWTI-5
and 6 tests?® smaller fractions (61% and 30%, re-
spectively) of melt were dispersed. This was attrib-
uted to freezing of the melt on steel cavity sur—
faces. In tne case of CWII-6 a malfunction occurred
in the blowdown gas delivery system which may have
also influenced the extent of sweepout. In the BNL
experimnts.s water was used as the melt simulant for
the Zion work. The results showed complete sweepout
(~100%) of the water. BNL believes that these re-
sults using water overestimate sweepout and will per-
torm verifying experiments with Wood's metal as the
zelt simiant in the future. The BNL Surry and Hatts
dar experiment showed nearly complete dispersal of
the wood's metal melt simulant.

A feature common to all of the dispersal experi-
zents is that the small-scale results mist be scaled
up to full-scale accident corditions. Tutu, et al. b
have performed a scaling analysis based upon a one=
dimensional, dispersed, annular flow regime analysis
of flow in the reactor cavity. A set of dimension—-
less parameters have been derived with which the data
from small-scale experiments are extrapolated to pro-
totypic conditions. The experimental data and the
scaling analysis suggest that the Zion, Watts Bar and
Surry reactor cavities would retain little melt under
conditions of high-pressure melit ejection. Nearly
all che melt would be dispersed into the downstream
regions of containment. The UK Sizewell and Swedish
Ringhals experiments were conducted under low vessel
pressure conditions. A facility to study high-pres-
sure comdditions is umnder development in the U.X.

The experimental results cited above showing
limited melt retention capability within the cavity
aodels studied and their interpretation do not neces-
sarily apply to cavity systems not yet studied. The
results dc suggest, however, that 1f a particular
cavity is suspected of containing features which
would appear to favor melt cavity retention, then a
prugent measure would be to pecform experiments cto
evaluate the specific design reatures.

C. Intermediate Subcompartments and Contairment
Dome

Observations of specific plant geometries sug~
Jest that upon exiting the reactor cavity, the dis-
persed melt flow would strike a wall or other surface
upon exiting either vertically or somewhat obliguely

from the cavity. Figure 1 shows the Zion seal table
enclogure boundary as the first structure within the
steam generator room which the melt would encounter
dovmstream of the cavity exit, In the case of Surry
the tirst surface would be the flonr of the residual
heat removal (RHR) space. Typically the first scruc-
ture surface would be 5~i0 meters above the exit of
the cavity. Scoping calculations such as described
above suggest that the gas velocities entering this
reglon would be several hundred m/s and droplet ve-
locities perhaps half as much. BNL experiments per-
formed using models of the Zion containment suggest
that the structures exert a strong infiluence on the
flow which issues from the cavity, redirecting the
flow and, very likely, changing its droplet size
characteristics. Recent Surtsey experiments strongly
suggest that the size distribution of melt droplets
which impinge on a surface would very likely be modi-
fied by the interaction with structure,3!

The nature of the melt-structure irnteraction,
e.g., bounce, sticking, shattering, film formation,
etc., wuld determine the subsequent surface-to-vol-
ume tatio of the melt and, hence, the effectiveness
of the melt in transferring its energy to the con~
tainment atmosphere. The ability to predict the melt-
structure interacticns depends on the ability to fol-
low the motion of droplets tc the surface, to predict
the resulting changes in droplet size and flow regime
resulting from the interactions and to predict the
gas flow field around complex obstacles to the flow.
Efforts to apply the KIVA code 32 to this problem are
under way in addition to efforts to understand the
droplet-structures interaction process. At pres—
ent, however, there is no useful methodology avail-
able with which to compute the consequence of meit-
structure interacticns. We are, therefore, at pres-
ent unable to accurately model the flow and melt at-
mosphere interactions beyond the first structure
which presents itself to the flow exiting the reactor
cavity.

The available lumped-parameter containment anal-
ysis methodologies used to predict DCH loading com-
pute the thermal and chemical interactions between
melt and atmosphere within the intermediate subcom-
partments assuming a given droplet size and effective
droplet lifetime, related to the “trapping fraction”
in CONTAIN, 16 Githin a given subcompartment. Because
of the current uncertainties described above, both
quantities wust be treated parametrically by ana-
lysts, using judgment based upon experiment and ob~
servation of plant design features and dimensions.

