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Abstract

This report summarizes the results from MELCOR calculations of severe accident
sequences in the ABWR and presents comparisons with MAAP calculations for the same
sequences. MELCOR was run for two low-pressure and three high-pressure sequences to
identify the materials which enter containment and are available for release to the envi-
ronment (source terms), to study the potential effects of core-concrete interaction, and
to obtain event timings during each sequence; the source terms include fission products
and other materials such as those generated by core-concrete interactions. Sensitivity
studies were done on the impact of assuming limestone rather than basaltic concrete and
on the effect of quenching core debris in the cavity compared to having hot, unquenched
debris present.
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1 Introduction

1.1 Background and Objectives

This report summarizes the results from MELCOR calculations of severe accident
sequences in the advanced boiling water reactor (ABWR) plant and presents comparisons
with MAAP calculations for the same sequences [1]. The program task was to run the
MELCOR code [2] for two low-pressure and three high-pressure sequences to identify
the materials which enter containment and are available for release to the environment
(source terms), to study the potential effects of core-concrete interaction, and to obtain
event timings during each sequence. The source terms include fission products and other
materials such as those generated by core-concrete interactions. All calculations, with
both MELCOR and MAAP, analyzed loss-of-cooling accidents in the ABWR plant.

The LCLP-PF-R-N and LCLP-FS-R-N sequences are accidents starting with a loss
of all core cooling and with vessel failure occurring at low pressure; the LCHP-PF-P-M,
LCHP-FS-R-N and LCHP-PS-R-N sequences also are accidents starting with a loss of all
core cooling but with vessel failure occurring at high pressure. In all these sequences, the
passive flooder automatically floods the lower drywell. The containment is depressurized
as planned through a relief rupture disk, except in the LCHP-PF-P-M sequence where
containment leakage occurs through movable penetrations. In the LCLP-FS-R-N and
LCHP-FS-R-N sequences, the firewater spray provides additional containment cooling; in
the LCHP-PS-R-N sequence, the drywell spray provides additional containment cooling.
Since all of these accident sequences progressed through core melt, core slumping, reactor
vessel failure, and ex-vessel core-concrete interaction, they provided a good test of the
ability of MELCOR to simulate integrated accidents that progressed to the point of
radionuclide release to the containment or environment.

This report is designed to satisfy the documentation requirements of Task 3.1 in the
“Severe Accidents and Containment Performance in Evolutionary and Passive LWRs”
Project performed for the U.S. Nuclear Regulatory Commission (NRC) by Sandia Na-
tional Laboratories (SNL) under FIN L-1632. The purpose of the report is to compare the
results of five MAAP analyses of ABWR accident sequences carried out by GE with anal-
yses of the same accident sequences using MELCOR, and to provide sensitivity studies
on core-concrete interaction for selected sequences.

Note that this task did not include developing a MELCOR deck for the current ABWR
plant design but instead relied on using an ABWR MELCOR input deck developed by
Brookhaven National Laboratory and reviewed by Sandia some years ago [3], under FIN
A-1392. That plant deck has not been reviewed against the current ABWR plant design;
a few design changes have been identified during the course of this work as noted in the
text, but it is recognized that other elements of the BNL ABWR MELCOR model also
may not reflect the current ABWR plant design exactly.

moa—



1.2 MELCOR

MELCOR [2] began development in 1983 as a fully integrated, engineering-level com-
puter code that models the progression of severe accidents in light water reactor nuclear
power plants. MELCOR is being developed at Sandia National Laboratories for the U.S.
Nuclear Regulatory Commission as a second-generation plant risk assessment tool and
the successor to the Source Term Code Package [4]. The entire spectrum of severe ac-
cident phenomena, including reactor coolant system and containment thermal-hydraulic
response, core heatup, degradation and relocation, and fission product release and trans-
port, is treated in MELCOR in a unified framework for both boiling water reactors and
pressurized water reactors. MELCOR has been especially designed to facilitate sensitiv-
ity and uncertainty analyses. Its current uses include estimation of severe accident source
terms and their sensitivities and uncertainties in a variety of applications.

The newest version of MELCOR, MELCOR 1.8.2 (or 1.8NM), was released in May
1993. The ABWR analyses documented in this report were carried out with a slightly
modified, later version (1.8NX).

(This report assumes a reader having some familiarity with MELCOR terminology
and capabilities. For those with little or no previous experience with MELCOR, [2] is
recommended as a good introduction and source of background information.)

1.3 Organization of Report

Section 2 contains a brief description of the overall ABWR plant design and of some
features of particular interest to the sequences being analyzed. The five accident se-
quences being simulated are summarized briefly in Section 3. Section 4 describes the
MELCOR input model for the ABWR plant. Results of the MELCOR calculations,
along with comparisons to the MAAP results, are presented in Section 5, for each of
the accident sequences. Section 6 gives results from sensitivity studies on core-concrete
interaction, while Section 7 contains a brief summary and conclusions.




2 Plant Description

The Advanced Boiling Water Reactor (ABWR) represents the next generation of light
water reactors (LWRs) to be introduced into commercial operation in the 1990s. The
ABWR is the result of continuing evolution of the BWR, incorporating state-of-the-art
technology and improvements, and extensive design and test and development programs.

A general description of the ABWR plant design is provided in the first portion of
this section; that overall description is taken mostly from [5] and [6]. The rest of this
section gives descriptions of several systems important to the sequences being simulated,
taken mostly from [1].

2.1 Overall Plant and Core Design

The reactor thermal output is 3926Mw(th) which provides for a turbine-generator
gross output in excess of 1356Mw(e). The reactor core consists of 872 fuel bundles
opera.ing at a power density of 50kw/liter. Recent fuel improvements include fuel rods
with a zirconium barrier liner, axial variation of enrichment and gadolinia (Gd-absorber),
high fuel exposure, minimal control cells, no shallow control rods and no rod pattern
exchanges.

The ABWR development focused on an optimized selection of advanced technologies
and proven BWR technologies. The new features are intended to provide improvements in
construction schedules, reduced maintenance requirements, reduced radiation exposure,
and to provide plant operation improvements and increased safety.

The ABWR design is being applied by the Tokyo Electric Power Co., Inc., as Units
6 and 7 at its Kashiwazaki-Kariwa site in Japan. Construction is scheduled for the early
1990s, and commercial operation planned for 1996.

2.2 Reactor Assembly

The reactor assembly (Figure 2.2.1) utilizes a standard BWR reactor pressure vessel
configuration. The greatest change in the ABWR vessel from previous BWR designs is
the elimination of the external recirculation piping due to the incorporation of internal
pumps for reactor coolant recirculation. The reactor pressure vessel (RPV) is ~7m
in diameter and 21m in height. The reactor vessel height and total volume have been
minimized, which results in reduced volume requirements for the containment and reactor
building. The vessel is of standard BWR vessel design except for two items. The annular
space between the RPV shroud and the vessel wall is increased to permit the positioning
of the 10 internal pumps used for recirculation flow; also, the standard cylindrical vessel
support skirt has been changed to a conical skirt to permit the use of the internal pumps.
All large pipe nozzles to the vessel below the top of the active fuel have been eliminated;
this improves the safety performance during a postulated loss-of-coolant accident (LOCA)
and allows for decreased ECCS capacity.
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2.3 Emergency Core Cooling

The Emergency Core Cooling System (ECCS) and the Residual Heat Removal (RHR)
system both incorporate three redundant and independent divisions. The design of the
reactor pressure vessel, with the deletion of the external recirculation loops and with no
large pipe nozzles in the core region, allows for a reduced-capacity ECCS. The ECCS
network has each of the three divisions having one high pressure and one low pressure
inventory makeup system. The high pressure configuration consists of two motor driven
High Pressure Core Flooders each with its own independent sparger discharging inside
the shroud over the core and the Reactor Core Isolation Cooling (RCIC) system which
has been upgraded to a safety system. The RCIC has the dual function of providing high
pressure ECCS flow following a postulated LOCA, and also providing reactor coolant
inventory control for reactor isolation transients. The RCIC, with its steam turbine
driven power, also provides a diverse makeup source during loss of all A-C power events.
The lower pressure ECCS for the ABWR utilizes the three RHR pumps in the post-
LOCA core cooling mode. These pumps provide Low Pressure Flooding and are labelled
LPFL. The ECCS pumps provide core makeup over the full pressure range. For smal!
LOCAs that do not depressurize the vessel when high pressure makeup is unavailable,
an Automatic Depressurization System (ADS) actuates to vent steam through the safety
relief valves to the suppression pool, thus depressurizing the vessel and allowing the LPFL
pumps to provide core coolant.

The RHR system has a dual role of providing cooling for normal shutdown and also
for providing core and containment cooling during LOCAs. The ABWR RHR systems
can achieve core and suppression pool cooling simultaneously since, in the core cooling
mode, the flow from the suppression pool passes through the heat exchanger in each of
the three divisions of the RHR system.

2.4 Containment and Reactor Building

For the ABWR the containment design is of the pressure suppression type with a
covered suppression pool. The cylindrical design is a simple shaped concept that is the
same as the Mark III drywell design. Shown in Figure 2.4.1, it is a lined, reinforced
concrete structure, and the concrete walls of the cylindrical containment structure have
been fully integrated with the reactor building from a structural design standpoint; the
annular top slab of the drywell also is integrated with the upper pool girders that run
across the building and have direct connections with the building’s outer walls. The
pressure-retaining concrete wall of the RCCV is lined with leak-tight steel plate.

The upper drywell encloses the reactor, and the process lines and valves of the re-
actor coolant system. The lower drywell, located under the reactor vessel, is used for
installation and maintenance of the internal pump motors and their heat exchangers,
and the control rod drives. Piping and cables are arranged inside and lead out of this
space. Personnel and equipment access are provided by hatches in the upper drywell and
through tunnels in the lower drywell.
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The wetwell provides a vapor space, initially filled with nitrogen, and a pool to sup-
press the steam from a postulated LOCA. Multiple horizontal vents, derived from the
Mark III containment design, discharge the vessel blowdown steam-water mixture and
the nitrogen from the drywell to the wetwell pool. The steam is condensed, and the
fission products are scrubbed and retained in the pool.

The ABWR design has a reactor building volume of approximately 167,000m3.

The structural integration takes advantage of both the containment and the reactor
building to carry dynamic and shear loads and thus reduce the overall size and thickness
of the supporting walls. The reactor building has been separated into three quadrants to
provide separation for the three division of the safety systems (described in Section 2.3).
The reactor pedestal has been revised to support the drywell diaphragm floor, connect the
access tunnels to the under-vessel area, contain the horizontal vent system and provide
connecting vents between the lower and upper drywell.

2.5 Passive Flooder

The passive flooder system automatically opens a connection between the suppression
pool and the lower drywell region when the temperature of the lower drywell vapor
space reaches 533K. This serves to keep the core debris temperature low, minimizing
core-concrete interaction and preventing radiation heat transfer from the debris to the
containment structures and atmosphere. The passive flooder system is designed to cause
the lower drywell to be flooded when there is no water overlying core debris in the cavity.
If there is no overlying water pool, the core debris will heat up and melt the fusible
plug material in the valve; if there is water overlying the debris pool, the lower drywell
atmosphere will not heat up sufficiently to cause the passive flooder to open. (Because
the firewater addition system is expected to operate in most of the accident sequences,
the passive flooder is considered a passive backup system not needed in the majority of
accidents.)

2.6 Containment Overpressure Protection System (COPS)

The Containment Overpressure Protection System (COPS) is part of the atmospheric
control system and consists of two 8in-diameter overpressure relief rupture disks mounted
in series on a 14in line which connects the wetwell vapor space to the stack. By engi-
neering the release point in the wetwell vapor space, escaping fission products are forced
through the suppression pool; any fission product release to the environment is greatly
reduced by the scrubbing provided by the suppression pool.

A rupture disk setpoint of 0.72MPa (90psig) at 366K (200°F) was used. The 8in-
diameter rupture disk is sufficient to allow 35kg/s of steam flow at this opening pressure.
The rupture disk is not expected to be called upon until about 20hr after scram for most
severe accidents.



Table 2.7.1. ABWR Containment Movable Penetration Leakage Areas

Pressure Leak Area
(psig) (MPa) (in?) (cm?)
0 0 0 0
45 0.41 0 0
52 0.46 0 0
60 0.52 1.23  7.94
70 058 277 17.87
80 0.65 431 28.61
90 0.72 585 37.74
100 0.79 7.39 47.68
110 0.86 893 57.61
120 093 10.47 67.55

In the absence of the COPS, unmitigated over-pressurization of the containment will
result in failure of the drywell head for most severe accident scenarios; however, some
high-pressure core melt sequences result in fission product leakage through the movable
penetrations in the drywell rather than drywell head failure. Failure pressure of the
drywell head was assumed to be equal to its media ultimate strength, 1.025MPa (134psig).

Most accident sequences show large differences in releases between drywell head failure
and COPS cases.

2.7 Containment Movable Penetrations

The ultimate pressure capability of the containment is limited by the drywell upper
head, and the postulated failure mechanism being the plastic yield of the torispherical
dome. The pressure capability is 1.025MPa at 533K (134psig at 500°F), reduced to
0.93MPa at 644K (120psig at 700°F). At the capability pressure, liner failure which may
lead to leakage is not expected to occur. Prior to containment failure there may be some
leakage through large operable penetrations. Leakage through fixed mechanical and elec-
trical penetrations is negligible compared to leakage through large operable penetrations
such as the drywell head, equipment hatches and personnel airlocks. Assuming no sealing
action from degraded seals above 533K (500°F), the estimated total leakage areas before
the capability pressure is reached are given in Table 2.7.1.

2.8 Drywell Spray

The drywell sprays are one function of the residual heat removal (RHR) system, de-
scribed in Section 2.3. The drywell sprays keep the upper drywell cool during severe acci-



dents, preventing degradation of penetration seals to avoid leakage through the movable
penetrations and fission product release to the environment below the pressure capacity
of the containment. Because the upper drywell drains into the suppression pool, the use
of the drywell sprays will not keep the temperature in the lower drywell from increasing;
therefore, the passive flooder will open when the lower drywell becomes sufficiently hot.

2.9 Firewater Spray

A firewater addition spray function is available as a backup to the RHR drywell
spray (described in more detail in Section 2.8). Used in spray mode the firewater system
adds external water Lo the containment, increasing the thermal mass of the system, and
the firewater system provides cooling of the upper drywell region. The spray system is
operated if vessel failure has occurred, as determined by the drywell temperature and
inability to maintain water level in the vessel. The firewater spray causes the pressure
and the temperature of the upper drywell to decrease rapidly. When the water level in
the suppression pool reaches the level of the bottom of the vessel, the firewater system
is turned off, and turned on again intermittently as needed to keep the temperature
from exceeding 533K. (If drywell head failure occurs, the firewater spray system is to be
restarted; this causes any fission product aerosols to agglomerate onto the spray droplets,
reducing fission product release to the environment.)



3 Accident Sequences

The accident sequences analyzed with MELCOR and documented in this report are
described using the nomenclature defined in the ABWR SSAR [1]. A complete accident
sequence is designated by an eight character identifier. The first four characters indicate
the general conditions of the accident. The next two characters are used to identify
any mitigating systems used to prevent or reduce the release of fission products to the
environment. The seventh character indicates the mode of containment failure and fission
product release, and the eighth character reflects the expected magnitude of that release,
as calculated by MAAP. Results for a number of accident sequence analyses done using
the MAAP code are presented in the ABWR SSAR. A limited subset of these accident
scenarios has been analyzed using the MELCOR code, as described in this report.

3.1 LCLP-PF-R-N Sequence

This accident sequence is a loss of all core cooling (“LC”) with vessel failure occur-
ring at low pressure (“LP”), i.e., the ADS system is assumed to work as specified. The
passive flooder system (“PF”) is the only safety system in this case; it automatically
opens a connection between the suppression pool and the lower drywell region when the
temperature of the lower drywell vapor space reaches 533K, as described in Section 2.5.
The containment overpressure system (COPS) relief rupture disk in the wetwell vapor
space is assumed to open as designed (“R”), as described in Section 2.6, providing the
mechanism whereby fission products may be released from the containment to the envi-
ronment after pool scrubbing. The magnitude of release to the environment predicted
by MAAP for this severe accident scenario is negligibl> (“N”), i.e., <100% of the noble
gases and <0.1% of the volatile fission products.

3.2 LCLP-FS-R-N Sequence

This accident sequence also is a loss of all core cooling (“LC”) with vessel failure oc-
curring at low pressure (“LP”), i.e., the ADS system is assumed to work as specified. The
firewater system is used in spray mode (“FS”) to add external water to the containment,
increasing the thermal mass of the system and providing cooling of the upper drywell
region (as described in Section 2.9). This is in addition to the passive flooder opening
to pour water from the suppression pool into the lower drywell cavity. The containment
overpressure system (COPS) relief rupture disk is asstraed to open as intended (“R”),
providing the mechanism whereby fission products may be released from the containment
to the environment. The magnitude of release predicted by MAAP is negligible (“N”),
i.e., <100% of the noble gases and <0.1% of the volatile fission products.
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3.3 LCHP-PF-P-M Sequence

This accident sequence again is a loss of all core cooling (“LC”) with vessel failure
occurring at high pressure (“HP”). In this case, the passive flooder (“PF”) is the only
mitigating system assumed to operate (as in the corresponding low-pressure sequence,
LCLP-PF-R-N). However, in this sequence leakage through movable penetrations in the
drywell (“P”) is assumed to occur when the atmosphere temperature exceeds 533K and
the pressure exceeds 0.515MPa, as described in Section 2.7. Medium (“M”) release of
fission products is predicted by MAAP for this scenario, 7.e., <100% of the noble gases
and <10% of the volatile fission products.

3.4 LCHP-FS-R-N Sequence

This accident sequence also is a loss of all core cooling (“LC”) with vessel failure
occurring at high pressure (“HP”). The firewater addition spray function (“FS”) is used
as a mitigating system in addition to the passive flooder opening. As in the corre-
sponding low-pressure sequence, LCLP-FS-R-N, the containment overpressure system
(COPS) relief rupture disk is assumed to open as intended (“R”), providing the mecha-
nism whereby fission products may be released from the containment to the environment
only after scrubbing through the suppression pool. The magnitude of release predicted
by MAAP is negligible (“N”), i.e., <100% of the noble gases and <0.1% of the volatile
fission products.

3.5 LCHP-PS-R-N Sequence

This accident sequence is a loss of all core cooling (“LC”) with vessel failure occurring
at high pressure (“HP”), i.e., the ADS system does not depressurize the primary system
prior to vessel failure. In this case, the passive flooder and drywell spray (”PS”) both
operate. The drywell sprays are one function of the residual heat removal (RHR) system,
described in Section 2.8. As in the two LCLP sequences, the containment overpressure
system (COPS) relief rupture disk is assumed to open as designed (“R”), providing
the mechanism whereby fission products may be released from the containment to the
environment. The magnitude of release predicted by MAAP is negligible (“N”), i.e.,
<100% of the noble gases and <0.1% of the volatile fission products.

11



4 MELCOR Input

The MELCOR ABWR input model consists of 11 control volumes (6 for the primary
system, 4 for the containment and 1 for the environment), 21 flow paths, 35 heat struc-
tures, and a 52-cell core. The primary and containment system nodalizations are shown
in Figures 4.1 and 4.2, respectively.

All control volumes were specified to use nonequilibrium thermodynamics and were
specified to be vertical volumes; all heat structures used the steady-state temperature-
gradient self-initialization option. Detailed volume-altitude tables and junction flow seg-
ments were used to correctly represent subcomponents in and between the major com-
ponents modelled.

Junctions were defined to be either normal vertical flow paths or normal horizontal
flow paths as determined by the system geometry. All area changes were explicitly
modelled using flow path segments, and loss coefficients for all elbows, bends, plenum
inlets and outlets, etc., derived from the basic facility geometry using standard formulae
were input. Flow path opening heights were based on pipe diameters for horizontal
junctions, while the opening heights used on vertical flow paths (primarily within the
vessel) were generally set to small values (e.g., ~2-3in).

The heat structures were generally specified to use the “internal” set of heat transfer
coeflicient correlations on the inside of most heat structures, with the heated equivalent
diameter input as the characteristic length; on their outside surface, most of the heat
structures were specified to use the “external” set of heat transfer coefficient correlations
with the heat structure length or height input as the characteristic length. The critical
pool fractions for heat transfer to pool and to atmosphere both were set to 0.50, for
most of the heat structure surfaces; radiation heat transfer using the gray gas model was
enabled with emissivities of 0.7 or 0.9, and mean free paths set to various values.

The primary system (¢.e., the reactor pressure vessel) was represented by six control
volumes: one each for the downcomer, the lower plenum, the upper plenum and steam
separators, the steam dome and the core and bypass channels; the vessel model is depicted
in more detail in Figure 4.1, with flow paths and heat structures shown. (The core
model is discussed separately later in this section.) The recirculation loop piping was
not modelled explicitly for these calculations, because it was assumed that circulation
within the recirculation piping would not significantly affect the boiloff results. Flow
paths internal to the vessel model are used for the channel and bypass inlets and outlets,
for flows from the upper plenum to the steam dome and to the downcomer, to model a
liquid return path from the separator to the downcomer and to model the 10 internal
recirculation pumps from the downcomer to the lower plenum. Other flow paths connect
the primary system model to the containment model, representing the steam line SRV
from the steam dome to the suppression pool, the vessel breach from the lower plenum to
the lower drywell cavity, and control rod drive (CRD) seal leakage from the lower plenum
to the lower drywell cavity.
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Figure 4.2 highlights the MELCOR input model for the containment. Control volumes
initially filled with nitrogen model the upper drywell, the lower drywell (the cavity), the
wetwell and suppression pool, and the drywell connecting vent and suppression pool
vents. Flow paths internal to the containment include between both the upper and the
lower drywell and the connecting vents, the suppression pool return path (i.e., overfow
to the pedestal), and the top, middle and bottom suppression pool vents. Valved fiow
paths internal to the containment include the wetwell/drywell vacuum breakers, and ihe
passive floode. which opens as soon as the lower drywell temperature exceeds 533K; the
containment vents to a constant- temperature and -pressure environment, either through
the COPS rupture disk in the wetwell at the specified failure pressure of 0.72MPa (90psig)
or through leakage from penetration seal failure in the upper drywell (with a defined area
vs pressure after reaching temperature).

