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Abstract

A calculational procedure for the Station Blackout Severe
Accident Sequence at Browns Ferry Unit One has been repeated
with plant-specific application to one of the Peach Bottom
Units. The only changes required in code input are with re-
gard to the primary containment concrete, the existence of
sprays in the secondary containment, and the size of the re-
fueiing bay. Combustible gas mole fractions in the second-
ary containment of each plant during the accident sequence
are determined. It is demonstrated why the current state-
of-the-art corium/concrete interaction code is inadequate
for application to the study of Severe Accident Sequences in
plants with the BWR MK I or MK II containment design.

Introduction

Best estimate studies for BWR Severe Accident Sequences based upon
Browns Ferry 'Jnit One have been conducted under the auspices of the
Severe Accident Sequence Analysis (SASA) Program at Oak Ridge National
Laboratory since October 1980. The program has enjoyed the full co-
operation and assistance of the Tennessee Valley Authority, who have
provided the necessary basic information concerning the design and oper-
ation of Browns Ferry as well as invaluable informed peer review of the
SASA program reports.

Code development has never been a primary goal of the SASA effort,
but it became evident at the inception of the program that improvement
of the existing codes, all structured for PWR accident analyses, was
necessary if the BWR studies done at OHNL were to be meaningful. The
initial ORNL study was Station Blackout at Browns Ferry, ' most of
which was performed with the existing PWR codes. Now, after four years
of gradual impleraentation and testing of BWR models during periods
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between the performance of other BWR accident sequence analyses, we
believe that we finally have codes adequate for BWR accident studies, at
least, to the point of reactor vessel bottom head failure. '

Accordingly, calculations intended to replace those of the original
Browns Ferry Station Blackout Accident Sequence study of 1981 have been
performed. In addition, because the Peach Bottom nuclear units are
very similar to those at Browns Ferry, and because there is currently a
great deal of interest in Peach Bottom source term calculations, the NRC
SASA program technical monitor requested that the codes employed for
Browns Ferry Station Blackout be immediately exercised again, with the
necessary changes to input, for Peach Bottom Station Blackout.

Code Input Changes for Peach Bottom

The Peach Bottom units and the Browns Ferry units are of the
General Electric Company BWR 4, MK I containment design and, for the
purposes of Severe Accident calculations, are practically identical.
Nevertheless, there are three differences important to the potential for
fission product transport in the unlikely event that a severe accident
should occur:

1 . The primary containment concrete at Peach Bottom has a high lime-
stone content and a much higher potential for gassing when heated by
corium than does the concrete structure of the Browns Ferry units
(see Table 1).

2. The secondary containments of the Peach Bottom units do not employ
general area fire protection system sprays. The Browns Ferry units
have a highly reliable system that would, even without operator ac-
tion, and even without electrical power, provide overhead sprays in-
to the reactor building of any unit in which the primary containment
had failed.

3. Each, unit at Peach Bottom stands alone whereas the units at Browns
Ferry abut and share a common refueling bay. Therefore, assuming a
severe accident at just one unit in both cases, the refueling bay
volume interposed between the reactor building and the atmosphere at
Peach Bottom would be one-third of that at Browns Ferry (see Fig.

Fission Prpduct Transport Results

The major fission product transport pathways for the Peach Bottom
Station Blackout accident sequence are shown in Fig. 2. During the
first phase of the accident sequence when the reactor vessel is intact
and the primary containment nas not failed, the only significant fission
product escape is via main steam isolation valve (MSIV) leakage to the
main condensers in the turbine building. Within the primary contain-
ment, fission products move from the reactor vessel to the pressure



suppression pool via the safaty/relief valves (SRVs). The noble gases
and the very small fraction of the other fission products that escape
the pool can pass back from the wetwell atmosphere into the drywell via
the vacuum breakers. The largest fission product inventory outside of
the reactor vessel would be in the pressure suppression pool. The pool
is heated as the steam relieved from the reactor vessel is condensed;
evaporation from the pool surface causes the pressure in the primary
containment to increase. However, most of the primary containment pres-
sure increase is due to the presence of non-condensible gases generated
by metal-water reactions within the reactor vessel.

If the severe accident progresses to the point where the reactor
vessel bottom head fails and molten corium pours onto the drywell floor,
then the water in the drywell sumps is quickly evaporated and the
containment approaches its failure pressure. Shortly after the corium-
concrete interaction begins, the additional releases of non-condensible
gases cause the drywell liner to fail and the containment depressurizes
into the reactor building. Blowout panels open between the reactor
building and the refueling bay, and between the refueling bay and the
atmosphere.