A generally-useful methodology to predict the
fraction of melt transported from the intermediate
subcompartments to the containment dome is not avail-
able. Data from small-scale experiments suggest that
between | and (5% of the melt would be transported to
the dome in the Zion containment system, depending on
the presence or absence of water in the cavity.9 The
remainder would be trapped on structure, in water or
on the floor of the lower subcompartments. Methods
for extrapolation of such estimates from small-gcale
experiments to prototypic conditions are not



available. The estimates, moreover, are expected to
be highly plant-specific and experiments must be per—
formed for each plant under counsideration. At the
present time the DCH analyst must make judgments re—
garding the expected extent of melt transport to the
containment dome region and implement these judgments
using the available computer code parameters. Para-
metric treatment of melt transport in containment 1s
necessary to cover the uncertainties. Further BNL
experiments are planned to study melt transport in
the Zion and Surry containment systems. It is be-
lieved that a mlti-dimensional, gas-liquid fluid dy-
namics methodologv will be required in order to pre—-
dict the transport of melt through the various sub-
compartmencs of containments. In the absence of such
a methodology, observations from scale-model experi-
ments will be required for each containment under
consideration in order to provide guidance for the
judgments required in implementing available lumped-
parameter containment analysis codes.

It is believed that the steam~hydrogen mixture
exiting the cavity would flush some fraction of the
oxvgen initially present out of the subcompartment
above the reactor cavity into the upper region of
containment. Hydrogen generation would continue in
the subcompartment region as long as droplets are
suspered and steam is avallable. The hydrogen in
this region, however, would have little oxygen avail-
able for extensive reaction to occur. The steam
exiting the cavity would, together with the action of
buoyancy, force the hydrogen into the upper dome
wnere the hydrogen would encounter oxygen and burn if
conditions permit. There are no experimental data
available to verify these conjectures. They are
based upon conceptual analysis of the DCH scenario.
These features are observed in recent CONTAIN DCH
calculations. A result which is predicted ULy
CONTAIN suggests that some hydrogen could remain
“trapped” in the lower subcompartment after depletion
of vessel blowdown steam. This hydrogen would nat be
transported by buoyancy to the containment dome re~
zion on a time frame which would permit contribution
to the DCH containment pressure tise through the com~
bustion process. The efficiency of hydrogen trans-
port to the containmenr dome from the lower subcow
partments should be considered in future work. At
the present time the credence of this effect must be
carefully considered by the analyst.

Calculations suggestls that the steam-hydrogen
Jixture remperature in “he intermediate subcompart-
ents can be as high as 2000K and that jets or plumes
of such mixtures would be transported to the contain-
vent dome. The dome: region at this point would con-
tain 4 amixture of steam, air and hydrogen (produced
in-vessel prior to vessel failure) under conditions
which, at prevailing pre-DCH low containment tempera-
ture, would be steam inerted with respect to hydrogen
ourn capability. Experimental data for the flammabil-
ity limits of hydrogen under the above conaitions are
not available. Interpretation of the available data
base, however, suggests that if the mixture tempera-
ture entering the dome is higher than |000K, then
conditions are effectively hypergolic, i.e., the

hyﬂm§en would burn upon contact with available oxy-
gen.3 The »re-existing hydrogen in the containment
dome would also burn as the dome temperature increas-—
es due to the various exothermic reactions occurring
in the region. Melt droplets entering the contain-
ment dome region could act as local sites for hydro-
gen combustion. The efficiency of these various hy-
drogen combustion processes i3 uncertain at this
time. Experiments under prototypic accident condi-
tions are necessary to develop the appropriate mod-
els. It is noted, however, that the high tempera-
tures and extensive hydrogen generation that are be-
ing predicted”vls for the lower subcompartments
using current methods are strongly influencing judg-
ments concerning the extent of hydrogen combustion.
Experiments are needed, not only concerning hydrogen
combustion limits, but also to verify the ability to
predict the conditions in the lower subcompartments.