The ABWR core nodalization, a separate model from the control volumes listed
above, consists of 52 core cells divided into 4 radial rings and 13 axial levels. Axial levels
1 through 5 model the lower plenum, including the core support plate in level 5; levels 7
through 12 make up the active core region, while levels 6 and 13 represent non-fueled core
regions. Figure 4.3 illustrates the reactor core nodalization used. The four rings contain
equal amounts of the active fuel material, with equal areas in the inner three rings and a
larger (open to flow) area in the outermost ring. The axial levels containing fuel (levels
7 through 12) are equal in height, with shorter non-fueled bordering levels; the height of
axial level containing the core support plate is the thickness of that plate, and the lower
plenum noding uses shorter axial levels adjacent to the core plate and adjacent to the
lower head, with a larger level in the middle of the lower plenum.

Table 4.1 gives the masses of UO,, Zircaloy, stainless steel and control rod poison
(CRP) material present in the core and lower plenum, available for melt and relocation.

The initial core state is illustrated in Figure 4.4 for the innermost ring in the MELCOR
ABWR core model; the materials and their distribution in all four rings are identical at
the state of the analysis. For a given ring, in such core material component mass figures,
the various materials in the MELCOR “fuel/clad” component are shown in the plot in
the upper left, while the materials in the MELCOR “canister” component are shown in
the plot in the upper right; materials in the MELCOR “other-structure” component are
shown in the lower left, while the materials calculated to be in the “particulate debris”
component (none at the start of the transient) are seen on the lower right. (Refer to [2]
for an explanation of these MELCOR components, if necessary.) The “elevation” used
as the ordinate in these core state figures is the same as the core level elevations shown
in Figure 4.3, with the core support plate just above 5m, the lower plenum between 0
and 5m, and the active fuel region from >5m to >9m. The fraction of each core cell
occupied by any given material is shown.

Radiation view factors were set to 0.64 for radiation from the canister wall to the
fuel rod clad, to 0.94 for radiation from “other structure” (e.g., control blades) to the
adjacent canister wall, to 0.14 for radiation radially outward from a core cell boundary
to the next adjacent cell, to 0.05 for radiation axially upward from a cell boundary to
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Table 4.1. Core Initial Material Masses

Material Mass (kg)
Active Fuel Region
U0, 171,600
Zircaloy (Clad) 42,979
Zircaloy (Canister) 31,800
Steel 33,034
CRP 947.5
Core Support Plate
Steel 11,586
Lower Plenum
Steel 47,746
Total
U0, 171,600
Zircaloy 74,779
Steel 92,366
CRP 947.5
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the next adjacent cell, and to 0.96 for radiation between the liquid pool and the core
components.

Candling heat transfer coefficients and secondary material transport, minimum intact
oxide shell thicknesses, and core plate and lower head penetration failure temperatures
were all kept at default values, The heat transfer coefficients from debris to the lower head
and to penetrations in the lower head were reduced from a default value of 1000w /m?-K
to 500w/m?2-K. The new debris radial relocation model is enabled by default in MELCOR
1.8.2 and was therefore used in all these ABWR calculations; the new material eutectic
interactions model in MELCOR 1.8.2 is not enabled by default and was not used for
these ABWR calculations.

The cavity model used in these MELCOR calculations is presented in Figure 4.5. The
cavity was specified to have an internal depth and radius of 3.0m and 5.3m, respectively;
the concrete is 1.7m thick on the sides and 2m thick below the cavity. (Note that in the
current ABWR plant design, the cavity consists of 1.5m of concrete above a liner with
another 3m of concrete below; that was not known or changed before these calculations
were done.) The surface of the concrete basemat is initially 11.55m below the bottom of
the vessel (which is taken as 0 reference elevation.) The MELCOR default composition
for basaltic concrete was used, with an added steel (i.e., Fe) mass fraction of 0.095
representing the rebar in the concrete. Non-standard input was used to disable the
treatment of chemical reactions involving concrete oxides, to avoid numerically-induced
“layer flipping” problems (as discussed in more detail in Section 6.3).

In the low-pressure LCLP sequence analyses discussed in Sections 5.1 and 5.2, all of
the debris lost from the core simply fell directly into the cavity. In the high-pressure
LCHP analyses, in contrast, the potential exists for high-pressure melt ejection (HPME)
to disperse core debris throughout containment, with direct containment heating (DCH)
possible. The MAAP analyses assumed that "the initial discharge of corium and water
from the lower plenum is entrained by the steam from the vessel into the upper drywell
and wetwell because the vessel fails at high pressure” [1]. MELCOR calculations were
done with and without high-pressure debris dispersal assumed, and the results showed
that it was necessary to assume some hot core debris entrained into the upper drywell for
the upper drywell to heat up sufficiently (to 533K) for penetration leakage to occur (as
discussed in more detail in Section 5.3. However, the amount of debris entrained into the
upper drywell must be limited so that in the high-pressure sequences with spray injection
(discussed in the next two subsections) the sprays can cool the drywell sufficiently that
that failure temperature is not reached. Also, the high-pressure melt ejection and associ-
ated direct containment heating must be benign enough not to pressurize containment to
the rupture disk setpoint immediately upon vessel failure and HPME/DCH interactions.

The debris distribution and interaction times used in these MELCOR ABWR analyses
are not necessarily “correct”; they simply satisfy these constraints. The reference case
input used for the high-pressure sequence analyses specified 70% of the HPME debris to
end up in various containment control volume atmospheres, where it could then result in
direct containment heating (35% in the cavity volume, 25% in the upper drywell volume,
and 10% in the wetwell volume). The remaining 30% of HPME debris was specified to
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settle directly into the cavity (with no direct containment heating along the way), and
none was specified to adhere directly onto various heat structures in the containment.
The characteristic interaction times for airborne-debris oxidation and heat transfer were
set to 5s in the lower drywell, 50s in the upper drywell and 25s in the wetwell control
volumes, while the characteristic settling time for airborne debris was set to 25s in all
three volumes; the characteristic interaction time for oxidation of deposited debris was
set to 1800s for all heat structures; these time constants represent a relatively slow and
extended DCH transient in the containment atmosphere, and very slow residual oxidation
of debris on structures.

The default classes in the MELCOR RN and DCH packages were used, with the
addition of CslI as Class 16. Table 4.2 contains a list of the MELCOR fission product
material classes, including the total radioactive mass inventory of each class initially
present; a small fraction of these were specified to be in the gap rather than in the fuel.
(The numbers in parentheses for Classes 2, 4 and 16 are the masses of those radionuclide
classes initially present if all available I in the fuel is assumed to bind with Cs to form

Csl; in this case, there is no free mass of 12 formed, and the available mass of Cs to form
CsOH is slightly reduced.)

All these MELCOR calculations were done using the CORSOR-M fission product
release release model [7], without a modifying surface-volume ratio (S/V) term. Most of
our ABWR analyses also were done specifying one MAEROS component (the default),
with the default number of and diameter bounds for aerosol distribution :ize bins.

A large number of control functions (435) were used to track the source term release
and subsequent distribution, to determine timing and flow of various spray systems, and
to adjust valves and breaks as required. In particular, control functions were used to track
the total and radioactive masses of each class 1) released from the intact fuel and/or debris
in the vessel (either in the core, the bypass or in the lower plenum), 2) released from the
debris in the cavity, 3) remaining in the primary system (i.e., the reactor vessel), 4) in
the containment, and 5) released to the environment. Those control functions provided
time- dependent source term release and distribution data for subsequent postprocessing
in a form more convenient for analysis and evaluation.

Spray package input is used for several of the sequences analyzed. The firewater spray
used in the LCLP-FS-R-N and LCHP-FS-R-N sequences is represented as a 0.08333m3/s
(83.331/s or 1321gpm) flow of 300K (80°F) water into the upper drywell, turned on and
off as required by a set of control functions modelling the firewater spray actuation logic
summarized in Section 2.9. (The actual rate for the current ABWR design should be
0.04-0.06m3/s.) The drywell spray used in the LCHP-PS-R-N sequence is modelled as a
0.22854m3 /s (228.541/s or 3623gpm) flow of water into the upper drywell, recirculated
from the wetwell suppression pool at the suppression pool temperature, starting at 4hr.

The user-input maximum time step in all these MELCOR ABWR calculations was 3s
from 0 to 2000s, increased to 5s in the 2000s to 36,000s (10hr) interval, increased again
to 10s from 36,000s to 108,000s (50hr), and then set to 25s after 108,000s.
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Table 4.2. Radionuclide Classes and Initial Inventories

Class

Name

Noble Gases
Alkali Metals
Alkaline Earths
Halogens
Chalcogens
Platinoids
Early Transition Elements

Tetravalents
Trivalents

Uranium
More Volatile Main Group
Less Volatile Main Group
Boron
Water
Concrete

Csl

Representative
Element

Xe
Cs
Ba
I
Te
Ru
Mo
Ce
La

U
Cd
Sn
B
H,0

Csl

Member

Elements

He, Ne, Ar, Kr, Xe, Rn,H, N
Li, Na, K, Rb, Cs, Fr, Cu
Be, Mg, Ca, Sr, Ba, Ra, Es, Fm
F, Cl, Br, [, At
0, S, Se, Te, Po
Ru, Rh, Pd, Re, Os, Ir, Pt, Au, Ni
V, Cr, Fe, Co, Mn, Nb, Mo, T¢, Ta, W
Ti, Zr, Hf, Ce, Th, Pa, Np, Pu, C
Al Sc, Y, La, Ac, Pr, Nd, Pm, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu, Am, Cm, Bk, Cf
U
Cd, Hg, Zn, As, Sb, Pb, T1, Bi
Ga, Ge, In, Sn, Ag
B,Si, P
H-0

Csl

Initial Radionuclide
Mass (kg)

508.179
294.085 (270.062)
297.426
22.9386 (0)
44.7008
336.433
384.271
650.908
625.813

145,082

1.54139

9.41071
0

0 (46.96186)




Note that this task did not include developing a MELCOR deck for the current ABWR
plant design but instead relied on using an ABWR MELCOR input deck developed by
Brookhaven National Laboratories and reviewed by Sandia some years ago [3], under
FIN A-1392. That plant deck has not been reviewed against the current ABWR plant
design. A few design changes have been identified during the course of this work. The
concrete type in the BNL ABWR MELCOR deck was limestone; that has been changed
to basaltic. As noted above, the cavity in the BNL ABWR MELCOR model was specified
to have 2m of concrete while, in the current ABWR plant design, the cavity consists of
1.5m of concrete above a liner with another 3m of concrete below; that was not known
or changed before these calculations were done. Also, the firewater spray injection rate
in the BNL ABWR MELCOR deck was somewhat higher than for the current ABWR
design; that was not known or changed before these calculations were done. It is possible
that other elements of the BNL ABWR MELCOR model also may not reflect the current
ABWR plant design exactly.
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5 MELCOR Results and Comparisons with MAAP

5.1 LCLP-PF-R-N Sequence

The initiating event for this sequence is a Main Steam Isolation Valve (MSIV) closure,
followed by reactor scram. The feedwater is conservatively assumed to trip, with a
coastdown of 5s. Four of the reactor internal pumps trip on high vessel pressure. The
safety relief valves (SRVs) cycle open and closed to relieve the steam pressure. As the
water level falls, the remainder of the reactor internal pumps trip on low level. The ECC
injection systems are assumed to fail.

The sequence of events, which includes passive flooder and containment rupture disk
opening, predicted by MELCOR for this accident is given in Table 5.1.1, with the timings
of the various events as calculated by MAAP (taken from Table 19E.2-5 in [1]) included
for comparison.

The swollen and collapsed liquid levels predicted by MELCOR in the vessel control
volumes are given in Figure 5.1.1. Within 40min after accident initiation, decay heat has
been sufficient to lower the water level in the channel control volume to two-thirds core
height, as shown in Figure 5.1.1, and one SRV opens to provide steam cooling; this is
calculated to occur slightly later in the MELCOR analysis than in the MAAP analysis
(0.4hr~24min). The vessel blows down rapidly, as illustrated by the primary system
pressure history presented in Figure 5.1.2, while the fuel heats up and begins to melt.

The primary system pressures calculated by MELCOR and by MAAP for this se-
quence are compared in Figure 5.1.2. (The MAAP result is taken from Figure 19E.2-2A
in [1].) The results are qualitatively identical, with the exception of some timing shifts.
The early-time pressure drop in the MELCOR analysis is slightly later than in the MAAP
calculation, reflecting the difference in core uncovery and consequent SRV opening, but
the vessel is predicted to depressurize at the same rapid rate to near the containment
pressure in both calculations. The subsequent primary system pressure is controlled by
the containment response, discussed in more detail later in this section.

The core plate and lower head are not predicted to fail immediately after core uncovery
is completed; core uncovery is complete at about lhr, while core plate failure and lower
head penetration failure are first calculated to occur at 3.3hr. Between those times, the
core is maintained in a degraded configuration by steam cooling from boiling off water
in the lower plenum.

Figure 5.1.3 shows core clad temperatures in the various axial levels in the active
fuel region for each of the four radial rings used in the MELCOR core model (shown
schematically in Figure 4.3). Figure 5.1.4 gives core particulate debris temperatures in
the same axial levels, in the active fuel region, for each of the four radial rings used in
the MELCOR core model. Core particulate debris temperatures in the five axial levels
in the lower plenum (with the core support plate in level 5) are presented in Figure 5.1.5,
for each of the four radial rings in the MELCOR core nodalization.
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Table 5.1.1. Sequence of Events Predicted by MELCOR for LCLP-PF-R-N

Sequence, Compared to MAAP

Event

MAAP
Accident initiation (MSIV Closure) 0.0
Reactor scrammed 4.2

Core uncovery begins
Water level at 2/3 core height; 1 SRV open  0.4hr
Clad failure/Gap release
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Core plate failed
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Vessel bottom head failed 1.8hr
Vessel LH penetration failed
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Commence debris ejection
Water in lower drywell boiled off 2.7hr
Passive flooder opens 5.4hr
Rupture disk opens 20.2hr
Concrete ablation >2m
End of calculation 100hr

Time

MELCOR
0.0

1,626.1s (0.45hr)
2,350.7s (0.65hr)

2,980.7s (0.83hr)
3,825.1s (1.06hr)
4,548.9s (1.26hr)
6,731.0s (1.87hr)

11,818.0s (3.28hr)
14,838.4s (4.12hr)
15,303.8s (4.25hr)
21,586.3s (6.00hr)

11,933.5s (3.31hr)
11,938.0s (3.32hr)
11,939.5s (3.32hr)
11,948.2s (3.32hr)
11,933.5s (3.31hr)
~22,470s (6.2hr)
22,473.7s (6.24hr)
52,931.5s (14.70hr)
150,967s (41.94hr)
150,967s (41.94hr)
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The majority of material in the active fuel region (i.e., above the core support plate)
heats up without interruption through melt and relocation to debris formation. Most of
the fuel and clad in the innermost, highest-powered ring have collapsed into a debris bed
by lhr, and all the fuel and clad in the innermost, highest-powered ring have collapsed
into a debris bed by 1.5hr. Most of the fuel and clad in the middle two rings have
collapsed into a debris bed by 1.25-1.5hr, and all the fuel and clad in those middle two
rings have collapsed into a debris bed by 2.25-2.75hr. Most of the fuel and clad in the
outermost, lowest-powered ring have collapsed into a debris bed by 2.25hr, and all the
fuel and clad in that outermost, lowest-powered ring have collapsed into a debris bed by
3.75hr. The debris beds formed remain held in the active fuel region for several hours by
the core support plate and by support structures in the lowermost, non-fueled level in the
active fuel region (:i.e., level 6), as illustrated in the debris temperatures in Figure 5.1.4.

The temperatures calculated for the core support plate (¢.e., the “other structure” in
level 5) are given in Figure 5.1.6. The core support plate begins 10 heat up as soon as
the bottom of the core is uncovered, at 1hr, and then heats up at a generally steady, slow
rate due to conduction and/or radiation heat transfer from the hot debris in the active
fuel region levels above the core plate. The core support plate first fails at 3.3hr, in the
innermost ring where the debris was hottest. When the core support plate fails, some
debris falls through the core support plate into the lowest lower plenum level, just above
the lower head, as indicated by the debris temperatures given in Figure 5.1.5.

The core support plate in the innermost ring failed by reaching the failure criterion of
1273K at 11,818s (3.28hr), allowing any particulate debris and remaining intact material
in the active fuel region and core plate level to fall through into the lower plenum. The
lower head surface and penetration temperatures are presented in Figure 5.1.7. The
temperature of the lower head penetrations in all four rings quickly rose well above the
weld failure temperature of 1273K. The penetrations failed and vessel breach occurred at
11,933.5s (3.31hr) in this MELCOR calculation; this compares to an carlier vessel failure
time of about 2hr after transient start in the MAAP analysis. The core support plate
in the other three rings failed 1 to 3hr later. This relatively long time delay is largely a
result of the new debris radial relocation model allowing debris formed in the outer rings
to move lateraily to the first, failed ring and fall through the failed core plate and lower
head penetration in the first ring, rather than remain stacked in each ring until the core
plate fails in that ring.

The calculated core state at vessel failure (z.e., at 11,933.5s or 3.31hr) is illustrated
in Figures 5.1.8 through 5.1.11, for the four rings in the MELCOR ABWR core model.
For each ring, in each of these figures, the various materials in the MELCOR “fuel/clad”
component just prior to vessel failure, both any intact materials remaining in their original
position and candled, refrozen conglomerate debris materials, are shown in the plot in
the upper left, while the materials in the MELCOR “canister” component, both any
intact materials remaining in their original position and candled, rcfrozen conglomerate
debris materials, are shown in the plot in the upper right; materials in the MELCOR
“other-structure” component just prior to vessel failure are shown in the lower left, while
the materials calculated to be in the “particulate debris” component at the same time are
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seen on the lower right. (Refer to (2] for an explanation of these MELCOR components,
if necessary.) These core material configurations at the time of vessel failure should be
compared to the initial core material configuration given in Figure 4.4, to aid in visualize
the amount of material degradation and relocation. The “elevation” used as the ordinate
in these core state figures is the same as the core level elevations shown in Figure 4.3,
with the core support plate just above 5m, the lower plenum between 0 and 5m, and
the active fuel region from >5m to >9m. The fraction of each core cell occupied by any
given material is shown.

As visible in Figure 5.1.8, the innermost ring has no intact structure in the active fuel
region at all at the time of vessel failure, but there is a substantial debris bed visible in
the lowest axial level in the lower plenum. In the second and third rings (Figures 5.1.9
and 5.1.10), a very small intact clad mass is visible, corresponding to the non-fueled core
support material in level 6; also in the second and third rings, a small intact canister
mass is visible in several levels just above the core support plate. Most of the material in
these middle two rings is in the particulate debris bed, held up by the core support plate
and the non-fueled core material in level 6. Note that there is a significant debris bed also
present in the lower plenum; that debris comes from the failure of the innermost ring,
through the debris radial relocation model. The material configuration in the outermost
ring at the time of vessel failure, depicted in Figure 5.1.11, is qualitatively similar to
the configuration in the middle two rings, but with slightly more intact material and
relatively less particulate debris in the active fuel region.

Tables 5.1.2 and5.1.3 summarize the state of the various materials in the core active
fuel region, core plate and lower plenum at the time a lower head penetration first fails
(i.e., at vessel breach). Masses of intact components and of debris components are given
for each region in Table 5.1.2. The fraction of debris molten in each region (included in
Table 5.1.3) is estimated from the average debris temperature, which in this case resulted
in assuming that Zircaloy, steel, steel oxide and control rod poison in the debris are molten
and that UO; and ZrQO; in the debris are solid (i.e., neglecting eutectic mixtures, which
are not included in this analysis).

Figure 5.1.12 shows the total masses of core materials (UO;, Zircaloy and ZrO,,
stainless steel and steel oxide, and control rod poison) remaining in the vessel. As noted
in Table 5.1.1, debris ejection began immediately after lower head failure. This figure
illustrates that the core material was lost from the vessel to the cavity in step-like stages.
Almost all of the UQ, was transferred to the cavity within about 10.5hr after the start
of the transient, as was the unoxidized zircaloy, the associated zirc oxide and the control
rod poison. A significant fraction (45%) of the structural steel in the lower plenum, and
some associated steel oxide, was predicted to remain unmelted and in place throughout
the entire transient period calculated.