As shown on Fig. 2, the major fission product escape pathway after
the reactor vessel bottom head and the primary containment have failed
is from the drywell via the reactor building and the refueling bay to
the atmosphere. The principal fission product removal mechanism along
this pathway would be settling and deposition, but it should be noted
that the interior walls and other surfaces of the reactor building and,
to a lesser extent, the refueling bay would be wetted by the condensa-
tion of steam.

Fission products would enter the drywell from three sources.
First, dep: ̂ ssurization of the containment would cause boiling and
flashing of the pressure suppression pool, and fission products in the
wetwell atmosphere would be carried into the drywell via the vacuum
breakers along with the steam. Second, fission products would be
released from the interior of the failed reactor vessel into the dry-
well. Third, fission products sparged from the corium mass on the dry-
well floor Sy the gar.es produced by the corium-concrete interaction
would directly enter the drywell atmosphere.

It is important to recognize that two of the sources of fission
products to the drywell are continuing generators. It is fairly obvious
that the release from corium would be continuous, but it should also be
noted that a significant amount of fuel would remain in the reactor ves-
sel after bottom head failure and would not release fission products un-
til long thereafter. This late-failing fuel would come from the outer
radial zone of fuel, which has a very low power factor, and is repre-
sented schematically in the lower portion of Fig. 2.

The codes used in support of the Peach Bottom fission product
transport calculations are the same codes that were used for the Browns
Ferry Analysis, with changes in code input as necessary to reflect the



plant specific differences discussed in the preceding section. Cliff
Hyman provided the input changes regarding concrete composition for
MARCON 2.IB. The Secondary Containment Model (3CM) input required
changes to reflect the absence of sprays and the smaller volume of th3
refueling bay. Chuck Weber utilized the results of the MARCON 2.. 13 ard
SCM calculations for Peach Bottom to perform QUICK calculations for the
oehavior of aerosols in the secondary containment and combined the
results of all of these calculations as necessary to drive the TRENDS
code for the Peach Bottom Station Blackout accident sequence.

The fission product transport portion of the overall ORNL SASA
program effort is of limited scope. At the current stage of
development, only the noble gases and isotopes of iodine, tellurium, and
cesium are included in the transport calculations. Most of the overall
SASA program effort at ORNL is dedicated to providing and improving
methods for dealing with the thermal-hydraulic aspects of BWR Severe
Accident sequences. It is the purpose of the relatively small fission
product transport effort to produce first-approximation calculations
that are used to indicate the sensitivities of the analyses and to
determine which thermal-hydraulic model improvements are most needed.

Comparison of the TRENDS code results for the Peach Bottom and
Browns Ferry Station Blackout accident sequences indicates that the
fission product releases at the secondary containment boundary would be
significantly higher at Peach Bottom. Specifically, at the end of the
calculations, the ratio of Peach Bottom release to Browns Ferry release
is 9.25 fo^ the iodine, 7.83 for the tellurium, and 2.33 for the cesium
isotopes. 3oth calculations were carried out as necessary to represent
a period of 25 hours following the loss of all ac power and reactor
scram. The major contributing factors to the higher releases for Peach
Bottom are the hi~her gas blowing rates from the Peach Bottom concrete
and the absence of reactor building atmospheric sprays, although the
much higher steam condensation rate at Peach Bottom partially
compensates for the lack of atmosphere sprays. (The iodine deposition
on the reactor building walls at Peach Bottom is predicted to be U. 13
times that for Browns Ferry.)

The distribution of noble gases at the end of the calculations also
shows a greater holdup factor for the Browns Ferry containment systems
than for Peach Bottom. The ratio of calculated Peach Bottom release to
Browns Ferry release is 2.M*) for the noble gases, and this difference is
believed to be entirely due to the higher gas blowing rates from the
Peach Bottom corium/concrete interaction, which flush the noble gases
from the secondary containment.

Thus the TRENDS code calculations predict that the plant-specific
differences between Browns Ferry and Peach Bottom would lead to higher
releases at Peach Bottom for the same accident sequence; review of the
differences and the calculated results indicates that this conclusion is
reasonable given that the calculational methodology is correct.
Nevertheless, the calculational methodology must be acknowledged to be
incorrect in two important areas. The potential for combustible gas



burns in the secondary containment has been neglected and the basic
model for the geometry of the corium/cuncrete interaction is wrong.