The above discussion presents the view that the
division of containment into several discrete re-
glons, i.e., cavity, subcompartments, dome, plays an
important role in the course of DCH interactions be-
twveen melt and atmosphere. Important effects involve
melt trangsport and hydrogen generation, transport and
combustion. This observation strongly suggests that
experiments with high~temperature reacting wmelts,
driven by steam, should eventually be performed in a
facility which can simulate the compartmentalized
geometry of contaimment systems. These experiments
would be designed to substantiate the results of
lumped-parameter code modeling of multi-compartment
phenomenology.

V. SUWMMARY

The preseat understanding of the direct contain-
ment heating scenario in PWRs and relevant phenomeno~
logy has developed over a period of several years.
There continue to exist large uncertainties in DCH
initial conditions and in the description of the con~
trolling DCH phenomenology. There appears, however,
to have developed a technical consensus on the DCH
scenario, as described in Section II.

While the possible range of DCH initial condi~
tions is extremely brogd, comsideration of the phe-
nomenology has focused around a rather narrow range
of parameters. Experimental and anaiytical wmodeling
have been carried out based upon a scenario involving
high~pressure ejection of melts involving large frac-
tions of core inventory, typically 75Z, including
oxides and metallics. The initlal vessel pressure
has been considered around 7 MPa (-i000 psia) ana
vessel failure has been assumed to occur as failure
of an instrument tube penetration. The penetration is
typically assumed to increase by ablation to about
0.5 m when the steam flow from the vessel is initiat~-
ed. Melt temperature is cypically assumed to be
2500K. The description of DCH phenomenology is in-
complete and uncertainties are great, even with this
selected initial comdition. The uncertainties are
even greater when initial conditions are postulated
to deviate from this set of conditions. In the ab-
sence of experiments which incorporate all relevant



features of DCH scenarios, the present understanding
of DCH phencmenology derives from experiments using
both high~ and low-temperature simulant materials,
calculations based upon simplified models, integrated
computer code calculation and conjecture based upon
best engineering judgment.

For the conditions described above it 1is be-
lieved that the steam flow in the reactor cavity
(those studied to date) would completely eject the
melt from the reactor cavity and would also finely
divide the melt into droplets whose diameters are
characteristically a millimeter or less in diameter.
Conaitions within the cavity are in a thermophysical
regime which lie well outside the limits of current
understanding of multi-phase flows and which will re-
quire time and resources to unravel. It is believed,
nowever, that melt droplets will be suspended in the
steam/hydrogen gas flow for several tenths of a sec-
ond within the cavicy and for at least a similar time
outside the cavity. Based upon simplified calcula-
tions of metallic droplet reaction rates, the drop—
lets may be suspended for sufficient time to exten—
sively react, producing copious quantities of hydro—
den. While mechanisms can be identified which could
limit the extent of hydrogem production, the methods
to perform more realistic calculations do not exist
at présent.

Extremely high gas and liquid flow velocities.
complex boundary conditions, material properties,
turbulence, flow regime changes, etc., combine to
characterize a thermophysical regime within the in~
termediate subcompartments which is beyord the pre~
dicrive capability of existing multi-phase methodolo—
dies. It is believed, however, that continued hydro~
Zen generation will take place in this region of con-
tainment. Significan. quantities of melt will be de—
posited on structure, leading to removal of this melt
with its stored thermal and chemical energy from sub-
sequent interaction processes. Simplified calcula-
tions, however, suggest that a significent fraction
of the melt energy can be transferred to the gas
prior to deposition on structure. Furthermore, if
tne melt is assumed to settle in water, the quench
would supply steam for additional pressurization of
containment.

Hydrogen generated in the lower regions of con-
tainment will be transported at assumed high tempera-
ture to the containment dome which would contain the
oulk of the oxygen supply for combustion. Some frac—
tion of the melt droplet inventory, will also be car-
ried to the upper dome where the unreacted metal
would oxidize. While a data base to support hydrogen
flammability calculations is lacking for containment
dome conditions 1in which the steam inventory is
large, computed high temperatures suggest the possi-
o1lity of extensive combustion of available hydrogen
in the upper dome.