Zircaloy oxidation began at about 1lhr, as indicated by the production of hydrogen
in the core illustrated in Figure 5.1.13. No other gases were calculated to be generated
in the core. Figure 5.1.13 includes the hydrogen generation predicted by MAAP (taken
from Figure 19E.2-2F in [1]). There is little in-vessel generation of hydrogen gas in the
MAAP analysis due to metal water reaction, because the vessel blowdown limits the
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Table 5.1.2. Core Masses at Vessel Failure Predicted during LCLP-PF-R-N Sequence

Intact  Debris
Active Fuel Region Masses (kg)

U0, 7,645 134,692
Zircaloy 14,272 35,212
Zr0q 4,541 4,473
Steel 15,253 12,835
Steel oxide 1,452 335
Control rod poison 158 513
Total 43,321 188,061
Core Support Plate Masses (kg)
U0, 8 13
Zircaloy 239 112
Zr0Oq 23 1
Steel 11,642 250
Steel oxide 4 3
Control rod poison 0 121
Total 11,916 500

Lower Plenum Masses (kg)

U0, 0 29,241
Zircaloy 0 16,077
Zr0, 0 3,180
Steel 47,748 2,800
Steel oxide 0 30
Control rod poison 0 156
Total 47,748 51,484

Table 5.1.3. Core State at Vessel Failure Predicted during LCLP-PF-R-N Sequence

Region Average Debris  Fraction of Debris
Temperature (K)  Material Molten
Active Fuel 2520 27%
Core Support Plate 841 0%
Lower Plenum 3113 100%
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available steam and hence limits clad oxidation when the cladding is hot. The in-vessel
hydrogen production predicted by MELCOR appears to be in very good agreement with
the MAAP result between 1 and 2hr. The in-vessel hydrogen production in the MAAP
analysis ends when the vessel fails, at 2hr. The in-vessel hydrogen production in the
MELCOR calculation continues until the vessel fails at 3.3hr, and then continues at a
somewhat slower rate until just after 6hr, when most of the zircaloy has been ejected from
the vessel (as shown in Figure 5.1.12); in-vessel hydrogen production then continues at a
very slow rate in the MELCOR calculation as the structural steel remaining in the lower
plenum continues to oxidize. The amount of hydrogen produced by the time the vessel
fails at 3.3hr in the MELCOR calculation corresponds to oxidation of 16% of all the
zircaloy present in the intact core (in the cladding, canisters, etc.), 6% of the structural
steel initially present in the core and 0.4% of the structural steel present in the lower
plenum.

At vessel failure, any remaining water in the lower plenum not flashed by contact with
the hot debris flowed through the vessel breach into the cavity, as seen in the liquid levels
presented in Figures 5.1.1 and 5.1.14. Figure 5.1.14 shows the collapsed liquid level in the
lower drywell (cavity) control volume in the MELCOR calculation; the level is given in
terms of a system-wide elevation referenced to 0 at the bottom of the vessel lower plenum,
and the bottom of the cavity control volume is indicated in the figure, for reference. The
sudden rise in liquid level at 3.3hr corresponds to the remaining lower plenum water
pouring out the vessel breach. That water is then steadily boiled away over the next 3hr
until the cavity becomes dry, at 6.2hr after accident start. MELCOR predicts the passive
flooder to open immediately after the cavity goes dry. MELCOR has no debris quench
model, and thus the debris in the cavity remains hot (as will be discussed later in this
section). As soon as the cavity goes dry, the lower drywell atmosphere temperature rises
rapidly due to heat transfer from the unquenched debris and very quickly reaches the
533K (500°F) setpoint for passive flooder actuation. Water then pours from the wetwell
into the drywell to the level of the upper horizontal vent. After an initial transient, the
cavity liquid level settles to a constant pool depth of around 2m for the remainder of the
transient.

Figure 5.1.15 gives the drywell and wetwell pool masses for the MELCOR analysis,
compared to the pool masses calculated by MAAP (taken from Figure 19E.2-2F in [1)).
There appears to be a small difference in the suppression pool initial mass (and/or level
in the two calculations, and MELCOR predicts a bigger short-term drop in suppression
pool level and corresponding rise in cavity pool level upon opening the passive flooder.
However, the results are generally in good qualitative agreement, with both codes showing
an initial rise in suppression pool level (due to condensation of steam from the vessel)
a drop and then recovery to a slightly lower level after the passive flooder opens, then
maintenance of that level until the containment rupture disk opens, followed by a gradual
drop in suppression pool level.

The lower drywell and wetwell atmosphere and pool temperatures are presented in
Figure 5.1.16. The hot debris in the cavity in the MELCOR calculation keeps the lower
drywell pool temperature (400-440K) substantially hotter than the suppression pool tem-
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perature (340-400K), both while the cavity has residual lower plenum water in it and after
the passive flooder opens and the cavity is flooded with suppression pool water; the cavity
pool temperature drops to near the suppression pool temperature after the containment
rupture disk opens and the containment depressurizes. The wetwell atmosphere is ~20K
hotter than the suppression pool for the first few hours of this transient (before vessel
breach), and the wetwell atmosphere temperature remains nearly constant while the sup-
pression pool continually heats up, until opening of the containment rupture disk after
which the wetwell pool and atmosphere (and cavity pool) temperatures remain nearly
equal and nearly constant. The cavity atmosphere remains significantly hotter than the
cavity pool throughout the transient, even after COPS rupture (and the upper drywell
heats up even more, as illustrated in Figure 5.1.18).

The pressures calculated by MELCOR in the various containment control volumes
are depicted in Figure 5.1.17, together with the containment pressure from the MAAP
analysis (taken from Figure 19E.2-2B in [1]). The results from the two codes are generally
similar qualitatively, but with a number of quantitative differences and shifts in timing.
Both codes predict a rapid pressure increase in containment immediately after vessel
failure, due to steam generation from hot debris and water falling into the cavity from
the lower plenum. That initial containment pressurization appears greater in the MAAP
analysis than in the MELCOR analysis, prcbably because the core debris is completely
quenched in the MA AP calculation while there is no debris quenching model in MELCOR;
the MELCOR calculation therefore predicts some of the debris energy goes into attacking
concrete, while the MAAP analysis predicts all of the debris energy to go to steam
production. This is probably why the MAAP calculation takes about 1hr to boil away
the lower plenum water fallen into the cavity, while the MELCOR analysis requires about
3hr to boil off that residual lower plenum water (although there is no guarantee that the
amounts and temperature of core debris and of lower plenum water in the cavity are equal
in the two calculations). In the MAAP containment pressure history, after the water in
the lower drywell boils off, the drywell pressure decreases because steam is condensed on
the containment heat sinks but there is no additional steam generated; in the MELCOR
calculation, the containment pressure continues to rise as hot, unquenched core debris
continues to boil off the cavity water pool.

There is only 1hr difference in the time that the passive flooder opened in the two cal-
culations. However, MELCOR predicted the passive flooder to open very soon (<1min)
after the cavity dried out, while MAAP predicted a several-hour delay between cavity
dryout and passive flooder opening. This is due to the cavity debris being quenched in
the MAAP calculation but not in the MELCOR calculation. In both analyses, after the
core debris in the cavity is uncovered the debris and the gas above it begin to heat up
and, in both cases, when the lower drywell atmosphere reaches 533K (500°F) the passive
flooder opens. Figure 5.1.18 gives the upper and lower drywell temperatures calculated
by MELCOR, compared to corresponding MAAP results. (The MAAP curves included
in this plot were taken from Figure 19E.2-2C in [1].) The lower drywell temperature
predicted by MAAP begins increasing when debris first enters the cavity, and increases
at a steady rate until the passive flooder opening setpoint of 533K (500°K) is reached;
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the lower drywell temperature then drops precipitously as suppression pool water floods
the cavity. In the MELCOR calculation, the lower drywell temperature spikes up when
debris first falls into the cavity at 3.3hr but then remains nearly constant during the next
3hr while the water fallen into the cavity is being boiled away; the temperature spike
triggering the passive flooder occurs between two plot edits and cannot be seen in this
figure, but the subsequent drop in liquid temperature is visible at about 6.2hr.

After the passive flooder opens, the debris in the cavity is covered by an overlying
water pool, so the temperature of the lower drywell therefore decreases. The MAAP
calculation shows the lower drywell hotter than the upper drywell prior to the opening
of the passive flooder, with the upper drywell hotter than the lower drywell for the
remainder of the transient calculated (with the temperature difference increasing with
time, especially after containment rupture disk actuation). The MELCOR calculation has
the lower drywell hotter than the upper drywell for much longer, through passive flooder
actuation and for a short time after COPS rupture; the upper drywell atmosphere does
get hotter than the lower drywell soon after rupture disk actuation and that temperature
difference increases with time, but the difference is much smaller in the MELCOR analysis
than seen in the MAAP results given.

The pressurization of the containment continues after the passive flooder is open be-
cause the cavity debris is now transferring heat directly to the overlying water pool which
produces steaming and, in the MELCOR calculation, because core-concrete interaction is
adding noncondensables to the atmosphere. Since the peak cavity debris temperature in
the MAAP analysis during this process was 1600K and the average corium temperature
in the lower drywell was less than 500K throughout most of the transient (as indicated in
Figure 19E.2-2D in [1]), no significant core-concrete attack was predicted to occur during
the heatup of the debris; therefore, no additional noncondensable gases were generated.

The containment, therefore pressurizes more quickly in the MELCOR calculation than in
the MAAP analysis.

Figures 5.1.19 and 5.1.20 show the total and partial pressures, and the mole fractions,
respectively, in the atmospheres of the four control volumes representing containment
(i.e., upper and lower drywell, wetwell and drywell/wetwell vents). The lower drywell
and DW/WW vent atmospheres consist of almost all (>90%) steam from vessel failure
through calculation end; in the upper drywell, most (60-80%) of the atmosphere consists
of steam after vessel failure; in the suppression pool, steam does not predominate until
after containment rupture disk opening, while most (50-60%) of the wetwell atmosphere
between vessel failure and containment depressurization is hydrogen.

The containment continues to pressurize until the wetwell pressure reaches 0.72MPa
(90psig) at 20.2hr in the MAAP analysis and at 14.7hr in the MELCOR calculation,
when the rupture disk opens as shown in Figure 5.1.17. The flow out the COPS rupture
disk in the MELCOR calculation is presented in Figure 5.1.21. No penetration leakage
is predicted by either MAAP or MELCOR, since the temperature in the upper drywell
remains below 533K (500°F) until well after the rupture disk opens (as illustrated in
Figure 5.1.18).
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The total mass of debris in the cavity, the mass of ejected core debris, the mass of
ablated concrete and the mass of gases generated in the cavity calculated by MELCOR
are illustrated in Figure 5.1.22. The mass of core debris in the cavity is basically an
inversion of the masses retained in-vessel, presented in Figure 5.1.12, and the debris
ejection can be seen to occur in discrete steps or stages. In contrast, the mass of concrete
ablated increases continuously with time.

MELCOR has no debris quench modelling capability. As soon as the core debris was
predicted to enter the cavity, core-concrete interaction began, resulting in the produc-
tion of carbon dioxide and hydrogen; reduction of these gases by the molten metal also
gave rise to carbon monoxide and hydrogen. Figure 5.1.23 presents the production of
various noncondensable gases in the cavity due to core-concrete interaction, calculated
by MELCOR. Almost all of the cavity gas production is in the form of hydrogen, with a
small and growing amount of CO produced after 32-33hr. CO is produced only after all
the zironium in the cavity is oxidized to ZrQ,, which happens at about 30hr in this case,
because before that time Zr is assumed to reduce any CO; generated to pure carbon

(“coking”); this reaction can be disabled in MELCOR, but is enabled by default.

Figure 5.1.24 gives the calculated maximum cavity depth and radius. (Note that these
represent maximum, not average, ablation distances.) Immediately after core debris is
first ejected from the vessel to the cavity upon vessel breach in ithe MELCOR analysis,
there is a brief period of rapid radial ablation lasting 1-2hr, which stops after only 4cm of
concrete loss. The bulk of the concrete ablation calculated is axially downward, with the
MELCOR calculation stopping at about 42hr when the axial ablation equals and tries
to exceed the specified available concrete thickness of 2m.

Figure 5.1.25 shows the predicted masses, thicknesses, temperatures and densities of
the light oxide, metallic and heavy oxide debris layers in the cavity. No heavy oxide layer
is visible in these plots; MELCOR calculates a stable configuration of a light oxide layer
above a metallic debris layer throughout the transient period calculated. The metallic
layer remains nearly constant in mass and thickness, with a gradually increasing density;
the light oxide layer mass and thickness increase continuously (and the density decreases)
as ablating concrete (with its resultant low-density silicate oxides) continues to dilute the
high-density zirc oxide and steel oxide debris to an average density value less than the
metallic debris density. After some initial oscillations, the temperatures of both layers
remain nearly equal, at ~1500K, throughout the transient period calculated.

The heat transfer from the cavity debris pool in the MELCOR analysis, both down-
ward and outward to the concrete surface and upward to the cavity volume atmosphere,
is shown in Figure 5.1.26. The energy transfer from the debris in the cavity upward
through the debris bed surface to the lower drywell atmosphere and/or overlying water
pool is 2-5 times greater than the energy transferred downward (and sideways) to the
concrete. In general, that upper surface of the debris bed is covered with a water pool,
not exposed to atmosphere.

Tables 5.1.4 and 5.1.5 give the distribution of the released radionuclides at the end
of the calculation (i.e., at ~42hr). Table 5.1.4 provides an overview of how much of
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the radionuclides remain bound up in fuel in either the core or the cavity, and of how
much of the released radionuclides are retained in the primary system vs how much
of the released radionuclides are released to, or released in, either the drywell or the
wetwell in containment and the environment, all normalized to the initial inventories of
each class. Table 5.1.5 gives a slightly different breakdown of the released radionuclide
final distribution — the fractions of initial inventory released for each class from fuel in-
vessel in the core, ex-vessel in the cavity and overall total are given, together with the
distribution of the released radionuclides in the primary system, drywell, wetwell and
environment normalized by the mass of each class released. (Note that these amounts
generally consider only the release of radioactive forms of these classes, and not additional
releases of nonradioactive aerosols from structural materials.)

In this sequence, a path to the containment was available and open when the first
gap releases occurred in-vessel after Lhr; prior to reactor vessel lower head failure, fission
products were transported froin the primary system and into the containment via the
SRVs. At lower head penetration failure, molten corium was transferred in stages to the
cavity, where further fission product release to the containment occurred.

The release behavior predicted by MELCOR can be grouped into several subdivisions.
Almost all (~2100%) of the volatile Class 1 (noble gases), Class 2 (CsOH), Class 5 (Te)
and Class 16 (CsI) radionuclide species are released, primarily in-vessel, as are most (80-
90%) of the Class 3 (Ba) and Class 12 (Sn) inventories. The next major release fractions
(2-4%) are of Ru and Mo, Ce and La. Finally, a total <0.1% of the initial inventory
of uranium and Class 11 (Cd) are predicted to be released. Note that the CORSOR-M
fission product release model option used in these analyses has identically zero release

in-vessel of Class 7 (Mo), Class 9 (La) and Class 11 (Cd).

These are significantly higher release fractions of Ba, Te, Ru, Ce, La and Sn than
seen in MELCOR analyses of severe accidents in current, conventional LWR plants (8, 9,
10], reflecting the high debris temperatures calculated during in-vessel core degradation
(shown in Figures 5.1.4 and 5.1.5 and in Table 5.1.3).

Most of the released radionuclides remain in the primary system and/or the con-
tainment; only the noble gases show a significant release to the environment. Of the
other radionuclides, 0.15-0.25% of the total CsOH and CsI masses are released to the
environment, while €0.1% of the other radionuclides’ initial inventory is released to the
environment. Of the species with significant (>80%) release from fuel, the wetwell retains
most (50-65%) of the released CsOH, Te and Csl volatiles, while the Ba and Su aerosols
are held up both in the primary system (44%) and in the wetwell (25-35%).

Figures 5.1.27 and 5.1.28 give the retention factors for the various radionuclides calcu-
lated by MELCOR, for the primary system and for the overall containment, respectively.
The retention factors are defined as the fraction of material released in, or transported
into, a region which remains in that region. The vessel retention factors fall into three
seits:

e essentially no retention for the noble gases and for I, (of which there is very little),



09

Table 5.1.4. Radionuclide Distribution Predicted at 42hr for LCLP-PF-R-N

Sequence
Fission Product Distribution
Class (% Initial Inventory)
Remaining in Fuel Released from Fuel
Core Cavity | Primary System Drywell Wetwell Environment
Noble Gases (Xe) 3.99x1073 0 0.0911 191  7.76x107° 98.0
Alkali Metals (CsOH) 4.26x107%  ~0 20.0 174 62.4 0.151
Alkaline Earths (Ba) 4.95x107% 15.8 44.0 14.1 26.1 0.0120
Halogens (1) ~0 ~0 ~0 ~0 ~0 ~0
Chalcogens (Te) 4.64x107% 0.0315 31.7 15.0 53.2 0.0285
Platinoids (Ru) 4.94x107% 970 1.61 1.06 0.367 1.07x10™*
Transition Metals (Mo) 4.94x107%  97.5 7.47x1073 1.31 1.17 0.0214
Tetravalents (Ce) 4.94%x1073  96.2 1.99 1.43 0.432 1.23x107*
Trivalents (La) 4.94x107% 975 9.55x10~* 1.41 1.07 4.25x1073
Uranium (U) 2.01x107%  99.9 0.0281 0.0220 0.0106 2.79x107°
More Volatile Main Group Elements (Cd) | 4.94x107° =100 2.06x107° 0.0271 0.0215 9.72x107°
Less Volatile Main Group Elements (Sn) | 4.94% 1073 8.43 44.0 13.6 34.0 9.11x1073
Csl ~0 0.0219 16.5 17.6 65.6 0.238
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Table 5.1.5. Radionuclide Release and Released Distribution Predicted at 42hr for

LCLP-PF-R-N Sequence

Released from Fuel

Distribution

Class (% Initial Inventory) (% Released Mass)
Core Cavity Total | Primary System Drywell Wetwell Environment
Noble Gases (Xe) 99.97 0.03 ~100 0.0911 1.91 7.76x1073 97.99
Alkali Metals (CsOH) 99.87 0.03 99.90 20.05 17.36 62.44 0.151
Alkaline Earths (Ba) 81.50 2.61 84.11 52.30 16.72 30.97 0.0143
Halogens (I) ~0 ~0 ~0 0.039 247  9.38x107? 97.48
Chalcogens (Te) 99.86 1.59x107% 99.87 31.72 15.02 53.23 0.0285
Platinoids (Ru) 3.04 2.14x107* 3.04 52.91 35.00 12.08 3.51x1072,
Transition Metals (Mo) 0 2.51 2.51 0.30 52.19 46.66 0.85
Tetravalents (Ce) 3.84 1.550x107% 3.85 51.59 37.19 11.22 3.10x1073
Trivalents (La) 0 2.47 2.47 0.0385 56.76 43.03 0.17
Uranium (U) 0.052 0.010 0.062 46.33 36.21 1741 0.046
More Volatile Main Group Elements (Cd) 0 0.049 0.049 0.042 55.63 44.24 0.20
Less Volatile Main Group Elements (Sn) | 91.36 0.035 91.39 48.04 14.82 37.13 0.010
Csl 99.88 8.92x107% 99.89 16.54 17.59 65.63 0.238




e a retention of 20-30% for the radionuclide species with non-zero vapor pressures

(i.e., CsOH, Te, and Csl), and

o over 50% retention of those classes which form aerosols only.
The containment retention factors fall into several distinct categories also:

o essentially no retention for the noble gases and for I; after COPS rupture,

e a retention of 70-80% for the radionuclide species with non-zero vapor pressures

(i.e., CsOH, Te, and Csl), and

o for those classes which form aerosols only, there is a ~50% retention for those which
had some in-vessel release (Ba, Ru, Ce, U and Sn) and an almost-100% retention
of those with only ex-vessel release (Mo, La and Cd).

Figures 5.1.29 and 5.1.30 give the decontamination factors (DFs) for the various
radionuclides calculated by MELCOR, for the suppression pool and for the overall con-
tainment, respectively. The period of interest in these plots is after about 15hr when
the rupture disk is predicted to open and the containment is depressurized. After con-
tainment rupture disk actuation, the suppression pool and overall containment DFs are
simply DF=1.0 for the noble gases and for I (of which there is very little), not shown
explicitly in these figures.

As with the retention factors just discussed, the suppression pool DF seems to fall
into several subdivisions:

o DFsp~50 for classes with no in-vessel release (i.e., Mo, La and Cd),

e DFsp<100 for classes with «1% in-vessel release (U),

o DFsp>500 for the majority of classes (CsOH, Ba, Ru, Ce and Csl), and
e DFsp>1000 for Class 5 (Te) and Class 12 (Sn).

The latter two classes have very large in-vessel releases, as do some of the classes with
DFgp~500. The overall containment DF also seems to fall into several, quite different
subdivisions:

® DF(0n:~500 for classes with no in-vessel release (i.e., Mo, La and Cd) and for some

of the volatiles (CsOH and CsI),
® DF(0n:>1000 for classes with <1% in-vessel release (U),
® DF(on:=2000-5000 for several classes (Ba, Te and Sn), and
® DF¢,n: 210,000 for Class 6 (Ru) and Class 8 (Ce).
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Figure 5.1.27. Primary System Retention Factors Predicted by MELCOR for
LCLP-PF-R-N Sequence
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Figure 5.1.28. Containment Retention Factors Predicted by MELCGR for
LCLP-PF-R-N Sequence
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Figure 5.1.29. Suppression Pool Decontamination Factors Predicted by MELCOR
for LCLP-PF-R-N Sequence

65



+5

10

+
E-N

o

+
(&)

(]

Containment Decontamination Factor

10+2

0.0 7.5 15.0 22.5 30.0 37.
' Time (hr)

ABWR LCLP-PF-R-N: LC at LP, Passive Flood, Rupture
ABWRNX 10/08/93 16:12:01  MELCOR HP
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The latter two classes have very small ex-vessel releases, but so do several of the other
classes.

Note that both the suppression pool and overall containment decontamination factors
remain nearly constant or drop very slowly for most classes after containment rupture
disk actuation, but drop steadily for several radionuclide species (i.e., CsOH, Te, Mo and
Csl). These are the classes for which a continuing release to the environment is predicted,
while for the other classes there is only a single step-like release at COPS rupture, as
illustrated in Figure 5.1.31. That continuing release comes from two different causes.
The non-zero vapor pressure of CsOH, Te and Csl causes continuous vaporization from
the suppression pool and replenishment of these fission product vapors in the wetwell
atmosphere as those fission product vapors in the wetwell atmosphere are lost out the
COPS rupture. Class 7 (Mo) has no non-zero vapor pressure and therefore remains an
aerosol throughout the problem. However, this class is the only one with substantial
and continuing radionuclide release in the cavity, and a small fraction of that continuing
release (most of which remains in the cavity and/or suppression pools) does survive pool
scrubbing and get released to the wetwell atmosphere and then out the containment
rupture disk to the environment.