Combustible Gases in the Secondary Containment

The hydrogen produced by metal-water reactions both within the
reactor vessel and on the drywell floor and the carbon monoxide produced
as a byproduct of the corium/eoncrete interaction are of sufficient
quantities (see Table 2) that it is necessary to consider the possibil-
ity of combustible gas burning in the secondary containment after pri-
mary containment failure. (The primary containment is inerted.) Com-
bustible gas burning is considered possible if the combined mole frac-
tion of hydrogen plus 60? of the carbon monoxide in the atmosphere is
greater than 0.09, the mole fraction of oxygen is greater than 0.05, and
the mole fraction of inerting fluids (steam plus carbon dioxide) is less
than 0.55.

As shown on Fig. 3, the mole fraction of combustible gases in the
reactor building for Browns Ferry Station Blackout would exceed 0.09
shortly after drywell failure, which occurs 305 minutes after reactor
scram. Also, the oxygen mole fraction remains above the lower limit for
combustion and the mole fraction of inerting ;ases does not reach the
inerting limit. If an ignition source were ; ̂esent, burning would be
expected. Of course, there would be no electrical power and all
surfaces would be wetted because of the sprays. Although not shown, the
conditions in the Browns Ferry refueling bay would also permit burning
after time 1196 minutes, when the combustible gas mole fraction exceeds
0.05 there.

The relatively high oxygen mole fraction and the relatively low
mole fraction of inerting gases in the Browns Ferry reactor building are
caused by the steam-condensing action of the fire protection system
sprays, which also have the highly beneficial effect of mitigation of
fission product transport. The calculated mole fractions for the Peach
Bottom reactor building, which has no atmosphere sprays, are shown in
Fig. 4. Except for a period of about 35 minutes shortly after drywell
failure, there is insufficient oxygen to support combustion. Also, the
reactor building atmosphere is inerted by steam and carbon dioxide dur-
ing the period 850 to 1083 minutes after scram. However, parallel
calculations for the Peach Bottom refueling bay (results not shown) in-
dicate that conditions there would support combustion from shortly af-
ter drywell failure throughout the end of the calculated sequence.

It is beyond the scope of this paper to discuss the effect of com-
bustible gas burns in the reactor building cr refueling bay should they
occur. The CONTAIN code has been made operational on the ORKL CRAY com-
puter system and an input deck for the Browns Ferry secondary contain-
ment has been constructed. It is intended that the effect of combus-
tible gas burning will be included in future calculations.



' "' >nty in Corium/Concrete Interaction Calculations

The most important remaining area of uncertainty in Severe Accident
calculations for BWR MK I and MK II containments is the effect of the
corium/concrete interactions. The state-of-the-art code is CORCON MOD
2, developed at Sandia National Laboratories to replicate observed
experimental results for molten corium poured into concrete
crucibles. In general, the code maintains the corium in a roughly
cylindrical geometry, making allowances for the crucible cavity to be
eroded by both radial and downward attack. This approach is adequate
for PWR calculations and for BV/R MK III calculations in which a
cylindrical cavity underneath the reactor vessel in actuality would
catch the emergent corium in the event of a Severe Accident. It is not,
however, adequate for BWR MK I and MK II containment studies.

The model geometry employed in CORCON does not represent the rela-
tively flat BWR MK I or MK II drywell floor, nor does it permit a re-
alistic assessment of the effect of the corium, spread over the drywell
floor rather than collected in a cylindrical cavity. As shoi/n on Fig.
5, the volume within the reactor pedestal underneath the reactor vessel
in the MK I containment does appear to a cylindrical cavity when viewed
from the side. Nevertheless, as shown in the unwrapped view of the ped-
estal, there is one open doorway through the pedestal wall which has a
lower edge flush with the drywell floor. Therefore, while frozen corium
should be retained within the pedestal region, molten corium would be
expected to run out the doorway and spread over the annular drywell
floor outside of the pedestal wall.

To understand the disposition of corium on the drywell floor, it is
first necessary to consider the mode of ejection from the BWR reactor
vessel. More work needs to be done in this area, but current models em-
ployed at Oak Ridge in the MARCON 2.13 code represent the following se-
quence of events after the onset of severe core degradation.

Molten canister and control blade materials relocate onto the core
plate, causing increased steaming before core plate dryout. Steaming
then stops until core plate failure, which is assumed to occur when the
average temperature of the core plate and accumulated debris reaches
1275°F (964K). The debris then falls into the reactor vessel bottom
head. The remaining intact portions of the core are assumed to collapse
when the molten fraction of fuel reaches 50%. The remaining water in
the lower head is boiled away, resulting in bottom head dryout with an
accumulation of frozen debris at about 2iJ75°F (1630K). The debris
reheats, and penetration failure is assumed to occur at a debris
temperature of 2800°F (181 IK). The vessel depressurizes, and the
vessel pressure equalizes with the containment pressure. The corium
becomes liquidus after reheat to 3500°F (2200K) and the corium runs out
of the vessel.