The CONTAIN code, with its Interim Direct Heat-
ing oael, !® has been developed to the point where it
can be used for parametric calculations of DCH acci-
dent scenarios. While many uncertainties exist and
highly simplified models are currently implemented,

the modeling contains sufficient flexibility so that
a uger can implement a wide variety of assumptions to
reflect his perceptions of the DCH phenomenclogy. 4an
extensive study of DCH in the Surry plant has been
published.ls The details of this study cannot be re-
peated here, Figure 5 presents gselected results of
several Surry DCH calculations which were configured
with assumptions which reflect the scenario discussed
above. They reflect complete cavity dispersal, sub~
millimeter droplet diameters, reaction rates computed
as described above, melt trapping in intermediate
subcompartments, efficient (unconditional) hydrogen
burn and heat losses to astructures. Also shown for
comparison are calculations using EBAL, which assumes
complete chemical reaction and adiabatic equilibrium,
and an estimate of the Surry containment failure
pressure. The figure indicates that CONTAIN predicts
substantial containment loadings over a broad range
of participating melt inventory. It is important to
note, however, that the loadings predicted with
CONTAIN are of significantly lower magnitude than the
adiabatic equilibrium calculation results. It is
clear that mitigating effects are being accounted for
by CONTAIN and that considerable uncertainty repains
in prediction of DCH containment loads. Also shown
is a CONTAIN result assuming no hydrogen combustion,
a case which would apply if, for example, the con-
tainment were inerted. Significant containment loads
are also computed for other PWR plants. The reader
is referred to Ref. 15 for details of the cited
calculations.

Our current understanding of DCH phenomena, to-—
gether with our ability to model them, leads to pre—
diction of containment loads which are significant
when compared to estimates of fallure pressure.
There are plausible physical grounds to suggest that
current methods and perceptions of physical phenomena
are leading to containment loading predictions which
are conservative. Experiments are planned in the SNL
Surtsey facility with high-temperature melts and with
steam as driver gas and at BNL with simulant fluids,
which will help to assess current DCH lumped-parame-—
ter methodology. It is believed, however that much-
improved methods will have to be developed, supported
by detailed experimental studies of uncharied thermo—
physical regimes, in order to provide the basis for
wre realistic modeling and predictions.

Three-dimensional, droplet-gas, distributed-
parameter methods will have to be developed, capable
of dealing with flows with complex boundary condi-
tions. A start with KIVA has been unde,32 out more
work will be required for special-purpose calcula-
tions to supplement CONTAIN lumped-parameter meth-
ods. Experiments will need to be performed in multi-
compartment containment models in order to assess ef—
fects which are thought to be dependent upon contain-
ment compartmentalization. More detalled reactor
cavity experiments are needed in order to provide the
basis for development of wmodels for droplet size and
mss flows of melt and gas constituents ejected from
the cavity. High-temperature, large steam fraction,
hydrogen flammability limit data needs to be devel-
oped to provide a firm basis for DCH hydrogen burn



assumptions. The CONTAIN treatment of hwirogen
trangport from the intermediate subcompartments to
the containment dome tust be assessed experimentally
and better models developed if appropriate.

The data base currently available to assess DCH
accidents will need to be expanded to cover a broader
range of potential accident initial conditions. Ex-
periments which model vessel pressures lower and
higher than 7 MPa and vessel breach diameters larger
than and, perhaps, smaller than 0.5 m will need to be
considered. Fhenomenological models will have to
apply to broader ranges of these variables in order
to represent the range of possible accident initial
couditions of interest to safety evaluations. The
effects of water in the cavity and containment spray
water in the atmosphere must be studied in future in-
vestigations. More careful attention will have to be
2iven to modeling the various radiation heat transfer
processes occurring in containment during DCH
scenarios.

The progress which has been made in understand-
ing high—pressure DCH phenomenology has led to devel-
opment of models which are more realistic than the
early idealized single-cell, adiabatic equilibrium
models. While significant uncertainties remain, cur—
rent methods are predicting containment pregsure
loads which are considerably lower than predictions
made with the early methods. The pressure loads cur-
rently predicted, however, remain containment-threat-
ening over a broad range of participating wmelt mass.
It is believed that more realistic modeling of DCH
phenomrnology 1is possible and that additional re-
search may lead to lower predicted containment pres—
sure loads. The experimental and analytical research
recommended here are believed necessary in order to
provide a basis for development of more accurate and
realistic modeling of DCH phencmena.