Figure 5.1.31 does not include the release of the noble gases, to allow expansion of
the scale for the environmental release of the other radionuclide classes. In the MAAP
analysis, the release of noble gases is nearly complete one hour after the rupture disk
opens (Figure 19E.2-2G in [1]; the release of the noble gases in the MELCOR calculation
also occurs within a brief time after containment rupture disk actuation, and almost all of
the noble gases are released. Figure 19.E.2-2H in [1] gives the release fractions of cesium
iodide and cesium hydroxide as functions of time from the MAAP analysis. The release
of the volatile species, CsI and CsOH, occurs over a much longer period of time than
for the noble gases and is nearly complete at 100hr; the release fractions of CsOH and
Csl at 72hr are less than 10~7. It is not clear from Figure 19E.2-2H in [1] whether the
release fractions of CsOH and Csl were normalized to their initial inventories or to their
released inventories. This MELCOR calculation shows environment release fractions for
both CsOH and Csl by the end of the calculation (42hr) of about 0.002 of their total
available inventory (Table 5.1.4; since almost all of these radionuclides were predicted to
be released, the same environment release fractions ar.: obtained normalizing to released
inventories (Table 5.1.5). The release fractions calculated by MELCOR are significantly
higher than the values predicted by MAAP, primarily due to the continuing steaming
of cavity water by non-quenched debris in MELCOR,; however, the MELCOR release
fractions are still very small fractions of the fission product inventories initially present,
released but retained within containment even after containment rupture disk actuation.

5.2 LCLP-FS-R-N Sequence

The first part of this sequence, through core uncovery, heatup and degradation, and
vessel lower head failure, is identical to the LCLP-PF-R-N sequence discussed in Sec-
tion 5.1. The difference is that the firewater system is used in spray mode to add ex-
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Figure 5.1.31. Radionuclide Environmental Releases Predicted by MELCOR for
LCLP-PF-R-N Sequence
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ternal water to the containment. The firewater system adds water to the containment
through the RHR injection lines. When trying to prevent vessel failure the operator is
instructed to inject water to the vessel via the LPFL line. If this is not accomplished in
time to prevent vessel failure, the valves are realigned to the drywell spray. The water
then pours from the upper drywell into the wetwell via the wetwell/drywell connecting
vents, and eventually overflows into the lower drywell. This cools the corium, preventing
core-concrete attack and additional metal-water reaction. Since external water is used,
the effective heat capacity of the containment is increased. Furthermore, since the decay
heat in the corium is delivered by convection to the water, no significant radiation heat
transfer takes place, and the lower and upper drywell atmospheres remain cool. There-
fore, no degradation of the movable penetration seals is expected, and no leakage through
those seals will occur.

The sequence of events predicted by MELCOR for this accident sequence is given in
Table 5.2.1, with the timings of the various events as calculated by MAAP (taken from
Table 19E.2-6 in [1]) included for comparison.

Before the spray system begins injection, the results of this sequence are identical to
those for the LCLP-PF-R-N sequence discussed in Section 5.1. In the MAAP analysis of
this sequence, it was assumed that the operator starts the firewater system 4hr after the
initiation of the event (as stated in Section 19E.2.2.1(b) and Table 19E.2-6, but with no
indication of whether this was a set time or determined by conditions in the plant) and
the operator turns off the firewater system when the water level in the suppression pool
reaches the elevation of the bottom of the vessel, which occurs in the MAAP calculation
at 23.6hr. In the MELCOR calculation, the firewater spray was assumed to turn and/or
stay on if:

1. the lower drywell temperature exceeds 500K (first time only), or
2. the upper drywell temperature exceeds 500K, or
3. the spray has been on less than 15min, or

4. the sprays are on and the suppression pool level has never reached the elevation of
the bottom of the reactor vessel.

This is the logic in the MELCOR ABWR deck as received from BNL and used for LCHP-
PF-D-H sequence analyses in 1990 [3]. The spray thus begins on a high-temperature trip,
stays on at least 15min, and then turns off when the suppression pool level reaches the
elevation of the bottom of the reactor vessel. This logic caused the spray in the MELCOR
calculation to begin injection at 6.1hr (and stop at 18.5hr).

Another difference between the MAAP and MELCOR predictions for this sequence
can be seen in Table 5.2.1. In the MELCOR calculation, the lower drywell temperature
hits the 500K spray initiation setpoint at 21,942.4s (6.10hr) and the 533K passive-flooder
setpoint very soon afterwards, at 21,97€.4s (6.10hr); the spray later turns off, followed by
containment rupture disk actuation still later. In the MAAP analysis, the sprays begin
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Table 5.2.1.

Sequence of Events Predicted by MELCOR for LCLP-FS-R-N

Sequence, Compared to MAAP
Event Time

MAAP MELCOR

Accident initiation (MSIV Closure) 0.0 0.0
Reactor scrammed 4.2s
Core uncovery begins 1,629.1s (0.45hr)
Water level at 2/3 core height; 1 SRV open  0.4hr 2,355.9s (0.65hr)

Clad failure/Gap release
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Core plate failed
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Vessel bottom head failed
Vessel LH penetration failed
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Commence debris ejection
Water in lower drywell boiled off
Firewater spray started
Suppression pool overflows to lower drywell
Firewater spray stopped
Passive flooder opens
Rupture disk opens
Water in lower drywell boiled off
Concrete ablation >2m
End of calculation

1.8hr

2.Thr
4.0hr
7.0hr
23.6hr
61.1hr
31.1hr
56.6hr

100hr

70

2,985.9s (0.83hr)
3,825.95 (1.06hr)
4,513.3s (1.25hr)
6,688.4s (1.86hr)

12,257.1s (3.40hr)
13,580.5s (3.77hr)
16,928.4s (4.70hr)
20,436.4s (5.68hr)

12,351.55 (3.43hr)
12,351.5s (3.43hr)
12,348.5s (3.43hr)
12,348.5s (3.43hr)
12,348.5s (3.43hr)
~22,000s (6.1hr)
21,942.4s (6.10hr)

66,584.7s (18.50hr)
21,976.4s (6.10hr)
89,922.6s (24.98hr)

156,454s (43.46hr)
156,454s (43.46hr)



at 4hr but the passive flooder does not open until 61.1hr, after the firewater spray has
stopped, the containment rupture disk opened, and the cavity dried out. Thus, not only
are the timings of events different, the relative ordering of events is different.

Figure 5.2.1 shows the collapsed liquid level in the lower drywell (cavity) control
volume in the MELCOR calculation, for comparison to the LCLP-PF-R-N sequence
results given in Figure 5.1.14. The sudden rise in liquid level at 3.3hr corresponds to
the remaining lower plenum water pouring out the vessel breach. That water is then
steadily boiled away over the next 3hr until the cavity becomes dry, at about 6.1hr after
accident start. As soon as the cavity goes dry, the lower drywell atmosphere temperature
rises rapidly due to heat transfer from the unquenched debris and very quickly reaches
hits the 500K spray initiation setpoint and the 533K passive-flooder setpoint very soon
afterwards. Water then pours from the wetwell into the drywell to the level of the upper
horizontal vent. The cavity liquid level then oscillates for the remainder of the transient.

Figure 5.2.2 give the drywell and wetwell pool masses for the MELCOR analysis,
compared to the pool masses calculated by MAAP (taken from Figure 19E.2-3C in [1]).
There appears to be a small difference in the suppression pool initial mass {and /or level)
in the two calculations, and MELCOR predicts a bigger short-term drop in suppression
pool level and corresponding rise in cavity pool level upon opening the passive flooder.
However, the results are generally in good qualitative agreement, with both codes showing
a long-term rise in suppression pool level due to firewater spray injection), followed by
a gradual drop in suppression pool level. The lower drywell pool masses predicted by
both codes are also in good overall qualitative agreement, although driven by different
behavior. The lower drywell pool mass in the MAAP analysis initially rises at about 7hr
because the suppression pool level has increased enough to overflow to the lower drywell;
the lower drywell pool mass in the MELCOR analysis initially rises at about 6hr because
the passive flooder opens. The lower drywell pool mass then remains similar in both
calculations as water continues to be transferred from the suppression pool to the lower
drywell where it is boiled away by the core debris in the cavity. The lower drywell mass
predicted by both codes then drops after the spray is stopped, at 18.5hr in the MELCOR
analysis and at 23.6hr in the MAAP analysis; the cavity pool mass drops more quickly
in the MELCOR analysis than in the MAAP analysis due to more heat transfer from the
unquenched cavity debris.

The lower drywell and wetwell atmosphere and pool temperatures are presented in
Figure 5.2.3. The hot debris in the cavity in the MELCOR calculation keeps the lower
drywell pool temperature (~400K) substantially hotter than the suppression pool tem-
perature (~350K), both while the cavity has residual lower plenum water in it and after
the passive flooder opens and the cavity is flooded with suppression pool water; the dif-
ference in pool temperature decreases after the containment rupture disk opens and the
containment depressurizes as the wetwell pool heats up slightly. The wetwell atmosphere
temperature follows the suppression pool temperature closely throughout this sequence.
The cavity atmosphere remains significantly hotter than the cavity pool throughout the
transient, even after containment rupture disk actuation (and hotter than the upper
drywell, as illustrated in Figure 5.2.5).
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Figure 5.2.1. Lower Drywell Liquid Level Predicted by MELCOR for LCLP-FS-R-N
Sequence
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The pressures calculated by MELCOR in the various containment control volumes are
depicted in Figure 5.2.4, together with the containment pressure from the MAAP analysis
(taken from Figure 19E.2-3A in [1]). The results from the two codes are generally similar
qualitatively, but with a number of quantitative differences and shifts in timing. Both
codes predict a rapid pressure increase in containment immediately after vessel failure,
due to steam generation from hot debris and water falling into the cavity from the lower
plenum. In the MAAP containment pressure history, after the water in the lower drywell
boils off, the drywell pressure decreases because steam is condensed on the containment
heat sinks but there is no additional steam generat.d; in the MELCOR calculation, the
containment pressure continues to rise as hot, unquenched core debris continues to boil
off the cavity water pool.

When the firewater system starts, a pressure spike is observed in the drywell pressure
in the MA AP calculation, which is caused by the evaporation of droplets in a superheated
atmosphere; after the containment atmosphere is cooled, the pressure drops fairly rapidly
to match the droplet temperature. In the MAAP analysis, the suppression pool overflows
into the lower drywell at about 7hr, after which the containment repressurizes slowly
due to compression of the noncondensable gases above the increasing water pools in
both the wetwell and lower drywell; Figure 19E.2-3A indicates that the pressure drop
in the MAAP calculation at about 15hr is due to the lower drywell reflooding. The
MELCOR calculation shows the containment pressure dropping rapidly immediately after
the firewater spray is started (and the passive flooder opens), as the spray condenses
steam in the upper drywell, followed by an oscillatory pressurization as the hot core
debris in the cavity continues to boil off the lower drywell water pool and as upper

drywell draining condenses steam intermittently in the DW/WW vents and the wetwell
vapor space.

In both calculations, after the firewater spray is turned off (at 23.6hr in the MAAP
analysis and at 18.5hr in the MELCOR calculation), the pressures continue to increase
as steam is generated by corium in the lower drywell, until the containment rupture disk
opening setpoint is reached (at about 31hr in the MAAP analysis and about 25hr in the
MELCOR calculation), after which the containment depressurizes.

Figure 5.2.5 gives the upper and lower drywell temperatures calculated by MELCOR,
compared to corresponding MAAP results. (The MAAP curves included in this plot
were taken from Figure 19E.2-3B in [1].) In the MELCOR calculation, the lower drywell
temperature spikes up when debris first falls into the cavity at 3.3hr but then remains
nearly constant during the next 3hr while the water fallen into the cavity is being boiled
away; the temperature spike triggering the spray initiation and passive flooder opening
can be seen at ~6.lhr, together with the subsequent drop in liquid temperature. The
upper drywell temperature in the MELCOR calculation is kept low (305-325K) while
spray injection is on, slightly above the 300K temperature specified for the spray injection.
After the spray injection is stopped, the upper drywell temperature increases to nearly
equal the lower drywell temperature. However, except at the very end of the transient
period calculated, the upper drywell temperature predicted by MELCOR remains below
the lower drywell temperature. The MAAP calculation also shows the upper drywell
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cooler than the lower drywell while the firewater spray injection is activated, but with a
much smaller temperature difference during spray injection and with the upper drywell
then hotter than the lower drywell for the remainder of the transient calculated.

Figures 5.2.6 and 5.2.7 show the total and partial pressures, and the mole fractions,
respectively, in the atmospheres of the four control volumes representing containment
(i.e., upper and lower drywell, wetwell and drywell/wetwell vents). The predicted con-
ditions are somewhat different from those calculated for the LCLP-PF-R-N sequence
(Figures 5.1.19 and 5.1.20). As in the LCLP-PF-R-N sequence results, the lower drywell
and DW/WW vent atmospheres consist of almost all (>90%) steam from vessel failure at
3.3hr through spray initiation at 6hr, and later from containment rupture disk actuation
at 25hr through calculation end. However, after spray injection begins at 6hr, there is
first a series of oscillations with steam concentration dropping due to condensation (while
hydrogen concentration rises), followed after about 14hr by a prolonged drop in steam
concentration and increase in hydrogen concentration until COPS rupture at about 25hr.
These oscillations in steam concentration and partial pressure cause the oscillations in
overall containment pressures and temperatures shown in Figures 5.2.4 and 5.2.5.

In the upper drywell, steam begins accumulating after vessel failure at 3.3hr but that
steam is effectively condensed and removed by the firewater spray from spray initiation
after about 6hr until after spray injection was calculated to stop at 18.5hr; most (~60%)
of the upper drywell atmosphere consists of hydrogen after spray initiation. Even after
spray is stopped, the steam concentration builds up again quite slowly. The response
of the wetwell vapor space is similar to that predicted for the LCLP-PF-R-N sequence:
steam does not predominate until after containment rupture disk opening at 25hr, while
most (50-60%) of the wetwell atmosphere between vessel failure and containment depres-
surization is hydrogen.

The containment continues to pressurize until the wetwell pressure reaches 0.72MPa
(90psig) at 31.1hr in the MAAP analysis and at 25hr in the MELCOR calculation, when
the rupture disk opens as shown in Figures 5.1.17. The flow out the COPS rupture
disk in the MELCOR calculation is presented in Figure 5.2.8. No penetration leakage
is predicted by either MAAP or MELCOR, since the temperature in the upper drywell
remains below 533K (500°F) until well after the rupture disk opens (as illustrated in
Figure 5.2.5).

The total mass of debris in the cavity, the mass of ejected core debris, the mass of
ablated concrete and the mass of gases generated in the cavity calculated by MELCOR
are illustrated in Figure 5.2.9. The mass of core debris in the cavity for this sequence is
very similar to the results for the LCLP-PF-R-N sequence; both are basically an inversion
of the masses retained in-vessel, presented in Figure 5.1.12. The debris ejection from the
vesse]l can be seen to occur in discrete steps or stages, while the concrete mass ablated
increases continuously with time; the mass of concrete ablated and the rate at which it
is ablated predicted by MELCOR for the LCLP-FS-R-N sequence is quite similar to the
LCLP-PF-R-N results calcula’ .d by MELCOR and given in Figure 5.1.22.
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Sequence
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As seen by the ablated concrete mass given in Figure 5.2.9, as soon as the core
debris was predicted to enter the cavity, core-concrete interaction began, resulting in the
production of carbon dioxide and hydrogen; reduction of these gases by the molten metal
also gave rise to carbon monoxide and hydrogen. Figure 5.2.10 presents the production of
various noncondensable gases in the cavity due to core-concrete interaction, calculated by
MELCOR. Throughout most of the transient period calculated, almost all of the cavity
gas production is in the form of hydrogen; however, there is a rapid increase in CO
production after 30hr. This is qualitatively the same as the MELCOR results for LCLP-
PF-R-N, given in Figure 5.2.10, but significantly more CO is predicted to be produced in
the LCLP-FS-R-N sequence prior to “cavity rupture” (i.e., ablation of either the initial
cavity thickness and/or depth at some point) and calculation end than in the LCLP-PF-
R-N sequence analysis. In both cases, CO is produced only after all the zironium in the
cavity is oxidized to ZrQ,, which happens at about 30hr in this case, because before that
time Zr is assumed to reduce any CO; generated to pure carbon (“coking”).

Figure 5.2.11 gives the calculated maximum cavity depth and radius. (Note that these
represent maximum, not average, ablation distances.) Immediately after core debris is
first ejected from the vessel to the cavity upon vessel breach in the MELCOR analysis,
there is a brief period of rapid radial ablation, which stops after about 6cm of concrete
loss. The bulk of the concrete ablation calculated is axially downward, with the MELCOR
calculation stopping at 44hr due to “cavity rupture”, when the axial ablation equals and
tries to exceed the specified available concrete thickness of 2m.

Figure 5.2.12 shows the predicted masses, thicknesses, temperatures and densities of
the light oxide, metallic and heavy oxide debris layers in the cavity. No heavy oxide layer
is visible in these plots; MELCOR calculates a stable configuration of a light oxide layer
above a metallic debris layer throughout the transient period calculated. The metallic
layer remains nearly constant in mass and thickness, with a gradually increasing density;
the light oxide layer mass and thickness increase continuously (and the density decreases)
as ablating concrete (with its resultant low-density silicate oxides) continues to dilute the
high-density zirc oxide and steel oxide debris to an average density value less than the
metallic debris density. After a few initial oscillations, the temperatures of both layers
remain nearly equal, at ~1500K, throughout the transient period calculated.

The heat transfer from the cavity debris pool in the MELCOR analysis, both down-
ward and outward to the concrete surface and upward to the cavity volume atmosphere,
is shown in Figure 5.2.13. The energy transfer from the debris in the cavity upward
through the debris bed surface to the lower drywell atmosphere and/or overlying water
pool is 2-4 times greater than the energy transferred downward (and sideways) to the
concrete. In general, that upper surface of the debris bed is covered with a water pool,
not exposed to atmosphere.

Tables 5.2.2 and 5.2.3 give the distribution of the released radionuclides at the end
of the calculation (¢.e., at 44hr). Table 5.2.2 provides an overview of how much of
the radionuclides remain bound up in fuel in either the core or the cavity, and of how
much of the released radionuclides are retained in the primary system vs how much
of the released radionuclides are released to, or released in, either the drywell or the
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wetwell in containment and the environment, all normalized to the initial inventories of
each class. Table 5.2.3 gives a slightly different breakdown of the released radionuclide
final distribution — the fractions of initial inventory released for each class from fuel in-
vessel in the core, ex-vessel in the cavity and overall total are given, together with the
distribution of the released radionuclides in the primary system, drywell, wetwell and
environment normalized by the mass of each class released. (Note that these amounts
generally consider only the release of radioactive forms of these classes, and not additional
releases of nonradioactive aerosols from structural materials.)

The release behavior predicted by MELCOR can be grouped into several subdivisions.
Almost all (~100%) of the volatile Class 1 (noble gases), Class 2 (CsOH), Class 5 (Te)
and Class 16 (CsI) radionuclide species are released, primarily in-vessel, as are most (80-
90%) of the Class 3 (Ba) and Class 12 (Sn) inventories. The next major release fractions
are of Ru and Mo, Ce and La, all between 2% and 4%. Finally, a total <0.1% of the
initial inventory of uranium and Class 11 (Cd) are predicted to be released. This is very
similar to the fission product release behavior predicted by MELCOR for the LCLP-PF-
R-N sequence. (Note that the CORSOR-M fission product release model option used in
these analyses has identically zero release in-vessel of Class 7, Class 9 and Class 11.)

Most of the released radionuclides remain in the primary system and/or the con-
tainment; only the noble gases show a significant release to the environment. Of the
other radionuclides, <0.1% of the initial inventories are released to the environment. Of
the species with significant (>80%) release from fuel, the wetwell retains most (65-75%)
of the released CsOH, Te and Csl volatiles, while the Ba and Sn aerosols are held up
both in the primary system (55%) and in the wetwell (30-40%). The predicted release
to the environment of each radionuclide species is lower for the LCLP-FS-R-N sequence
than calculated for the LCLP-PF-R-N sequence; the fractions retained in the wetwell are
higher, and the fractions in the drywell generally lower, for the LCLP-FS-R-N sequence
analysis than calculated for the LCLP-PF-R-N sequence, reflecting the sprays remov-
ing fission products from the containment atmosphere and/or structures (via draining
condensate films) into the suppression pool.

Figures 5.2.14 and 5.2.15 give the retention factors for the various radionuclides calcu-
lated by MELCOR, for the primary system and for the overall containment, respectively.
The retention factors are defined as the fraction of material released in, or transported
into, a region which remains in that region. The vessel retention factors fall into three
sets:

o essentially no retention for the noble gases and for I, (of which there is very little),

e a retention of 20-30% for the radionuclide species with non-zero vapor pressures

(i.e., CsOH, Te, and Csl), and
e a >50% retention of those classes which form aerosols only.