The corium would first fall onto the drywell floor within the con-
fines of the reactor pedestal. About 13? of the volume of the total
core would be retained in the two drywell sumps that are located



immediate, • henoafi • K-. bottom of the reactor vessel, and there would
be an adn ••'• • .joling effect due to the interaction of the corium
with the ...r water. Thus the CORCON calculation begins with the corium
at a relatively low temperature. The metallic layer is molten but the
oxide layer is frozen. The frozen oxide would be expected to remain
within the pedestal area but the molten metallic portion should run out
the pedestal doorway onto the outer drywell floor. This lateral
separation of the metallic and the oxidic layers cannot now be
represented with CORCON.

There are additional chemical reactions that should be modeled in
CORCON for calculations in which the code is to be applied to BWR severe
accident analyses. The BWR corium would include a large amount of un-
reacted zirconium. The zirconium metal can reduce uranium dioxide to
uranium metal, thereby increasing the density of the metallic layer.
This effect is not included in CORCON. The BWR corium would also con-
tain boron carbide from the control rod powder. The chemical impact of
this has the potential to be significant, but is not modeled in CORCON.

Although the MARC.ON 2.1B models currently include representation
of a general core slump when a user-input fraction of the fuel has be-
come molten, other ORNL SASA program calculations using MELRPI indicate
that BWR corium would not leave the reactor vessel all at once. The
first release would comprise about half of the core, followed by a
continuous but relatively slow pouring of the remainder of the core over
a period of hours. CORCON does not permit a time-dependent release.

In the Station Blackout accident sequence, the reactor vessel would
have failed and the corium would be on the drywell floor at the time of
primary containment failure. The primary containment is expected to
fail by overpressure with the failure location in the drywell liner,
at the juncture of the cylindrical and spherical sections. ^ Steam and
gases escaping from the liner would enter the approximately 2-in. (5.08
cm) gap between the liner and the concrete shield and then pass Mirough
the many holes in the concrete shield into the reactor building. Thus,
after drywell failure, fission products present in the drywell atmo-
sphere can escape directly into the reactor building. As shown schemat-
ically in Fig. 6, fission products in the reactor building can, to a
small extent, leak to the surrounding atmosphere, but most of the flow
would be via blowout panels to the refueling bay and from the refueling
bay through blowout panels to the atmosphere.

Since the fission product release associated with the corium-
concrete interaction has the potential to bypass the pressure suppres-
sion pool, its relative importance on a per-unit weight basis is at
least two orders of magnitude greater than that of the fission product
releases during the period when the reactor vessel is intact. Ac-
cordingly, provision should be made to upgrade the CORCON code for BWR
applications. This is believed to be by far the single most important
remaining area of uncertainty in BWR Severe Accident Calculational Meth-
odology.
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Table 1. Composition of Peach Bottom and Browns Ferry concretes.
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0.019

0.020
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0.017
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Table 2. Total combustible gas production
to 25 hours after reactor scram for

Peach Bottom Station Blackout

Hydrogen

In-vessel 1,576 lbs ( 714 kg)
Drywell floor 1,494 lbs ( 678 kg)

Carbon Monoxide

In-vessel 2 lbs ( 1 kg)
Drywell floor 54,078 lbs (24,514 kg)



PSACH BOTTOM

Fig. 1. The refueling bay volume per unic reactor building volume
is three tines greater ac 3rown3 Ferry chan ac Peach 3occom.

Fig. Z. Fission produce cranspore pachvays for Peach BotCom
Station Blackout. The dryvell liner is predicted to fall shortly
afcer failure of the reactor vessel bottom head.



Fig. 3. Calculations lndlcace CnaL for Station Blackout at Brouns
Ferry, combustible gas burning could occur in the secondary containment
after primary containment failure If an ignition source i s available.
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Fig. 4. After primary concalnmenc failure, there is insufficient
oxygen in the Peach Botcon Reactor Building to permit combustible gas
burning during most of the remainder of the Station Blackout sequence.
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Fig. 5. Scruccure of che BUR MK I concainmenc and an unwrapped vlev
of che reactor pedescal, showing che doorway chac. in che event of a Severe
Accident, would permit exodus of the molten portions of che corlum onto the
general dryuell floor.

Fig. 6. After dryveil failure, sceam and gases in che drywell at-
mosphere can enter che secondary containment directly, wichouc passing
through che pressure suppression pool.