ACKNOWLEDGMENTS

The authors express their gratitude to K. Becker and
C. Falkenbach for their care in preparation of this
manuscript for publication.

REFERENCES

l. Commpmsealth Edison Company, Zion Probabilistic
Safety Study (September 1981).

2. Tarbell, W.W., et al., “High-Pressure Melt
Streaming (HIPS) Program Plan,” SANDB2-2477,
NUREG-CR/3025, Sandia National Laboratories

(August 1984).

3. Tarbell, W.W., et al., “Pressurized telt Ejection
Into Scaled Reactor Cavities,” NUREG/CR-4512,
SAND86=-0153, Sandia  National Laboratories,
(August 1986} .

4, Spencer, B.W., et al., “"Sweepout Thresholds in
Reactcr Cavity Interactions,” ANL/LWR/SAF 82-1,
Argonne National Laboratory (april 1982).

5.

9.

10.

11.

12.

13.

14,

15.

16.

17.

Tutu, N.K., et al., "Debris Dispersal from Reac-
tor Cavities During High-Pressure Melt Ejection
Accident Scenarios,” BNL-NUREG-52147, NUREG/CR-
5146, Brookhaven National Laboratory (July 1988).

Bergeron, K.D. and D.C, Williams, “CONTAIN Calcu-
lations of Containment Loading of Dry PWRs,"
Nucl. Eng. Des., 90, pp. 153-159 (1985).

Pilch, M., et al., “Preliminary Calculations on
Direct Heating of a Containment Atmoshpere by
Airborne Core Debris,” Sandia National Labora-
tories, NUREG-CR-4455, SANDB5-2439 (July 1986).

USNRC, “"Estimates of Early Containment Loads from
Core Melt Accidents,” NUREG=1079 (January 1986).

Spencer, B.W., "Hydrodynamics Aspects of Ex-Ves=-
sel Debris Dispersal in Zion-Type Containment De—
sign,” ANL/LWR/SAF 82-1, Argorne National Labora-
tory (April 1982).

Henry, R.E., “IDCOR Evaluations of Direct Con-
tainment Heating,” Fauske and Associates, Direct
Containment Heating Review Meeting, Bethesda, D
(April 1986).

Tutu, N.K., Safety Research Programs Sponsored by
Office of Nuclear Regulatory Research, Quarterly

Report,

Progress Report July 1-September 30, 1985,
NUREG/CR~2331, BNL-NUREG-51454, Brookhaven Na-
tional Laboratory, Upton, NY (March 1986).

Baker, L., "Droplet Heat Transfer and Chemical
Reactions During Direct Containment Heating,"
Proceedings of the Internmational ANS/ENS Topical
Meeting on Thermal Reactor Safety, San Diege, CA,
(February 1986).

williams, D.C., et al., "Iwmpact of Chemical Phe-
noxzna in Direct Containment Heating,” Preseated
at American Chemical Society Severe Accident
Chemistry Symposium, Anaheim, CA (September
19€66) .

Powers, D.A., Reactor Safety Research Semiannual
NUREG/CR~4805, SANDB6-2752, Sandia Na-
tional Laboratories, p. 62, (November 1987).

Williams, D.C., et al., "Containment Loads Due to
Direct Containment Heating and Associated Hydro-
gen Behavior: Analysis and Cal~ul.*’'ons with the

CONTAIN Code,” NUREG/CR-4896, S .-7-0633 (May
1987).
Bergeron, K.D., et al., "User's Manual for

CONTAIN 1.0. A Computer Code for Severe MNuclear
Reactor Accident Containment Analysis,” Sandia
National laboratories, NUREG/CR-4085, SANDB4-1204
(May 1985).

AIF IDCOR Program, "Users' Manual MAAP: Modular
Accident Analysis Program,” Developed by Fauske
and Assoclates (1987).



18.

19.

20.

25.

26.

28.

29.

30.

Pong, L., et al., “Surry S2D Severe Accident Con—
tainment Loads Calculations Using HMC," Univergi-
ty of Wisconsin Reactor Safety Research Report,
Madison WI (March 1986).