These are very similar to the values found in the LCLP-PF-R-N sequence, shown in
Figure 5.2.14. The containment retention factors fall into several distinct categories also,
and are very similar to the values for the LCLP-PF-R-N sequence, shown in Figure 5.2.15:
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Table 5.2.2. Radionuclide Distribution Predicted at 44hr for LCLP-FS-R-N Sequence

Fission Product Distribution

Class (% Initial Inventory)
Remaining in Fuel Released from Fuel
Core Cavity Primary System  Drywell Wetwell Environment
Noble Gases (Xe) ~( 0 0.0782 8.79 4.44x1073 91.1
Alkali Metals (CsOH) ~0 ~0 18.2 6.39 75.3 0.0795
Alkaline Earths (Ba) 2.64x10~* 18.0 47.1 7.65 27.2 1.75%x1073
Halogens (I) ~0 ~0 ~0 ~0 ~0 ~0
Chalcogens (Te) ~0 0.0274 28.8 5.75 65.4 0.0176
Platinoids (Ru) 1.11x1073  96.4 2.06 1.03 0.512 2111075
Transition Metals (Mo) 1.11x1073 98.2 4.04x1073 0.513 1.27 1.38x1073"
Tetravalents (Ce) 1.11x1073 95.4 2.58 1.41 0.628 2.30x10°°
Trivalents (La) 1.11x1073 97.9 1.73x1073 1.06 1.07 4.86x10~*
Uranium (U) 1.94x1073 99.9 0.0344 0.0175 0.81x10™3 1.14x10°°¢
More Volatile Main Group Elements (Cd) | 1.11x1073 ~100 1.70x10~° 6.50x10~3 5.47x107% 1.92x107°
Less Volatile Main Group Elements (Sn) | 1.48x10~* 8.99 47.5 6.49 37.1 1.74x1073
Csl ~0 7.52x107¢ 18.8 6.34 74.8 0.0241




Table 5.2.3. Radionuclide Release and Released Distribution Predicted at 44hr for
LCLP-FS-R-N Sequence

Released from Fuel Distribution
Class (% Initial Inventory) (% Released Mass) :
Core Cavity  Total | Primary System Drywell ~Wetwell Environment
Noble Gases (Xe) 99.97 0.03 ~100 0.0782 8.79  4.44x107° 91.13
Alkali Metals (CsOH) 99.94 0.03 99.97 18.25 6.39 75.29 0.0795
Alkaline Zarths (Ba) 80.28 1.75 82.04 57.45 9.33 33.21 0.002
Halogens (I) ~0 ~0 ~0 0.057 857 4.32x107%  92.98
Chalcogens (Te) 99.98 7.56x107> 99.98 28.78 5.76 65.45 0.0176
Platinoids (Ru) 3.60 2.61x107° 3.60 36.06 17.98 8.96 3.70x10~*
- Transition Metals (Mo) 0 1.79 1.79 0.226 28.70 70.99 0.0769
< Tetravalents (Ce) 461 4.60x107* 4.61 55.90 30.48 13.62 4.98x10™*
Trivalents (La) 0 2.13 2.13 0.0814 49.55 50.35 0.0228
Uranium (U) 0.060 0.003 0.063 55.68 28.42 15.90 - 1.84x107°
More Volatile Main Group Elements (Cd) | 0 0.012 0.012 0.142 54.24 4560 °  0.016
Less Volatile Main Group Elements (Sn) | 91.00 0.011 91.01 52.15 7.13 40.72 1.91x1072
Csl 99.97 0.032 ~100 18.81 6.34 74.83 0.0241




e essentially no retention for the noble gases and for I, after COPS rupture,

¢ a retention of 70-80% for the radionuclide species with non-zero vapor pressures

(i.e., CsOH, Te, and CsI), and

o for those classes which form aerosols only, there is a 40-50% retention for those
which had some in-vessel release (Ba, Ru, Ce, U and Sn) and a ~100% retention
of those with only ex-vessel release (Mo, La and Cd).

Figures 5.2.16 and 5.2.17 give the decontamination factors (DFs) for the various
radionuclides calculated by MELCOR, for the suppression pool and for the overall con-
tainment, respectively. The period of interest in these plots is after ~25hr when the
containment is calculated to depressurize due to rupture disk actuation. After contain-
ment rupture disk ¢ pening, the suppression pool and overall containment DF's are simply
DF=1.0 for the noble gases and for I, (of which there is very little), not shown explicitly
in these figures.

The suppression pool DFs after COPS actuation vary over two orders of magnitude,

e DFsp<100 for classes with no in-vessel release and no continuing ex-vessel relcase

(.e., La and Cd),

DF 5p>200 for classes with no in-vessel release but continuous ex-vessel release (i.e.,
Mo),

DFsp~600 for classes with «1% in-vessel release (U),
DFsp~900 for the volatile CsOH,

DF sp>2000 for the majority of classes (Ba, Te and Csl), and

DFgp>6000 for the other classes (Ru, Ce and Sn).

The magnitude of the various DFs calculated by MELCOR for the LCLP-FS-R-N se-
quence are generally higher than those calculated by MELCOR for the LCLP-PF-R-N
sequence, presented in Figure 5.1.29, reflecting the sprays removing fission products from
the containment atmosphere and/or structures (via draining condensate films) into the
suppression pool. The classes predicted to have relatively higher wetwell decontamina-
tion factors are also different in the two analyses, reflecting differences in release and
distribution.

The overall containment DFs sequence also are generally higher than those calculated
by MELCOR for the LCLP-PF-R-N sequence, presented in Figure 5.1.30, again reflecting
the sprays removing fission products from the atmosphere and/or structures into the
wetwell pool:

o DF¢yni~1000-6000 for classes with no in-vessel release (z.e., Mo, La and Cd) and
for the volatiles (CsOH, Te and Csl),
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Figure 5.2.14. Primary System Retention Factors Predicted by MELCOR for
LCLP-FS-R-N Sequence
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Figure 5.2.16. Suppression Pool Decontamination Factors Predicted by MELCOR
for LCLP-FS-R-N Sequence
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e DF(,.: 220,000 for several classes (Ba, U and Sn), and
o DF¢,n:<100,000 for Class 6 (Ru) and Class 8 (Ce).

While the overall containment decontamination factors predicted by MELCOR for the
LCLP-FS-R-N are greater in ma_ ..itude than for the LCLP-PF-R-N sequence, the relative
differences between DF's for various radionuclide classes are generally similar in the two
calculations.

Note that both the suppression pool and overall containment decontamination factors
remain nearly constant or drop very slowly for most classes after containment rupture
disk actuation, but drop steadily for several radionuclide species (i.e., CsOH, Te, Mo
and CsI). These are the classes for which a continuing release to the environment is
predicted, while for the other classes there is only a single step-like release at containment
depressurization, as illustrated in Figure 5.2.18. That continuing release comes from two
different causes. The non-zero vapor pressure of CsOH, Te and Csl causes continuous
vaporization from the suppression pool and replenishment of these fission product vapors
in the wetwell atmosphere as those fission product vapors in the wetwell atmosphere are
lost out the COPS rupture. Class 7 (Mo) has no non-zero vapor pressure and therefore
remains an aerosol throughout the problem. However, this class is the only one with
substantial and continuing radionuclide release in the cavity, and a small fraction of that
continuing release (while mostly remaining in the cavity and/or suppression pools) does
survive pool scrubbing and get released to the wetwell atmosphere and then out the
containment rupture disk to the environment.

Figure 5.2.18 does not include the release of the noble gases, to allow expansion of
the scale for the environmental release of the other radionuclide classes. In the MAAP
analysis, the release of noble gases is nearly complete one hour after the rupture disk
opens (Figure 19E.2-3D in [1]; the release of the noble gases in the MELCOR calcula-
tion also occurs within a brief time after COPS actuation, and almost all of the noble
gases are released. Figure 19.E.2-3E in [1] gives the release fractions of cesium iodide
and cesium hydroxide as functions of time from the MAAP analysis. The release of the
volatile species, Csl and CsOH, occurs over a much longer period of time than for the
noble gases and is nearly complete at 76hr; the release fractions of CsOH and CslI at 70hr
are <2x1077. It is not clear from Figure 19E.2-3E in [1] whether the release fractions of
CsOH and Csl were normalized to their initial inventories or to their released inventories.
This MELCOR calculation shows environment release fractions by the end of the calcu-
lation (44hr) of about 8x107* and 2x10~* for CsOH and Csl, respectively, normalized
to their total available inventory (Table 5.2.2; since ~99.9% of these radionuclides were
predicted to be released, the same environment release fractions are obtained normalizing
to released inventories (Table 5.2.3). The release fractions calculated by MELCOR are
significantly higher than the values predicted by MAAP, primarily due to the continuing
steaming of cavity water by non-quenched debris in MELCOR; however, the MELCOR
release fractions are still very small fractions of the fission product inventories initially
present, released but retained within containment even after containment rupture disk
opening.
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Figure 5.2.18. Radionuclide Environmental Releases Predicted by MELCOR for
LCLP-FS-R-N Sequence
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5.3 LCHP-PF-P-M Sequence

The initiator for this analysis is a station blackout with loss of all core cooling. The
MSIV closes, followed by reactor scram. The feedwater trips, with a coastdown of 5s. The
ECC injection systems fail. The operator is assumed to fail to depressurize the vessel.
The salety relief valves (SRVs) cycle open and closed to relieve the steam pressure.

The sequence of events predicted by MELCOR for this accident is given in Table 5.3.1,
with the timings of the various events as calculated by MAAP (taken from Table 19E.2-8
in {1]) included for comparison.

The swollen and collapsed liquid levels predicted by MELCOR in the vessel control
volumes are given in Figure 5.3.1. Less than 30min after accident initiation, decay
heat has been sufficient to lower the water level in the vessel to uncover the channel
control volume, as shown in Figure 5.3.1, slightly later in the MELCOR analysis than
in the MAAP analysis. Comparison to vessel liquid levels predicted by MELCOR for
the corresponding low-pressure sequence, shown in Figure 5.3.1, illustrates that the core
uncovers more s owly in the high-pressure boiloff than when the ADS is actuated. With
failure to depressurize, the vessel pressure continues to cycle on the SRV setpoint, as
illustrated by the primary system pressure history presented in Figure 5.3.2, while the
water in the core boils away and the core melts.

The core plate and lower head are not predicted to fail immediately after core uncovery
is completed; core uncovery is complete at lhr, while core plate failure and lower head
penetration failure are first calculated to occur at about 4.5hr. Between those times, the
core is maintained in a degraded configuration by steam cooling from boiling off water
in the lower plenum. Note that both MAAP and MELCOR predict that the core can be
maintained in this degraded condition longer in the high-pressure sequence than in the
low-pressure LCLP-PF-R-N sequence, so that vessel failure is calculated to occur later
in the high-pressure sequence than in the corresponding low-pressure sequence by both
codes.

Figure 5.3.3 shows core clad temperatures in the various axial levels in the active fuel
region for each of the four radial rings used in the MELCOR core model; Figure 5.3.4
gives core particulate debris temperatures in the same axial levels, in the active fuel
region, for each of the four radial rings. Core particulate debris temperatures in the five

axial levels in the lower plenum (with the core support plate in level 5) are presented in
Figure 5.3.5.

The majority of material in the active fuel region (i.e., above the core support plate)
heats up without interruption through melt and relocation to debris formation. Most of
the fuel and clad in the innermost, highest-powered ring have collapsed into a debris bed
by about lhr, and all has collapsed into a debris bed by 1.5hr. Most of the fuel and clad
in the middle two rings have collapsed into a debris bed by 1.5-2.5hr, and all has collapsed
into a debris bed by 3-4hr. None of the fuel and clad in the outermost, lowest-powered
ring have collapsed into a debris bed by the time of vessel failure at 4.5hr, unlike the
results calculated for the low-pressure LCLP-PF-R-N sequence where MELCOR predicts
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Table 5.3.1.

Sequence, Compared to MAAP

Event

Accident initiation (MSIV Closure)
Reactor scrammed
Core uncovery begins
Clad failure/Gap release
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Core plate failed
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Vessel bottom head failed
Vessel LH penetration failed
(Ring 1’
(Ring <
(Ring 3)
(Ring 4)
Commence debris ejection
End of HPME/DCH
Passive flooder opens
Seal degradation temperature reached
Leakage through movable penetrations begins
Concrete ablation >2m
End of calculation
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MAAP
0.0

4.2s8
0.3hr

2.0hr

2.0hr
2.1hr
18.1hr

100hr

Sequence of Events Predicted by MELCOR for LCHP-PF-P-M

Time

MELCOR
0.0
1,637.5s (0.45r)
3,203.3s
4,322.8s

5,144.0s
8,279.6s

0.83hr)
1.20hr)
1.43hr)
2.30hr)

16,325.7s (4.53hr)
18,072.6s (5.02hr)
21,940.1s (6.09hr)
30,660.2s (8.52hr)

16,389.6s (4.55hr)
16,393.2s (4.55hr)
16,404.2s (4.56hr)
16,412.9s (4.56hr)
16,389.6s (4.55hr)
16,565.8s (4.60hr)
16,401.0s (4.56hr)
16,401.2s (4.56hr)
21,780s (6.05hr)
209,736s (58.26hr)
209,736s (58.26hr)
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all of the fuel and clad in the outermost, lowest-powered ring collapsed into a debris bed
by the time of vessel failure at 3.3hr. The debris beds in the active fuel region are held
up for several hours by the core support plate and by still-intact support structures in
the lowermost, non-fueled level in the active fuel region (/.e., level 6), as illustrated in
the temperatures in Figures 5.3.3 and 5.3.4.

The temperatures calculated for the core support plate (z.e., the “other structure” n
level 5) are given in Figure 5.3.6. The core support plate begins to heat up as soon as
the bottom of the core is uncovered, at 2hr, and then heats up at a generally steady, slow
rate due to conduction and/or radiation heat transfer from the hot debris in the active
fuel region levels above the core plate. The core support plate first fails at 4.53hr, in the
innermost ring where the debris was hottest. Even before the core support plate fails,
some debris has fallen through the core support plate into the lowest lower plenum level,
just above the lower head, as indicated by the debris temperatures given in Figure 5.3.5.
That falling debris falls into a water pool in the lower plenum, and the water in the
lower plenum is boiled off slowly by that hot debris, as visible in Figure 5.3.1. The
steam generated flows upward through the core and temporarily significantly increases
the steam cooling of the material remaining in the core region, helping to slow the core
plate heatup and to maintain the integrity of the core support plate and lower core
support structures.

The core support plate in the innermost ring failed by reaching the failure criterion of
1273K at 16,326s (4.53hr), allowing any particulate debris and remaining intact material
in the active fuel region and core plate level to fall through into the lower plenum. The
lower head surface and penetration temperatures are presented in I‘igure 5.3.7. The
temperature of the lower head penetrations in all four rings quickly rose well above the
weld failure temperature of 1273K. The penetrations were assumed to have failed and
vessel breach occurred at 16,390s (4.55hr); this compares to an earlier vessel failure time
of about 2hr after transient start in the MAAP analysis. Although the times of vessel
failure predicted by MAAP and by MELCOR are different, both codes show later vessel
failure in sequences with high-pressure boiloff than in sequences where the ADS functions
as intended. The core support plate in the other three rings failed 0.5 to 3hr later in
this LCHP-PF-P-M sequence analysis; this is largely a result of the new debris radial
relocation model allowing debris formed in the outer rings to move laterally to the first,
failed ring and fall through the failed core plate and lower head penetration in the first
ring, rather than remain on and continue to heat the core support plate in the other
rings.

The calculated core state at vessel failure (i.e., at 16,389.6s or 4.55hr) is illustrated
in Figures 5.3.8 through 5.3.11, for the four rings in the MELCOR ABWR core model.
The content of these figures is explained in Section 5.1 when discussing Figures 5.1.8
through 5.1.11, which give corresponding results for the core state calculated at vessel
failure in the low-pressure LCLP-PF-R-N sequence. These core material configurations at
the time of vessel failure also should be compared to the initial core material configuration
given in Figure 4.4, to aid in visualize the amount of material degradation and relocation.
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As visible in Figure 5.3.8, the innermost ring has no intact structure in the active fuel
region at all at the time of vessel failure, but there is a substantial debris bed visible in
the lowest axial level in the lower plenum. In the second and third rings (Figures 5.3.9
and 5.3.10), a very small intact clad mass is visible, corresponding to the non-fueled core
support material in level 6; also in the second and third rings, a small intact canister
mass is visible in several levels just above the core support plate. Most of the material
in these middle two rings is in the particulate debris bed, held up by the core support
plate in level 5 (at >5m) and the non-fueled core material in level 6. Note that there
is a significant debris bed also present in the lower plenum; that debris comes from the
failure of the innermost ring, through the debris radial relocation model. The material
in the outermost ring at the time of vessel failure (Figure 5.3.11) is still mostly intact.

Tables 5.3.2 and5.3.3 summarize the state of the various materials in the core active
fuel region, core plate and lower plenum at vessel breach. Masses of intact components
and of debris components are presented for each region in Table 5.3.2; in Table 5.3.3 the
average debris temperatures and the fraction of debris material molten at the time of
vessel failure are included.

Compared to corresponding results for the low-pressure LCLP-PF-R-N sequence,
given in Tables 5.1.2 and5.1.3, MELCOR predicts more intact material remaining in
the active fuel region at the time the vessel fails at high pressure (mostly in the out-
ermost, low-powered ring as illustrated in Figure 5.3.11); there is also more particulate
debris in the active fuel region and less in the lower plenum predicted in that low-pressure
sequence than for this high-pressure sequence. In both sequences, the core support plate
and lower plenum structural steel is basically intact at vessel failure.

Figure 5.3.12 shows the total masses of core materials (UQ,, Zircaloy and ZrQs,
stainless steel and steel oxide, and control rod poison) remaining in the vessel. As noted
in Table 5.3.1, debris ejection began immediately after lower head failure. This figure
illustrates that the core material was lost from the vessel to the cavity in step-like stages.
Almost all of the UO, was transferred to the cavity within 10.5hr after the start of the
transient, as was the unoxidized zircaloy, the associated zirc oxide and the control rod
poison. About half of the structural steel in the lower plenum was predicted to remain
unmelted and in place throughout the entire transient period calculated, together with
some associated steel oxide.

Zircaloy oxidation began at about 1-2hr, as indicated by the production of hydrogen
in the core illustrated in Figure 5.3.13. No other gases were calculated to be generated
in the core. The hydrogen produced by the time the vessel failed at 4.55hr corresponds
to oxidation of 17% of the total zircaloy mass initially present in the core, and 4% and
0.9% of the structural steel in the core and lower plenum regions, respectively.

In the low-pressure LCLP sequence analyses discussed in Sections 5.1 and 5.2, all of
the debris lost from the core simply fell directly into the cavity. In the high-pressure
LCHP analyses, in contrast, the potential exists for high-pressure melt ejection (HPME)
to disperse core debris throughout containment, with direct containment heating (DCH)
possible. The MAAP analyses assumed that “the initial discharge of corium and water
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Table 5.3.2. Core Masses at Vessel Failure Predicted during LCHP-PF-P-M

Sequence

Intact Debris
Active Fuel Region Masses (kg)

U0, 42,900 59,377
Zircaloy 28,681 20,632
Zr0, 4,415 4,535
Steel 19,288 6,480
Steel oxide 1,066 77
Control rod poison 355 350
Total 96,705 91,380
Core Support Plate Masses (kg)
U0 0 0
Zircaloy 255 164
7r0, 63 0
Steel 11,616 315
Steel oxide 12 1
Control rod poison 0 37
Total 11,946 517
Lower Plenum Masses (kg)
U0, 23 69,298
Zircaloy 1,443 14,279
Zr0, 142 3,438
Steel 49,240 4,192
Steel oxide 149 328
Control rod poison 0 166
Total 50,997 91,701

Table 5.3.3. Core State at Vessel Failure Predicted during LCHP-PF-P-M Sequence

Region Average Debris  Fraction of Debris
Temperature (K)  Material Molten
Active Fuel 2810 47%
Core Support Plate 833 0%
Lower Plenum 3113 100%
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from the lower plenum is entrained by the steam from the vessel into the upper drywell
and wetwell because the vessel fails at high pressure” [1]. MELCOR calculations were
done with and without high-pressure debris dispersal assumed, and the results showed
that it was necessary to assume some hot core debris entrained into the upper drywell
for the upper drywell to heat up sufficiently (to 533K) for penetration leakage to occur.
However, the amount of debris entrained into the upper drywell must be limited so that in
the high-pressure sequences with spray injection (discussed in the next two subsections)
the sprays can cool the drywell sufficiently that that failure temperature is not reached.
Also, the high-pressure melt ejection and associated direct containment heating must be
benign enough not to pressurize containment to the rupture disk setpoint immediately
upon vessel failure and HPME/DCH interactions. The debris distribution and interaction
times used in these MELCOR ABWR analyses are not necessarily “correct”; they simply
satisfy these constraint criteria. The total amount of core debris ejected during high-
pressure melt ejection and the amounts carried to various containment volumes in this
LCHP-PF-P-M analysis are shown in Figure 5.3.14, and correspond to about 15% of the
material eventually lost from the vessel. The remainder of the core debris ejected from
the vessel is assumed to fall directly into the cavity as a low-pressure melt ejection or
pour, as in the low-pressure scenarios.

Figure 5.3.15 shows the collapsed liquid level in the lower drywell (cavity) control
volume in the MELCOR calculation; the level given is referenced to 0 at the bottom
of the vessel lower plenum, and the bottom of the cavity control volume is indicated in
the figure. The sudden rise in liquid level at about 4.5hr corresponds to the remaining
lower plenum water pouring out the vessel breach and to the passive flooder opening;
MELCOR predicts the passive flooder to open almost immediately (~25s) after vessel
failure in this LCHP-PF-P-M sequence. Note that Table 5.3.1 shows that MAAP also
predicts the passive flooder opening immediately after vessel failure in this sequence.
Water pours from the wetwell into the drywell and the cavity liquid level settles to a pool
depth of about 2m, the level of the upper horizontal vent, almost immediately. Later in
the transient the pool depth in the lower drywell oscillates between 2m and 5-5.5m, as
cycling of the DW/WW vents occasionally pushes water from the suppression pool over
to the lower drywell.

The lower drywell and wetwell atmosphere and pool temperatures are presented in
Figure 5.3.16. As soon as the vessel fails and core debris is ejected into the cavity,
the lower drywell atmosphere temperature spikes rapidly and reaches the 533K (500°F)
setpoint for passive flooder actuation. The hot debris in the cavity in the MELCOR
calculation keeps the lower drywell pool temperature 25-75K hotter than the suppres-
sion pool temperature; the cavity pool temperature remains nearly constant at ~425K
while the suppression pool temperature slowly rises. Prior to vessel breach, the wetwell
atmosphere is about 20K hotter than the suppression pool, and the wetwell atmosphere
temperature remains more nearly constant while the suppression pool continually heats
up. The cavity atmosphere remains 25-50K hotter than the cavity pool throughout the
transient, with the differential increasing with time.
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Figure 5.3.17 give the drywell and wetwell pool masses for the MELCOR analysis,
compared to the pool masses calculated by MAAP (taken from Figure 19E.2-5D in [1]).
There appears to be a small difference in the suppression pool initial mass (and/or level)
in the two calculations. Also, MELCOR predicts a gradual, long-term drop in suppression
pool level with some intermittent transfers of water to the lower drywell superimposed on
the slow level decline, while MAAP predicts more constant suppression pool and lower
drywell pool masses after passive flooder opening, with no drops in suppression pool mass
and corresponding jumps in cavity pool mass until about 40hr (with another at ~60hr).

The pressures calculated by MELCOR in the various containment control volumes
are depicted in Figure 5.3.18, together with the containment pressure from the MAAP
analysis (taken from Figure 19E.2-5A in [1]). The results from the two codes are generally
similar qualitatively, but with a number of quantitative differences and shifts in timing.
Both codes predict a rapid pressure increase in containment immediately after vessel
failure, due to steam generation from hot debris and water falling into the cavity from the
lower plenum. That initial containment pressurization is greater in the MELCOR analysis
than in the MAAP analysis, probably due to direct containment heating associated with
high-pressure melt ejection in the MELCOR analysis. Both codes then predict a gradual
pressurization of containment to around 700kPa, with MELCOR showing multiple brief
depressurizations and repressurizations associated with water being displaced from the
suppression pool to the lower drywell (as indicated in Figures 5.3.15 and 5.3.17) and
MAAP showing fewer such pressure pulses, at about 40hr and at about 60hr.

Figure 5.3.19 gives the upper and lower drywell temperatures calculated by MELCOR,
compared to corresponding MAAP results. (The MAAP curves included in this plot
were taken from Figure 19E.2-5B in [1].) Large temperature spikes are predicted at
vessel failure by both codes, at 2hr by MAAP and at 4.5hr by MELCOR. The spike in
the lower drywell temperature at vessel failure triggers the passive flooder to open; the
spike in the upper drywell temperature at vessel failure causes the seals in the movable
penetrations to degrade, so that penetration leakage can occur. In both codes the upper
drywell temperature reaches this failure temperature due to heat transfer from hot core
debris assumed to have been swept into the upper drywell due to vessel failure at high
pressure. As seen in the pressure comparison presented in Figure 5.3.18, that initial
spike is greater in the MELCOR analysis than in the MAAP analysis, probably due to
direct containment heating associated with high-pressure melt ejection in the MELCOR.
analysis. Both codes then predict the upper drywell significantly hotter than the lower
drywell throughout the rest of this sequence. The lower drywell temperature calculated
by MAAP agrees very well with the cavity pool temperature predicted by MELCOR,
while the lower drywell atmosphere temperature calculated by MELCOR is hotter. The
upper drywell temperature from MELCOR is significantly lower than the corresponding
MAAP value after the initial spike, probably due partly to less debris assumed ejected
into the upper drywell and partly to more rapid heat transfer from that debris to the
upper drywell in the MELCOR direct containment heating model.

Figures 5.3.20 and 5.3.21 show the total and partial pressures, and the mole fractions,
respectively, in the atmospheres of the four containment control volumes. The lower
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drywell and DW/WW vent atmospheres consist of almost all (80-90%) steam from vessel
failure through calculation end; in the upper drywell, the concentration of steam increases
a little more slowly after vessel failure, taking about 15hr to reach >90%. At about
12hr and after about 22hr, there are oscillations visible in both the lower drywell and
the DW/WW vents (and in the upper drywell, but much smaller in magnitude) with
steam concentration dropping due to condensation while hydrogen concentration rises.
These oscillations in steam concentration and partial pressure cause the oscillations in
overall containment pressures and temperatures shown in Figures 5.3.18 and 5.3.19. In
the suppression pool, most (50-60%) of the wetwell atmosphere after vessel failure is
hydrogen, although the concentration of hydrogen is dropping and the concentration of
steam increasing after penetration leakage begins.

The flow out the movable penetrations in the MELCOR calculation is presented in
Figure 5.3.22. Both MAAP and MELCOR predict penetration leakage in this sequence,
since the temperature in the upper drywell rises above 533K (500°F), as illustrated in
Figure 5.3.19). Note that, in both codes, the upper drywell temperature reaches this
penetration seal leakage temperature only because hot core debris was assumed swept
into the upper drywell due to vessel failure at high pressure.

The total mass of debris in the cavity, the mass of ejected core debris, the mass of
ablated concrete and the mass of gases generated in the cavity calculated by MELCOR
are illustrated in Figure 5.3.23. The core debris in the cavity includes both debris ejected
directly into the cavity during high-pressure melt ejection, debris ejected into the lower
drywell atmosphere during high-pressure melt ejection which then settles into the cavity,
and debris subsequently poured directly into the cavity during low-pressure melt ejection.
The mass of core debris in the cavity is basically an inversion of the masses retained in-
vessel, presented in Figure 5.3.12, and the debris ejection can be seen to occur in discrete
steps or stages. The mass of core debris in the cavity includes most of the core debris lost
from the vessel, since Figure 5.3.14 shows that only ~10% of the total core debris lost
from the vessel is dispersed to the upper drywell or wetwell in this MELCOR analysis.
Little concrete ablation occurs before about 12hr; after that time, the mass of concrete
ablated increases continuously with time.

Core-concrete interaction results in the production of carbon dioxide and hydrogen;
reduction of these gases by the molten metal also gave rise to carbon monoxide and
hydrogen. Figure 5.3.24 presents the production of various noncondensable gases in the
cavity due to core-concrete interaction in this LCHP-PF-P-M sequence, calculated by
MELCOR. Almost all of the cavity gas production before about 35-40hr is in the form of
hydrogen, with a growing amount of CO produced after that time. CO is produced only
after all the zironium in the cavity is oxidized to ZrO,, which happens at about 35hr in
this case, because before that time Zr is assumed to reduce any CO, generated to pure
carbon (“coking”); this reaction can be disabled in MELCOR, but is enabled by default.

Figure 5.3.25 gives the calculated maximum cavity depth and radius. (Note that these
represent maximum, not average, ablation distances.) Immediately after core debris is
first ejected from the vessel to the cavity upon vessel breach in the MELCOR analysis,
there is a brief period of rapid radial ablation lasting less than 1hr, which stops after about
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2cm of concrete loss. The bulk of the concrete ablation calculated is axially downward,
with the MELCOR calculation stopping at 58hr when the axial ablation equals and tries
to exceed the specified available concrete thickness of 2m.

Figure 5.3.26 shows the predicted masses, thicknesses, temperatures and densities
of the light oxide, metallic and heavy oxide debris layers in the cavity. A heavy oxide
layer is present for only a brief period of time, after which MELCOR calculates a stable
configuration of a light oxide layer above a metallic debris layer throughout the remainder
of the transient period calculated. The transition from a metallic layer over a heavy oxide
layer to a light oxide layer over a metallic layer at 10-12hr corresponds to the time when
the concrete ablation rate increases (as illustrated in Figures 5.3.23 and 5.3.25). The
metallic layer remains nearly constant in mass and thickness, with a gradually increasing
density; the light oxide layer mass and thickness increase continuously (and the density
decreases) as ablating concrete (with its resultant low-density silicate oxides) continues
to dilute the high-density zirc oxide and steel oxide debris to an average density value
less than the metallic debris density. After some initial oscillations, the temperatures of
both layers remain nearly equal, at ~1500K, throughout the transient period calculated.

The heat transfer from the cavity debris pool in the MELCOR analysis, both down-
ward and outward to the concrete surface and upward to the cavity volume atmosphere,
is shown in Figure 5.3.27. The energy transfer from the debris in the cavity upward
through the debris bed surface to the lower drywell atmosphere and/or overlying water
pool is several times greater than the energy transferred downward (and sideways) to the
concrete before about 10hr and after about 12hr. In general, that upper surface of the
debris bed is covered with a water pool, not exposed to atmosphere.

Tables 5.3.4 and 5.3.5 give the distribution of the released radionuclides at the end
of the calculation (i.e., at 58hr). Note that these amounts generally consider only the
release of radioactive forms of these classes, and not additional releases of nonradioactive
aerosols from structural materials.

Table 5.3.4 provides an overview of how much of the radionuclides remain bound up
in fuel in either the core or the cavity, and of how much of the released radionuclides are
retained in the primary system vs how much of the released radionuclides are released
to, or released in, either the drywell or the wetwell in containment and the environment,
all normalized to the initial inventories of each class. Table 5.3.5 gives a slightly different
breakdown of the released radionuclide final distribution - the fractions of initial inventory
released for each class from fuel in-vessel in the core, ex-vessel in the cavity and overall
total are given, together with the distribution of the released radionuclides in the primary
system, drywell, wetwell and environment normalized by the mass of each class released.

The release behavior predicted by MELCOR can be grouped into the same several
subdivisions as already noted for the low-pressure sequence results. Almost all (~100%)
of the volatile Class 1 (noble gases), Class 2 (CsOH), Class 5 (Te) and Class 16 (Csl)
radionuclide species are released, primarily in-vessel, as are most (80-90%) of the Class
3 (Ba) and Class 12 (Sn) inventories. The next major release fractions are of Ru and
Mo, Ce and La, all between 0.5% and 2%. Finally, a total <0.1% of the initial inventory
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Table 5.3.4. Radionuclide Distribution Predicted at 58hr for LCHP-PF-P-M

Sequence

Class

Remaining in Fuel

Fission Product Distribution
(% Initial Inventory)
Released from Fuel

Core Cavity Primary System  Drywell Wetwell Environment
Noble Gases (Xe) 1.18x1078 0 0.0934 1.81 51.5 46.6
Alkali Metals (CsOH) 1.26x10~% 1.91x1071® 19.6 24.8 42.6 13.1
Alkaline Earths (Ba) 1.43x1078 12.3 53.4 5.50 28.8 0.018
Halogens (I) ~0 ~0 ~( ~0 ~0 ~0
Chalcogens (Te) 8.36x107° 6.41x107° 19.6 25.8 39.3 15.3
Platinoids (Ru) 1.32x107° 98.8 0.794 0.0750 0.379 1.59x107*
Transition Metals (Mo) 1.18x107° 97.4 7.98x1073 0.658 1.76 0.154
Tetravalents (Ce) 1.37x107° 98.9 0.687 0.0658 0.331 1.76x107*
Trivalents (La) 2.80x107° 97.4 4.57x10* 0.516 2.03 3.72x1073
Uranium (U) 1.55x107° ~100 0.0168 3.32x10™® 0.0132  6.69x107°
More Volatile Main Group Elements (Cd) | 2.23x107° 99.9 3.95x107° 0.0240 0.0716  3.81x10~*
Less Volatile Main Group Elements (Sn) | 2.12x107° 7.07 56.3 5.83 30.8 3.81x107*
Csl ~0 1.79%x107° 0.0390 34.8 48.5 16.7




Table 5.3.5. Radionuclide Release and Released Distribution Predicted at 58hr for
LCHP-PF-P-M Sequence

Released from Fuel Distribution
Class (% Initial Inventory) (% Released Mass)
Core Cavity  Total | Primary System Drywell Wetwell Environment

Noble Gases (Xe) 99.991 0.006 ~100 0.093 1.81 51.54 46.56
Alkali Metals (CsOH) 99.986 0.006 ~100 19.55 24.77 42.59 13.09
Alkaline Earths (Ba) 81.0 0.497 81.52 60.91 6.27 32.80 0.020
Halogens (I) ~0 ~0 ~0 0.095 1.84 52.51 45.55
Chalcogens (Te) 99.997  0.0007  ~100 19.57 25.85 39.32 15.27
Platinoids (Ru) 0.86 0.0004 0.86 63.63 6.01 30.35 0.013
—_ Transition Metals (Mo) 0 1.78 1.78 0.310 25.56 68.16 5.98
= Tetravalents (Ce) 0.75 1.35x107% 0.75 63.38 6.07 30.53 0.016
Trivalents (La) 0 1.76 1.76 0.018 20.21 79.62 0.146
Uranium (U) 0.018 0.005 0.023 50.23 9.94 39.63 0.002
More Volatile Main Group Elements (Cd) 0 0.066 0.066 0.041 24.96 74.60 0.397
Less Volatile Main Group Elements (Sn) | 89.11  5.79x 1073 89.12 60.57 6.28 33.13 0.016
Csl 99.997 5.92x107% ~100 0.039 34.77 48.46 16.73




of uranium and Class 11 (Cd) are predicted to be released. Note that the CORSOR-M
fission product release model option used in these analyses has identically zero release

in-vessel of Class 7 (Mo), Class 9 (La) and Class 11 (Cd).

These are significantly higher release fractions of Ba, Te, Ru, Ce, La and Sn than
seen in MELCOR analyses of severe accidents in current, conventional LWR plants (8, 9,

10], reflecting the high debris temperatures calculated during in-vessel core degradation
(shown in Figures 5.3.4 and 5.3.5 and in Table 5.3.3).

As in the other sequences analyzed, most of the released radionuclides do remain in
the primary system and/or the containment. Only the noble gases show a significant
release to the environment; that release (<50% of the total inventory) is smaller than
seen for any of the other sequences analyzed because the penetration leakage flow in this
sequence is much slower than the rupture disk flow in the other scenarios. However, of the
other radionuclides, ~10-20% of the total masses of other volatiles (CsOH, Te and CslI)
are released to the environment, orders of magnitude more than in either the two low-
pressure sequences or the other two high-pressure scenarios. There is also more release
of Ba and Mo in this sequence than in any other (although still «1% of their initial
inventories), while <0.1% of the other radionuclides’ initial inventory is released to the
environment, as in the other accidunts considered. Of the species with significant (>80%)
release from fuel, the wetwell retains a significant fraction (40-50%) of the released CsOH,
Te and Csl volatiles, while the Ba and Sn aerosols are held up both in the primary system
(60%) and in the wetwell (30-35%).

The retention in-vessel and in the containment, and the release to the environment,
are quite different for this LCHP-PF-P-M sequence than calculated for either of the two
low-pressure sequence analyses described in Sections 5.1 and 5.2 (and also quite different
than the results found for the other two high-pressure sequence analyses done, described
in Sections 5.4 and 5.5). This is due to the release in this sequence occurring from
the upper drywell through the movable penetration leakage, rather than through the
containment rupture disk opening as in all the other sequences considered. Although
the rupture disk is a significantly larger opening, its location in the wetwell vapor space
allows fission products to escape only after scrubbing in the suppression pool. Penetration
leakage in the upper drywell, in contrast, allows fission products to escape containment
without having to pass through the suppression pool first.

Figures 5.3.28 and 5.3.29 give the retention factors for the various radionuclides calcu-
lated by MELCOR, for the primary system and for the overall containment, respectively.
The retention factors are defined as the fraction of material released in, or transported
into, a region which remains in that region. The vessel retention factors fall into three
sets:

o essentially no retention for the noble gases and for I, (of which there is very little),

o for the radionuclide species with non-zero vapor pressures (i.e., CsOl, Te, and
Csl), a retention of 50-60% before significant penetration leakage, falling to 20%
later in the transient (and to 0 for Csl), and
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e a >60% retention of those classes which form aerosols only.

This is similar to the results found in the low-pressure sequences, except for the change
in the time-dependent retention factor for the volatile species.

The containment retention factors fall into several distinct categories also:

e a slowly decreasing retention for the noble gases and for I, from >90% before
penetration leakage begins to <60% by the end of the transient,

e an increasing retention for the radionuclide species with non-zero vapor pressures
(i.e., CsOH, Te, and Csl) from 40-50% before penetration leakage begins to 60-80%
by the end of the transient,

o for those classes which form aerosols only, there is a ~50% retention for those which
had some in-vessel release (Ba, Ru, Ce, U and Sn) and a ~100% retention of those
with only ex-vessel release (Mo, La and Cd).

The retention factors for the species which form aerosol forms only are very similar to
the results found for the two low-pressure sequences, while the results for the noble gases
and for the volatiles differ both in magnitude and in time dependence.

Figures 5.3.30 and 5.3.31 give the decontamination factors (DFs) for the various
radionuclides calculated by MELCOR, for the suppression pool and for the overall con-
tainment, respectively. The period of interest in these plots is after ~10hr when signifi-
cant leakage through the degraded containment penetration seals is calculated to occur
(Figure 5.3.22). After significant leakage flow occurs, the suppression pool and overall
containment DFs for the noble gases and for I; (of which there is very little), and for
the other radionuclide volatile species (¢.e., CsOH, Te, and CsI) continually decrease as
these species continue to be release out the leakage path in the upper drywell. For ra-
dionuclide species with only aerosol forms in MELCOR, the suppression pool and overall
containment DFs remain nearly constant after significant leakage flow occurs.

As with the retention factors, the suppression pool DF falls into subdivisions:

e DFgp~2-5 for the noble gases, for I (of which there is very little), and for the other
radionuclide volatile species (i.e., CsOH, Te, and Csl), after significant leakage flow
occurs,

® DFgsp~10 for classes with very little or no in-vessel release (i.e., Mo, La, U and
Cd),

e DFsp>100 for classes with somewhat greater in-vessel release (7.e., Ba, Ru, Ce and

Sn).

Classes with aerosol-only forms and large in-vessel releases have the highest wetwell
decontamination factors (DFgp ~200-300). The overall containment DFs also fall into
several, somewhat different subdivisions:
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Figure 5.3.28. Primary System Retention Factors Predicted by MELCOR for
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Figure 5.3.29. Containment Retention Factors Predicted by MELCOR for
LCHP-PF-P-M Sequence
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o DF¢oni<10 for the noble gases, for I (of which there is very little), and for the
other radionuclide volatile species (i.e., CsOH, Te, and Csl), late in the transient
after significant leakage flow occurs,

® DF¢0ni <20 for Class 7 (Mo), also decreasing with time until late in the transient
after significant leakage flow occurs,

® DF(one~200-700 for other classes with very little or no in-vessel release (i.c., La, U

and Cd), and

o DFeone>2000 for the other classes (Ba, Ru, Ce and Sn).

Note that both the suppression pool and overall containment decontamination factors
remain nearly constant or drop very slowly for most classes after containment leakage
begins, but drop steadily for several radionuclide species (i.e., noble gases and I, CsOH,
Te, Mo and Csl). These are the classes for which a continuing release to the environment
is predicted, while for the other classes there is only a single step-like release at the start
of containment leakage, as illustrated in Figure 5.3.32. That continuing release comes
from several different causes.

The release of the noble gases and of any I, which may be present is limited by the
slow flow out the small area of the penetration leakage. The non-zero vapor pressure
of CsOH, Te and CsI causes continuous vaporization and replenishment of these fission
product vapors in the containment atmosphere as those fission product vapors are lost
out the penetration leakage. Class 7 (Mo) has no non-zero vapor pressure and therefore
remains an aerosol throughout the problem. However, this class is the only one with
substantial and continuing radionuclide release in the cavity, and a small fraction of that
continuing release (while mostly remaining in the cavity and/or suppression pools) gets
released to the atmosphere and then out through the containment penetration leakage
to the environment.

Figure 5.3.32 includes the release of the noble gases, unlike corresponding results
presented for the two low-pressure sequences in Figures 5.1.31 and 5.2.18. In the MAAP
analysis, the fission product release begins at 18.1hr (Figure 19E.2-5E in [1]), and the
noble gas release continues well beyond 5 days, while the volatile fission product release
is nearly complete at 70hr. The release fraction of CsI at 72hr is 8.8x10~2. The release
of the noble gases in the MELCOR calculation also occurs much more slowly for this
scenario than in any of the other sequences analyzed, due to the limited flow out the
penetration leakage.

Figure 5.3.33 gives the release fractions of nobles gases, cesium iodide and cesium
hydroxide as functions of time, compared with corresponding MAAP results (taken from
Figure 19E.2-5E in [1]). For thissequence, the release fraction of the noble gases predicted
by MAAP is <50% at 100hr, quite similar to the MELCOR result of about 45% of the
noble gas inventory released to the environment by about 60hr. The release fractions of
CsOH and CsI at 100hr in the MAAP analysis are ~0.1, while this MELCOR calculation
shows environment release fractions for both CsOH and Csl by the end of the calculation
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Figure 5.3.32. Radionuclide Environmental Releases Predicted by MELCOR for
LCHP-PF-P-M Sequence
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(58hr) of about 15%. MELCOR also shows the release of noble gases still increasing at
the end of the calculation, while the releases of CsOH and (sl have plateaued; this is the
same trend as found in the corresponding MAAP results. This overall qualitative and
quantitative agreement is judged to be excellent, given the differences in code and input
models and in cavity response in the MAAP and MELCOR analyses.

5.4 LCHP-FS-R-N Sequence

The first part of this sequence, through core uncovery, heatup and degradation, and
vessel lower head failure, is identical to the LCHP-PF-P-M sequence discussed in Sec-
tion 5.3. The difference is that the firewater system is used in spray mode to add external
water to the containment after vessel failure. (This sequence is the high-pressure coun-
terpart of the low-pressure LCLP-FS-R-N sequence discussed in Section 5.2.)

The sequence of events predicted by MELCOR for this accident sequence is given
in Table 5.4.1, with the timings of the various events up to vessel failure as calculated
by MAAP (taken from Tables 19E.2-7 and 19E.2-8 in [1]) included for comparison; no
later-time tabular or plotted MAAP results were given in [1] for this sequence, just a
brief discussion of the results.

Before the spray system begins injection, the results of this sequence are almost
identical to those for the LCHP-PF-P-M sequence discussed in Section 5.3; the small
differences are due to slightly different time steps and other numerical effects.