Pilch, M. and W.W. Tarbell, "High-Pressure Ejec-
tion of Melt from a Reactor Pressure Vessel - The
Discharge Phase,” NUREG/CR-4384, SAND85-0012,
(September 1985).

Camp, W.J., "MELPROG, PWR/Mod0: A Mechanistic Code
for Analysis of Reactor Core Meltdown Progression
and Vessel Attack Under Severe Accident Condi-
tions,” NUREG/CR~-4909, SAND85-0237 (June 1987).

Tarbell, W.W., et al., "Results from the DCH~l
Experiment,” NUREG/CR-4871, SAND86-2483, Sandia
National Laboratories (June 1987).

Spencer, B.W., et al., "Hydrodynawics and Heat
Transfer Aspects of Corium-Water Interactions,”
EPRI Report NP-5127, Argonne National Laboratory
(March 1987).

Ginsberg, T., "DHCVIM-A Direct Heating Contaio-
ment Vessel Interactions Module,™ AIChE Symposium
Series, Volume 83, No.257, p. 347 (1987).

Sienicki, J.J., and B.W. Spencer, "A Multi-Fluid,
:ultiphase Flow and Heat Transfer Model for the
Prediction of Sweepout from a Reactor Cavity,”
Proceedings of the 4th Mlami Intermational Symr
posium on sulti-Phase Transport and Particulate
Phenomena, Miami Beach, FL (December 1986).

pilch, M., et al., "High~Pressure Melt Ejection
and Direct Containment Heating in Ice Condenser
Containments,” Presented at the International
ANS/ENS Topical Meeting on Operability of Nuclear
Power Systems in Normal amd Adverse Environments,
(October 1986).

Tarbell, W.W., Personal Comminication, Sandia Na—-
tional Laboratories (July 1988).

. faker, L. and L.C. Just, "Studies of Metal-Water

Reactlons at High Temperatures 1II - Experimental
and Theoretical Studies of the Zirconium-Water
Reaction,” ANL~6548 (May 1962).

Baker, L., et al., "Hydrogen Evolution During IWR
Core Damage Accidents,” Proc. Int. Mtg. on Ther-
zal Nuclear Reactor Safety, NUREG/CP=-0027, p.
1433 (August 1982).

8ird, R.B., et al., Transport Phenomena, John
wiley and Sons, Inc., NY (1960).

Tutu, N.K., Safety Research Programs Sponsored by
Office of Nuclear Regulatory Research, Quarterly
Progress Report April |-September 30, 1987,
srookhaven National Laboratory, Upton, NY (1988).

31,

32.

33.

34,

35.

36.

Tarbell, W.W., et al., “DCH-2: Results from cthe
Second Experimenc Performed in cthe Surtsey Direct

Heating Test Facility,” NUREG/CR-4917, SANDB7-
0976, Sandia National Laboracories (January
1988) .

Marx, K.D., “A Model for the Transpcrt and Chemi-
cal Reaction of Molten Debris in Direct Contain-
ment Heating Experiments,” NUREG/CR-5120, SANDB8-
8213, Sardia National Laboratories (March 1988).
Baker, L., Personal Communicacion, Argonne Na-
tional laboratories (July 1988).
Sherman, M., Personal Communication, Sandia Na-
tional Laboratories (July 1988).

Macbeth, R.V. and K. Trenberth, “Experimental
Modeling of Core Debris Dispersion from the Vault
Under a PWR Pressure Vessel,” AEEW-R 1888, UKAEA-
Winfrith (December 1987).

Frid, W., Personal Commnication, Swedish Nuclear
Power Inspectorate, Stockholm, Sweden (July
1988) .

Table 1

Zion and Surry Initial Conditions for Calculations

Zion Surry

Mass (kg)

U0,/ 220, 90,000/14,870 |79,810/11,140

Zr/Fe 11,000/22,000 | 8,250/16,500
Mass H, Generated

In-Vessel (kg) 484 362
Initial Containment

Pressure (MPa) 0.31 0.19

Temperature (K) 406 375
Primary System

Steam Mass (kg) 9,135 28,680

Temperature (K) 557 6i9

Pressure (MPa) 7 16
Containment Volume (m®) | 7.7x10" 5.1x10"*
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