It is assumed in the MAAP calculation that the operator turns on the firewater
addition spray system 1.9hr after the start of the accident, just before the passive flooder
would operate (as stated in Section 19E.2.2.2(b) in [1]). When the suppression pocl water
level reaches the bottom of the vessel, at about 22hr, the operator is assumed to turn off
the firewater system. The corium in the upper drywell then causes the temperature in
the upper drywell to increase. When the temperature in the upper drywell again reaches
500K (440°F) the operator restarts the drywell spray. This causes the pressure and the
upper drywell temperature to decrease. After 15min, the operator turns the system off
in order to minimize excess water addition to the containment. The cycle is repeated
many times.

In the MELCOR calculation, the firewater spray was assumed to turn and/or stay on
if:

1. the lower drywell temperature exceeds 500K (first time only), or
the upper drywell temperature exceeds 500K, or

the spray has been on less than 15min, or

Ll

the sprays are on and the suppression pool level has never reached the elevation of
the bottom of the reactor vessel.
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Table 5.4.1. Sequence of Events Predicted by MELCOR for LCHP-FS-R-N

Sequence, Compared to MAAP

Event Time
MAAP MELCOR

Accident initiation (MSIV Closure) 0.0 0.0
Reactor scrammed 4.2s
Core uncovery begins 0.3hr 1,626.1s (0.45hr)
Clad failure/Gap release

(Ring 1) 3,198.4s (0.83hr)

(Ring 2) 4,328.0s (1.20hr)

(Ring 3) 5,157.9s (1.43hr)

(Ring 4) 8,168.0s (2.27hr)
Core plate failed

(Ring 1) 15,765.4s (4.38hr)

(Ring 2) 20,800.3s (5.78hr)

(Ring 3) 22,257.0s (6.18hr)

(Ring 4) 92,114.6s (6.14hr)
Vessel bottom head failed 2.0hr
Vessel LH penetration failed

(Ring 1) 15,827.4s (4.40hr)

(Ring 2) 15,831.5s (4.40hr)

(Ring 3) 15,842.7s (4.40hr)

(Ring 4) 15,854.8s (4.40hr)
Commence debris ejection 15,827.4s (4.40hr)
End of HPME/DCH 16,002.7s (4.45hr)
Firewater spray started 1.9hr  15,833.0s (4.40hr)
Passive flooder opens 2.0hr  15,835.8s (5.40hr)
Firewater spray stopped 22hr  60,647.5s (16.85hr)
Rupture disk opens 50hr  81,172.5s (22.55hr)
Concrete ablation >2m 224,471s (62.35hr)
End of calculation 100hr  224,471s (62.35hr)
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This is the logic in the MELCOR ABWR deck as received from BNL and used for LCHP-
PF-D-H sequence analyses in 1990 [3]. The spray thus begins on a high-temperature trip,
stays on at least 15min, and then turns off when the suppression pool level reaches the
elevation of the bottom of the reactor vessel. This logic caused the spray in the MELCOR
calculation to begin injection at 4.4hr and stop at 16.85hr. (The firewater spray would
have resumed cycling on and off after about 23hr in the MELCOR calculation, based
upon the upper drywell temperature, but those later spray cycles were suppressed to
keep the suppression pool liquid level below the bottom of the drywell-wetwell vacuum
breakers and, more importantly, to keep the spray from filling the suppression pool to
the rupture disk elevation and causing liquid outflow.)

Figure 5.4.1 shows the collapsed liquid level in the lower drywell (cavity) control
volume in the MELCOR calculation, for comparison to the LCHP-PF-P-M sequence
results given in Figure 5.3.15 and the LCLP-FS-R-N sequence results in Figure 5.2.1.
The spray flow starts as soon as the vessel fails but, since the flow from the sprays does
not initially enter the lower drywell, the passive flooder opens as soon as core debris
falls into the cavity and begins heating the lower drywell. The sudden rise in liquid
level at >4.4hr thus corresponds to the remaining lower plenum water pouring out the
vessel breach and to suppression pool water through the passive flooder opening. The
additional water added by the firewater spray actuating at 4.4hr is initially directed to
the suppression pool. Water continues to flow from the suppression pool into the cavity
as the suppression pool mass increases, until the sprays are turned off just before 17hr.
After the spray stops adding water to the containment, the water level in the cavity then
drops to the elevation of the top horizontal vent (a depth of about 2m).

Figure 5.4.2 gives the corresponding drywell and wetwell pool masses for the MEL-
COR analysis. Since the firewater spray is operating in injection mode, the suppression
pool mass increases while the spray is on, and then begins gradually decreasing after the
containment rupture disk is predicted to open at about 22.5hr.

The lower drywell and wetwell atmosphere and pool temperatures are presented in
Figure 5.4.3. There is a large temperature spike at vessel failure, partly due simply to
melt ejection and partly due to direct containment heating; this temperature spike trig-
gers the passive flooder opening and the firewater spray actuation. The hot debris in the
cavity in the MELCOR calculation keeps the lower drywell pool temperature (~400K)
somewhat hotter than the suppression pool temperature (~350K). The wetwell atmo-
sphere temperature is slightly hotter than the suppression pool temperature throughout
most of this sequence. The cavity atmosphere remains significantly hotter than the cavity
pool throughout the transient, even after containment rupture disk actuation.

The pressures calculated by MELCOR in the various containment control volumes are
depicted in Figure 5.4.4. MELCOR predicts a pressure spike in containment immediately
after vessel failure, due to steam generation from hot debris and water falling into the
cavity from the lower plenum and due to direct containment heating. The MELCOR
HPME/DCH input parameters were selected so as not to actuate the rupture disk during
this pressure spike. The containment pressure then continues to rise as hot, unquenched
core debris continues to boil off the cavity water pool. After the firewater spray is
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turned off, at 16.85hr in the MELCOR calculation, the pressiires continue to increase as
steam is generated by corium in the lower drywell, until the containment rupture disk
opening setpoint is rcached, at about 23.5hr in the MELCOR calculation, after which
the containment depressurizes.

Figure 5.4.5 gives the upper and lower drywell temperatures calculated by MELCOR.
In the MELCOR calculation, the lower drywell temperature spikes up when debris first
falls into the cavity at 4.4hr, triggering the spray initiation and passive flooder open-
ing. The upper drywell temperature in the MELCOR calculation almost reached the
penetration seal degradation temperature of 533K (500°F), but the HPME/DCH input
parameters were selected so as not to degrade the penetrations during this temperature
spike in the two high-pressure sequences with sprays, to prevent containment leakage
rather than rupture disk actuation (to match the MAAP scenario). The spray keeps
the upper drywell temperature low (310-315K). After the spray injection is stopped, the
upper drywell temperature increases throughout the remainder of the transient. Note
that the firewater spray would have resumed cycling on and off after about 23hr in the
MELCOR calculation, based upon the upper drywell temperature, but those later spray
cycles were suppressed o keep the suppression pool liquid level below the bottom of the
drywell-wetwell vacuum breakers and, more importantly, to keep the spray from filling
the suppression pool to the rupture disk elevation and causing liquid outflow.

Figures 5.4.6 and 5.4.7 show the total and partial pressures, and the mole fractions,
respectively, in the atmospheres of the four control volumes representing containment
(z.c., upper and lower drywell, wetwell and drywell/wetwell vents). The predicted con-
ditions are generally quite similar {o those calculated for the LCLP-FS-R-N sequence
(Figures 5.2.6 and 5.2.7). As in the LCLP-FS-R-N sequence results, the lower drywell
and DW/WW vent atmospheres consist of almost all (>90%) steam after vessel failure
and spray initiation at 4.5hr. In the upper drywell, steam begins accumulating after
vessel failure at >4.5hr but almost all of that steam is condensed and removed by the
firewater spray from spray initiation until after spray injection was calculated to stop at
22.5hr when the rupture disk opens. Even after spray injection ends, the steam concen-
tration builds up again quite slowly and remains quite low. The response of the wetwell
vapor space is similar to that predicted for the LCLP-FS-R-N sequence: steam does not
predominate until after containment rupture disk actuation at 22.5hr, while most (about
50%) of the wetwell atmosphere between vessel failure and containment depressurization
is hydrogen.

The containment continues to pressurize until the wetwell pressure reaches 0.72MPa
(90psig) at 22.5hr in the MELCOR calculation, when the rupture disk opens as shown
in Figure 5.3.18. The flow out the COPS rupture disk in the MELCOR calculation is
presented in Figure 5.4.8. No penetration leakage is predicted by MELCOR, since the
input was adjusted to keep the temperature in the upper drywell below 533K (500°F)
until well after the rupture disk opens as illustrated in Figure 5.4.5. The upper drywell
temperature in the MELCOR calculation almost reached the penetration seal degradation
temperature of 533K (500°1") due to heat transfer from high-pressure debris ejection at
vessel failure, but the HPME/DCH input parameters were selected so as not to degrade
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Figure 5.4.5. Containment Temperatures Predicted by MELCOR for LCHP-FS-R-N
Sequence
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Figure 5.4.6. Containment Upper Drywell (upper left), Lower Drywell (upper right),
Wetwell (lower left) and DW/WW Vent (lower right) Partial Pressures
Predicted by MELCOR for LCHP-FS-R-N Sequence

154



ABWR LCHP-FS~R~N ~~— Containment
R L v v

v L] v

0.9 L N

c7TF l :"
0.6 | SO e

4
Q\ ‘/

Upper Drywell Mole Froctions

0 10 20 30 40 50 60

D D Time (hr)
ABWR LCHP-FS—R-N: LC af MP, Firewater Spray, Passive Flood, Rupiure
ABWRNX 1/27/84 4:00:28 WELCOR WP

ABWR LCHP-FS-R-N ~— Contolnmen}

1.0 pepepe T

Wetwel Mole Fractions

£ o 10 20 30 40 S50 60
. Time (hr)

ABWR LCHP-FS-R-N: LC ot HP, Firewater Spray, Passive Flood, Rupiure
ABWRNX 1/27/94 14:00:28 MELCOR WP

Figure 5.4.7.

ABWR LCHP-FS~R-N ~— Containment

1.0

Lower Drywel Mole Froctions

. 0 10 20 30 40 50 60
Time (hr)

ABWR LCHP-FS—-R-N: LC at WP, Firewoter Spray, Passive Flood, Ruphwre

ABWRNX 1/27/94 14:00:28 MELCOR HP
ABWR LCHP-FS~R-N —— Confalnment
1.0 _"’ T v "y ™Y Y 14 1 v 12

DW/WW Vents Mole Fractions

o o 20 30 40 50 o)
Time (i)

ABWR LCHP-FS—R-N: LC at WP, Firewaler Spray, Passive Flood, Rupture
ABWRNX 1/27/94 14:00:28 MELCOR WP

Containment Upper Drywell (upper left), Lower Drywell (upper right),

Wetwell (lower left) and DW/WW Vent (lower right) Mole Fractions
Predicted by MELCOR for LCHP-FS-R-N Sequence



the penetrations during this temperature spike in the two high-pressure sequences with

sprays, to prevent containment leakage rather than rupture disk actuation (to match the
MAAP scenario).

The total mass of debris in the cavity, the mass of ejected core debris, the mass of
ablated concrete and the mass of gases generated in the cavity calculated by MELCOR
are illustrated in Figure 5.4.9. The mass of core debris in the cavity for this sequence is
very similar to the results for the LCHP-PF-P-M sequence; both are basically an inversion
of the masses retained in-vessel, presented in Figure 5.3.12, with a small fraction of the
debris mass (~10%) dispersed to either the upper drywell or the wetwell during high-
pressure melt ejection. The debris ejection from the vessel can be seen to occur in discrete
steps or stages, while the concrete mass ablated increases continuously with time. The
mass of concrete ablated and the rate at which it is ablated predicted by MELCOR
for the LCHP-FS-R-N sequence is quite similar to the LCHP-PF-P-M results calculated
by MELCOR and given in Figure 5.3.23; the mass of concrete ablated predicted by
MELCOR for this sequence is quite similar to the LCLP-FS-R-N results calculated by
MELCOR and given in Figure 5.2.9, but the concrete is calculated to be ablated more
slowly in this high-pressure sequence than in the corresponding low-pressure accident.
(The similarity in the mass of concrete ablated by transient end in all these MELCOR
analyses is not surprising, since all of these MELCOR analyses ran until stopped by
“cavity rupture”, i.e., ablation of the initial specified 2m cavity depth, which required
ablating about the same amount of material.)

As seen by the ablated concrete mass given in Figure 5.4.9, as soon as the core
debris was predicted to enter the cavity, core-concrete interaction began, resulting in the
production of carbon dioxide and hydrogen; reduction of these gases by the molten metal
also gave rise to carbon monoxide and hydrogen. Figure 5.4.10 presents the production
of various noncondensable gases in the cavity due to core-concrete interaction, calculated
by MELCOR. Throughout the first half of the transient period calculated, almost all of
the cavity gas production is in the form of hydrogen; however, there is a rapid increase
in CO production after about 35hr. This is very similar to the MELCOR results for
both the LCLP-FS-R-N sequence, illustrated in Figure 5.2.10, and the LCHP-PF-P-M
scenario, shown in Figure 5.4.10 (although the low-pressure sequence analysis did not
show as much CO generated, probably because of the earlier problem end time of ~40hr
in that case). In all cases, CO is produced only after all the zironium in the cavity is
oxidized to ZrO,, because before that time Zr is assumed to reduce any CO, generated
to pure carbon (“coking”).

Figure 5.4.11 gives the calculated maximum cavity depth and radius. (Note that these
represent maximum, not average, ablation distances.) Immediately after core debris is
first ejected from the vessel to the cavity upon vessel breach in the MELCOR analysis,
there is a brief period of rapid radial ablation, which stops after about 2.5¢cm of concrete
loss. The bulk of the concrete ablation calculated is axially downward, with the MELCOR
calculation stopping at 62hr due to “cavity rupture”, when the axial ablation equals and
tries to exceed the specified available concrete thickness of 2m.
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Figure 5.4.8. COPS Rupture Disk Mass Flow Predicted by MELCOR for
LCHP-FS-R-N Sequence
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LCHP-FS-R-N Sequence

160



Figure 5.4.12 shows the predicted masses, thicknesses, temperatures and densities
of the light oxide, metallic and heavy oxide debris layers in the cavity. A heavy oxide
layer is present for only a brief period of time, after which MELCOR calculates a stable
configuration of a light oxide layer above a metallic debris layer throughout the remainder
of the transient period calculated. The transition from a metallic layer over a heavy oxide
layer to a light oxide layer over a metallic layer at 10hr corresponds to the time when the
concrete ablation rate increases (as illustrated in Figures 5.4.9 and 5.4.11). The metallic
layer remains nearly constant in mass and thickness, with a gradually increasing density;
the light oxide layer mass and thickness increase continuously (and the density decreases)
as ablating concrete (with its resultant low-density silicate oxides) continues to dilute the
high-density zirc oxide and steel oxide debris to an average density value less than the
metallic debris density. After some initial oscillations, the temperatures of both layers
remain nearly equal, at ~1500K, throughout the transient period calculated.

The heat transfer from the cavity debris pool in the MELCOR analysis, both down-
ward and outward to the concrete surface and upward to the cavity volume atmosphere,
is shown in Figure 5.4.13. The energy transfer from the debris in the cavity upward
through the debris bed surface to the lower drywell atmosphere and/or overlying water
pool is several times greater than the energy transferred downward (and sideways) to the
concrete before about 9hr and after about 12hr. In general, that upper surface of the
debris bed is covered with a water pool, not exposed to atmosphere.

Tables 5.4.2 and 5.4.3 give the distribution of the released radionuclides at the end
of the calculation (i.e., at ~62hr). Table 5.4.2 provides an overview of how much of
the radionuclides remain bound up in fuel in either the core or the cavity, and of how
much of the released radionuclides are retained in the primary system vs how much
of the released radionuclides are released to, or released in, either the drywell or the
wetwell in containment and the environment, all normalized to the initial inventories of
each class. Table 5.4.3 gives a slightly different breakdown of the released radionuclide
final distribution - the fractions of initial inventory released for each class from fuel in-
vessel in the core, ex-vessel in the cavity and overall total are given, together with the
distribution of the released radionuclides in the primary system, drywell, wetwell and
environment normalized by the mass of each class released. (Note that these amounts
generally consider only the release of radioactive forms of these classes, and not additional
releases of nonradioactive aerosols from structural materials.)

The release behavior predicted by MELCOR can be grouped into the same several
subdivisions as found in the other MELCOR sequence analyses. Almost all (~100%)
of the volatile Class 1 (noble gases), Class 2 (CsOH), Class 5 (Te) and Class 16 (CslI)
radionuclide species are released, primarily in-vessel, as are most (80-90%) of the Class
3 (Ba) and Class 12 (Sn) inventories. The next major release fractions are of Ru and
Mo, Ce and La, all between about 0.5% and 2%. Finally, <0.1% of the initial inventory
of uranium and Class 11 (Cd) are predicted to be released. This is very similar to the
fission product release behavior predicted by MELCOR for the LCHP-PF-P-M sequence.
(Note that the CORSOR-M fission product release model option used in these analyses
has identically zero release in-vessel of Class 7, Class 9 and Class 11.)
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Table 5.4.2. Radionuclide Distribution Predicted at 62hr for LCHP-FS-R-N

Sequence

Class

Remaining in Fuel

Fission Product Distribution
(% Initial Inventory)
Released from Fuel

Core Cavity | Primary System Drywell Wetwell Eanvironment
Noble Gases (Xe) 7.12x1072 0 0.0562 8.41 0.0157 91.5
Alkali Metals (CsOH) 7.60x1073 ~0 22.9 10.5 66.5 0.0771
Alkaline Earths (Ba) 0.246 13.6 53.9 2.38 29.9 6.45x107°
Halogens (I) ~0 ~0 ~0 ~0 ~0 ~0
Chalcogens (Te) 0.0207 0.436 50.3 5.09 44.1 0.0255
Platinoids (Ru) 0.367 98.7 0.635 0.0236 0.281 8.82x1077
Transition Metals (Mo) 0.368 97.2 0.0111 0.450 1.99 1.22x1073
Tetravalents (Ce) 0.368 98.9 0.490 0.0185 0.217 2.35x107®
Trivalents (La) 0.369 96.7 6.05x107* 0.247 2.65 1.43x107*
Uranium (U) 1.14 98.8 0.0143 1.27x107%  0.0132 1.93x107¢
More Volatile Main Group Elements (Cd) 0.368 99.5 4.32x107° 0.0103 0.0987 1.02x10°°
Less Volatile Main Group Elements (Sn) 0.220 7.61 57.0 2.56 32.6 2.86x107°
Csl ~0 2.51x107* 15.9 11.1 73.0 0.149
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Table 5.4.3. Radionuclide Release and Released Distribution Predicted at 62hr for
LCHP-FS-R-N Sequence

Released from Fuel Distribution
Class (% Initial Inventory) (% Released Mass)
Core Cavity  Total | Primary System Drywell Wetwell Environment

Noble Gases (Xe) 99.71 0.106 99.82 0.0562 8.41 0.0157 91.52

Alkali Metals (CsOH) 99.71 0.164 99.87 22.90 10.49 66.53 0.0771
Alkaline Earths (Ba) 79.00 0.605 79.61 62.50 2.76 34.75 7.48%107°

Halogens (I) ~0 ~0 ~0 0.0248 6.99 0.0129 92.98

Chalcogens (Te) 98.89 0.046 98.94 50.57 5.11 44.29 0.0257
Platinoids (Ru) 0.588 3.82x10™* 0.588 67.59 2.51 29.90 9.38x107°

Transition Metals (Mo) 0 1.50 1.50 0.454 18.37 81.13 0.0497
Tetravalents (Ce) 0.452 5.18x10~* 0.453 67.53 2.55 29.92 3.24x10™*
Trivalents (La) 0 1.81 1.81 0.021 8.52 91.46 4.92x1073
Uranium (U) 0.013 5.17x10™3 0.018 49.58 4.41 46.01 6.69x1073
More Volatile Main Group Elements (Cd) | 0 0.068 0.068 0.040 9.447 90.50 9.38x1073
Less Volatile Main Group Elements (Sn) | 88.22 7.07x107° 88.23 61.82 2.78 35.41 3.11x10°°

Csl 99.72 0.170 99.89 15.94 10.95 72.96 0.149




Most of the released radionuclides remain in the primary system and/or the contain-
ment. Most (>90%) of the noble gases show a significant release to the environment.
Of the other volatile radionuclides, <0.1-0.2% of the total masses of CsOH and Csl and
0.025% of Class 5 (Te) are released to the environment, similar to the release predicted
in either the two low-pressure sequences but much smaller than for the LCHP-PF-P-M
high-pressure scenario. As in the corresponding LCLP-FS-R-N low-pressure accident,
<0.01% of the other radionuclides’ initial inventory is released to the environment. Of
the species with significant (>80%) release from fuel, the wetwell retains a significant
fraction (65-75%) of the released CsOH and Csl volatiles, while the Ba and Sn aerosols,
and Te, are held up both in the primary system (50-70%) and in the wetwell (35-45%);
this is the same pattern as found for the other scenarios analyzed.

Except for noble gases, the predicted release to the environment of each radionuclide
species is much lower for the LCHP-FS-R-N sequence than calculated for the LCHP-
PF-P-M sequence, reflecting the sprays removing fission products from the containment
atmosphere and/or structures (via draining condensate films) into the suppression pool;
the much lower releases calculated for the LCHP-FS-R-N sequence also reflect the addi-
tional scrubbing due to deliberately venting the containment in the wetwell vapor space
through the rupture disk rather than bypassing the suppression pool by leaking through
the movable containment penetrations in the upper drywell. The predicted release to the
environment of all radionuclide species for the LCHP-FS-R-N sequence is generally sim-
ilar to that calculated for the LCLP-FS-R-N sequence, the corresponding low-pressure
scenario with automatic vessel depressurization.

Figures 5.4.14 and 5.4.15 give the retention factors for the various radionuclides calcu-
lated by MELCOR, for the primary system and for the overall containment, respectively.
The retention factors are defined as the fraction of material released in, or transported

into, a region which remains in that region. The vessel retention factors fall into three
sets:

essentially no retention for the noble gases and for I, (of which there is very little),

a retention of 20-30% for the cesium radionuclide species (i.e., CsOH and CsI),

a retention of 50% for the other radionuclide species with non-zero vapor pressure
(.e., Te), and

a >50% retention of those classes which form aerosols only.

These are qualitatively very similar to, but quantitatively somewhat higher than, the
values found in the LCLP-FS-R-N sequence, shown in Figure 5.2.14. The containment
retention factors fall into several distinct categories also, and are very similar to the
values for the LCLP-FS-R-N sequence, shown in Figure 5.2.15:

o <10% retention for the noble gases and for 1, after COPS rupture,
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e a retention of about 80% for the cesium radionuclide species (i.e., CsOH and Csl),

e a retention of ~50% for Te, which also has both aerosol and vapor forms, and for
uranium, and

e for the other classes which form aerosols only, there is a 30-40% retention for those
which had some in-vessel release (Ba, Ru, Ce and Sn) and a ~100% retention of
those with only ex-vessel release (Mo, La and Cd).

These are also generally quite similar to the values found in the LCLP-FS-R-N sequence,
shown in Figure 5.2.15 except for Class 5 (Te), which had a higher containment retention
factor in the corresponding low-pressure LCLP-FS-R-N sequence (~70%) than in the
LCHP-FS-R-N sequence.

Figures 5.4.16 and 5.4.17 give the decontamination factors (DFs) for the various
radionuclides calculated by MELCOR, for the suppression pool and for the overall con-
tainment, respectively. The period of interest in these plots is after 23.55hr when the
containment rupture disk is predicted to open. After containment depressurization, the
suppression pool and overall containment DFs are simply DF=1.0 for the noble gases
and for Iz (of which there is very little), not shown in these plots to highlight the region
of interest.

The suppression pool DFs after containment rupture disk actuation vary over almost
two orders of magnitude,

e DFsp<100 for Cd, La and U,
o DF5p~200-600 for most classes (CsOH, Te, Ru, Mo, Ce and Csl), and
e DF5p>1000 for the other classes (Ba and Sn).

The magnitude of the various wetwell DFs calculated by MELCOR for the LCHP-FS-R-N
sequence are generally much higher than those calculated by MELCOR for the LCHP-
PF-P-M sequence, presented in Figure 5.3.30, reflecting the sprays removing fission prod-
ucts from the containment atmosphere and/or structures (via draining condensate films)
into the suppression pool. The much higher decontamination factors calculated for the
LCHP-FS-R-N sequence also reflect the additional scrubbing due to deliberately venting
the containment in the wetwell vapor space through the rupture disk rather than bypass-
ing the suppression pool by leakage through movable penetrations in the upper drywell.
The various DFs calculated by MELCOR for the LCHP-FS-R-N sequence are gener-
ally slightly lower than those calculated by MELCOR for the LCLP-FS-R-N sequence,
presented in Figure 5.2.16. The classes predicted to have relatively higher wetwell de-
contamination factors are also different in the various analyses, reflecting differences in
release and distribution.

The overall containment DFs predicted for the LCHP-FS-R-N sequence also are much
higher than those calculated by MELCOR for the LCHP-PF-P-M sequence, presented
in Figure 5.3.31, and generally similar to those calculated by MELCOR for the LCLP-
FS-R-N sequence, presented in Figure 5.2.17:

167




Figure 5.4.14.

0.9 -
_ 0.8 -
(o]
3
w 0.7 =~ . ——— =
S 0.6 — = e ———a %
£ .
©
“ 0.5 - — -—
£
2
g 0.4 -
(72}
>
& 0.3 4
E
= —8- 8—
& 0.2 -+ — .

0.1

0.0 - : b o — i — - —
@ 0 10 20 30 40 50 60

Time (br)

ABWR LCHP-FS-R-N: LC at HP, Firewater Spray, Passive Flood, Rupture
ABWRNX 1/27/94 14:00:28 MELCOR HP

LCHP-FS-R-N Sequence

168

Primary System Retention Factors Predicted by MELCOR for
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Figure 5.4.15. Containment Retention Factors Predicted by MELCOR for

LCHP-FS-R-N Sequence
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DF ¢0nt <1000 for the cesium radionuclide classes (CsOH and Csl),

DF¢ont~2000 for the other volatile class (Te) and for Mo,

DF ¢ont~10,000 for several classes (La, U and Cd),

DF¢on: 100,000 for Class 3 (Ba), Class 6 (Ru) and Class 8 (Ce), and

DF gon: 1,000,000 for Class 12 (Sn).

Note that both the suppression pool and overall containment decontamination factors
remain nearly constant for most classes after containment rupture disk opening, but drop
noticeably for several radionuclide species, either continually after rupture disk opening
at 23.5hr (Mo) or late in the transient after about 40hr (Ce, U, Csl). These are generally
the classes for which a varying release to the environment is predicted, while for the

other classes there is only a single step-like release at COPS opening, as illustrated in
Figure 5.4.18.

Figure 5.4.18 does not include the release of the noble gases, to allow expansion of
the scale for the environmental release of the other radionuclide classes; the release of
the noble gases in the MELCOR calculation occurs within a brief time after containment
rupture disk opening, and almost all of the noble gases are released. The rupture disk
opens at 50hr in the MA AP calculation and the volatile fission product release continues
for the next 75hr and the Csl release fraction at 72hr is less than 10~7 [1]. This MELCOR
calculation shows environment release fractions by the end of the calculation (62hr) of
about 8x10™* and 1.5x10~3 for CsOH and Csl, respectively, normalized to their total
available inventory (Table 5.4.2; since ~99.9% of these radionuclides were predicted to
be released, the same environment release fractions are obtained normalizing to released
inventories (Table 5.4.3). The release fractions calculated by MELCOR are significantly
higher than the values predicted by MAAP, primarily due to the continuing steaming
of cavity water by non-quenched debris in MELCOR,; however, the MELCOR release
fractions are still very small fractions of the fission product inventories initially present,
released but retained within containment even after COPS actuation.

5.5 LCHP-PS-R-N Sequence

The first part of this sequence, through core uncovery, heatup and degradation, and
vessel lower head failure, is almost identical to the behavior discussed for the LCHP-
PF-P-M sequence in Section 5.3. The sequence of events predicted by MELCOR for
this accident sequence is given in Table 5.5.1, with the timings of the various events as
calculated by MAAP (taken from Table 19E.2-7 in [1]) included for comparison.

Before the spray system begins injection, the results of this sequence are identical to
those for the LCHP-PF-P-M sequence discussed in Section 5.3. The drywell sprays were
assumed to be turned o . at 4hr in this MELCOR calculation, which was the same time
as in the MAAP analysis (Section 19E.2.2.2(a) and Table 19E.2-7 in [1]). Note that this
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Table 5.5.1. Sequence of Events Predicted by MELCOR for LCHP-PS-R-N
Sequence, Compared to MAAP

Event Time

MAAP MELCOR

Accident initiation (MSIV Closure) 0.0 0.0
Reactor scrammed 4.2s
Core uncovery begins 0.3hr 1,637.5s (0.45hr)
Clad failure/Gap release
(Ring 1) 3,203.3s (0.83hr)
(Ring 2) 4,322.8s (1.20hr)
(Ring 3) 5,144.0s (1.43hr)
(Ring 4) 8,279.6s (2.30hr)
Core plate failed
(Ring 1) 16,325.9s (4.53hr)
(Ring 2) 19,945.2s (5.54hr)
(Ring 3) 21,997.4s (6.11hr)
(Ring 4) 28,763.6s (7.99hr)
Vessel bottom head failed 2.0hr
Vessel LH penetration failed
(Ring 1) 16,385.7s (4.55hr)
(Ring 2) 16,395.3s (4.55hr)
(Ring 3) 16,408.3s (4.56hr)
(Ring 4) 16,416.8s (4.56hr)
Commence debris ejection 16,385.7s (4.55hr)
End of HPME/DCH 16,559.0s (4.60hr)
Passive flooder opens 2.0hr  16,391.5s (4.55hr)
Drywell spray started 4.0hr  14,400.0s (4.00hr)
Drywell spray stopped 78,014.8s (21.67hr)
Rupture disk opens 25.0hr  78,014.8s (21.67hr)
Concrete ablation >2m 203,278s (56.47hr)
End of calculation 100hr  203,278s (56.47hr)
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is after vessel failure (at 2hr) in the MAAP analysis, but before vessel failure (at 4.5hr) in
the MELCOR analysis. However, turning on the drywell spray before vessel failure has
little or no effect on the subsequent in-vessel accident progression predicted, as can be
seen by comparing timings in Tables 5.3.1 and 5.5.1. (If the drywell spray were assumed
to turn on according to the same actuation logic as used for the firewater spray in the
LCHP-FS-R-N sequence, described in Section 5.4, the spray would have been turned on
at 4.55hr, a small timing difference which would have little or no effect on the results
calculated.)

Figure 5.5.1 shows the collapsed liquid level in the lower drywell (cavity) control
volume in the MELCOR calculation, for comparison to the LCHP-PF-P-M and LCHP-
FS-R-N sequence results given in Figures 5.3.15 and 5.4.1.

The spray flow starts shortly as the vessel fails but, since the flow from the sprays
does not initially enter into and cool the lower drywell, the passive flooder opens as soon
as core debris falls into the cavity and begins heating the lower drywell. The sudden rise
in liquid level at 4.55hr thus corresponds to the remaining lower plenum water pouring
out the vessel breach and to suppression pool water entering through the passive flooder
opening. Water then pours from the wetwell into the drywell to the level of the upper
horizontal vent. After an initial transient, the cavity liquid level settles to a constant
pool depth of about 2m for the remainder of the transient.

Figure 5.5.2 give the drywell and wetwell pool masses for the MELCOR analysis,
compared to the pool masses calculated by MAAP (taken from Figure 19E.2-4F in [1]).
There appears to be a small difference in the suppression pool initial mass (and/or level)
in the two calculations, and MELCOR predicts a bigger short-term drop in suppression
pool level and corresponding rise in cavity pool level upon opening the passive flooder.
However, the results are generally in very good agreement, with both codes showing no
net change in suppression pool level due to drywell spray injection (because the drywell
spray is modelled as operating in recirculation rather than injection mode), followed by
a gradual drop in suppression pool level after the containment rupture disk opens and
the drywell spray was assumed to stop. The lower drywell pool masses predicted by both
codes are also somewhat similar, although MELCOR predicts a constant cavity pool
mass after an initial transient while MAAP calculates a similar initial value after passive
flooder opening but followed by a gradual decrease in lower drywell pool mass.

The lower drywell and wetwell atmosphere and pool temperatures are presented in
Figure 5.5.3. These results are quite similar to those calculated for the LCHP-PF-P-
M and LCHP-FS-R-N sequence results given in Figures 5.3.16 and 5.4.3. As soon as
the vessel fails and core debris is ejected into the cavity, the lower drywell atmosphere
temperature spikes rapidly and reaches the 533K (500°F) setpoint for passive flooder
actuation. The hot debris in the cavity in the MELCOR calculation keeps the lower
drywell pool temperature 25-75K hotter than the suppression pool temperature before
rupture disk actuation at about 23hr, during the spray recirculation; afl r the rupture
disk opens and the spray stops, the lower drywell and suppression pool temperatures
become almost the same. The wetwell atmosphere is ~20K hotter than the suppression
pool during the first portion of the transient, but the wetwell atmosphere temperature
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remains more nearly constant while the suppression pool continually heats up. The cavity
atmosphere remains 25-75K hotter than the cavity pool throughout the transient, with
the differential increasing with time until rupture disk opening then remaining about
constant.

The pressures calculated by MELCOR in the various containment control volumes are
depicted in Figure 5.5.4, together with the containment pressure from the MAAP analysis
(taken from Figure 19E.2-4B in [1]). The results from the two codes are generally quite
similar qualitatively, but with a number of quantitative differences and shifts in timing.
Both codes predict a rapid pressure increase in containment immediately after vessel fail-
ure, due to steam generation from hot debris and water falling into the cavity from the
lower plenum. That initial containment pressurization is greater in the MELCOR anal-
ysis than in the MAAP analysis, probably due to direct containment heating associated
with high-pressure melt ejection in the MELCOR analysis. The MELCOR HPME/DCH
input parameters were selected so as not to open the rupture disk during this pressure
spike. The containment pressure then continues to rise as hot core debris continues to
boil off the cavity water pool until the containment rupture disk actuation setpoint of
0.72MFa (00psig) is reached, at about 21-22hr in the MELCOR calculation and about
25hr in the MAAP calculation, after which the containment depressurizes. MELCOR
calculates a faster containment pressurization between about 5hr and 20hr both because
it begins from a higher containment pressure after vessel failure than MAAP (due to
the direct containment heating associated with high-pressure melt ejection in MELCOR)
and because the unquenched core debris in the cavity in MELCOR boils off the lower
drywell water pool more rapidly than the quenched core debris in the cavity in MAAP.

Figure 5.5.5 gives the upper and lower drywell temperatures calculated by MELCOR,
compared to corresponding MAAP results. (The MAAP curves included in this plot were
taken from Figure 19E.2-4D in [1].) Large temperature spikes are predicted at vessel
failure by both codes, at 2hr by MAAP and at about 4.5hr by MELCOR. The spike in
the lower drywell temperature at vessel failure triggers the passive flooder to open; the
upper drywell temperature in the MELCOR calculation almost reached the penetration
seal degradation temperature of 533K (500°F), but the HPME/DCH input parameters
were selected so as not to degrade the penetrations during this temperature spike in the
two high-pressure sequences with sprays, to prevent containment leakage rather than
rupture disk opening (to match the MAAP scenario). The upper drywell slowly heats
up even during the drywell spray injection, since that spray is being recirculated from
a slowly heating suppression pool. MELCOR predicts significantly higher lower drywell
temperatures than in the upper drywell prior to containment depressurization, while the
MAAP results shows the two regions at nearly equal temperature. This may again be
due to the unquenched core debris in the cavity in MELCOR vs the quenched core debris
in the cavity in MAAP. After the rupture disk opens and spray injection is stopped, the

upper drywell temperature increases substantially in both the MAAP and MELCOR
analyses.

Figures 5.5.6 and 5.5.7 show the total and partial pressures, and the mole fractions,
respectively, in the atmospheres of the four control volumes representing containment
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(i.e., upper and lower drywell, wetwell and drywell/wetwell vents). The predicted con-
ditions are generally quite similar to those calculated for the LCHP-FS-R-N sequence
(Figures 5.4.6 and 5.4.7). As in the LCHP-FS-R-N sequence results, the lower drywell
and DW/WW vent atmospheres consist of almost all (>90%) steam after vessel failure
and spray initiation at 4-4.5hr. In the upper drywell, steam begins accumulating af-
ter vessel failure after 4.5hr but much of that steam is condensed and removed by the
drywell spray from spray initiation until after spray injection was calculated to stop at
21.6hr when the rupture disk opens. Even during spray injection, the steam concentra-
tion builds up again quite slowly. The response of the wetwell vapor space is similar
to that predicted for the LCHP-IF'S-R-N sequence: steam does not predominate until
after containment rupture disk actuation at 22hr, while most (about 50%) of the wetwell
atmosphere between vessel failure and containment depressurization is hydrogen.

The containment continues to pressurize until the wetwell pressure reaches 0.72MPa
(90psig) at 25hr in the MAAP analysis and at 21.67hr in the MELCOR calculation, when
the rupture disk opens as shown in Figures 5.3.18. The flow out the COPS rupture disk in
the MELCOR calculation is presented in Figure 5.5.8. No penetration leakage is predicted
by either MAAP or MELCOR, since the temperature in the upper drywell remains below
533K (500°F") until well after the rupture disk opens (as illustrated in Figure 5.5.5). The
upper drywell temperature in the MELCOR calculation almost reached the penetration
seal degradation temperature of 533K (500°F) due to heat transfer from high-pressure
debris ejection at vessel failure, but the HPMIE/DCH input parameters were selected so
as not to degrade the penetrations during this temperature spike in the two high-pressure

sequences with sprays, to prevent containment leakage rather than rupture disk opening
(to match the MAAP scenario).

The total mass of debris in the cavity, the mass of ejected core debris, the mass of
ablated concrete and the mass of gases generated in the cavity calculated by MELCOR
are illustrated in Figure 5.5.9. The mass of core debris in the cavity for this sequence is
very similar to the results for the LCHP-PF-P-M and LCHP-FS-R-N sequences given in
Figures 5.3.23 and 5.4.9; both are basically an inversion of the masses retained in-vessel,
presented in Figure 5.3.12. The debris ejection from the vessel can be seen to occur in
discrete steps or stages and ends within a few hours after vessel failure, while the concrete
mass ablated increases continuously with time until “cavity rupture” (:.e., ablation of
the specified initial cavity depth of 2m at some point).

As seen by the ablated concrete mass given in Figure 5.5.9, as soon as the core
debris was predicted to enter the cavity, core-concrete interaction began, resulting in the
production of carbon dioxide and hydrogen; reduction of these gases by the molten metal
also gave rise to carbon monoxide and hydrogen. Figure 5.5.10 presents the production
of various noncondensable gases in the cavity due to core-concrete interaction, calculated
by MELCOR. Throughout most of the transient period calculated, almost all of the
cavity gas production is in the form of hydrogen; however, there is a rapid increase in
CO production after 30hr. This is very similar to the MELCOR results for the LCHP-
PF-P-M and LCHP-FS-R-N scenarios, given in Figures 5.5.10 and 5.4.10. MELCOR

shows more CO produced for all the high-pressure sequences analyzed than for the two
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low-pressure sequences simulated. In all cases, CO is produced only after all the zironium
in the cavity is oxidized to ZrO;, because before that time Zr is assumed to reduce any
CO; generated to pure carbon (“coking”).

Figure 5.5.11 gives the calculated maximum cavity depth and radius. (Note that these
represent maximum, not average, ablation distances.) Immediately after core debris is
first ejected from the vessel to the cavity upon vessel breach in the MELCOR analysis,
there is a brief period of rapid radial ablation, which stops after about 3cm of concrete
loss. The bulk of the concrete ablation calculated is axially downward, with the MELCOR
calculation stopping at around 56hr due to “cavity rupture”, when the axial ablation
equals and tries to exceed the specified available concrete thickness of 2m.

Figure 5.5.12 shows the predicted masses, thicknesses, temperatures and densities
of the light oxide, metallic and heavy oxide debris layers in the cavity. A heavy oxide
layer is present for only a brief time after vessel failure at 4.5hr; throughout most of
the transient MELCOR calculates a stable configuration of a light oxide layer above a
metallic debris layer. The metallic layer remains nearly constant in mass and thickness,
with a gradually increasing density; the light oxide layer mass and thickness increase
continuously (and the density decreases) as ablating concrete (with its resultant low-
density silicate oxides) continues to dilute the high-density zirc oxide and steel oxide
debris to an average density value less than the metallic debris density. After a few
initial oscillations, the temperatures of both layers remain nearly equal, at ~1500K,
throughout the transient period calculated.

The heat transfer from the cavity debris pool in the MELCOR analysis, both down-
ward and outward to the concrete surface and upward to the cavity volume atmosphere,
is shewn in Figure 5.5.13. The energy transfer from the debris in the cavity upward
through the debris bed surface to the lower drywell atmosphere and/or overlying water
pool is 2-4 times greater than the energy transferred downward (and sideways) to the
concrete. In general, that upper surface of the debris bed is covered with a water pool,
not exposed to atmosphere.

Tables 5.5.2 and 5.5.3 give the distribution of the released radionuclides at the end
of the calculation (t.e., at 56hr). Table 5.5.2 provides an overview of how much of
the radionuclides remain bound up in fuel in either the core or the cavity, and of how
much of the released radionuclides are retained in the primary system vs how much
of the released radionuclides are released to, or released in, either the drywell or the
wetwell in containment and the environment, all normalized to the initial inventories of
each class. Table 5.5.3 gives a slightly different breakdown of the released radionuclide
final distribution - the fractions of initial inventory released for each class from fuel in-
vessel in the core, ex-vessel in the cavity and overall total are given, together with the
distribution of the released radionuclides in the primary system, drywell, wetwell and
environment normalized by the mass of each class released. (Note that these amounts
generally consider only the release of radioactive forms of these classes, and not additional
releases of nonradioactive aerosols from structural materials.)

The release behavior predicted by MELCOR again falls into the same several subdi-
visions as found for all the other sequences analyzed. Almost all (~100%) of the volatile
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Table 5.5.2. Radionuclide Distribution Predicted at 56hr for LCHP-PS-R-N

Sequence

Class

Fission Product Distribution

(% Initial Inventory)

Remaining in Fuel

Released from Fuel

Core Cavity Primary System  Drywell Wetwell Environment
Noble Gases (Xe) 1.18x1078 0 0.0284 2.36 0.0437 97.6
Alkali Metals (CsOH) 1.26x1078 ~0 20.3 14.6 63.8 1.31
Alkaline Earths (Ba) 1.29 10.9 54.6 4.99 29.6 5.23x107*
Halogens (I) ~0 ~0 ~0 ~0 ~0 ~0
Chalcogens (Te) 8.34x107° 0.0206 48.7 8.08 42.9 0.292
Platinoids (Ru) 0.0463 98.5 0.956 0.0777 0.458 5.58x107°
Transition Metals (Mo) 0.0466 97.1 0.0128 0.655 2.12 0.0274
Tetravalents (Ce) 0.0464 98.7 0.819 0.0678 0.400 1.57x107°
Trivalents (La) 0.0466 96.2 8.74x10™* 0.543 3.23 4.78x107*
Uranium (U) 0.0834 99.9 0.0211 2.98x10~% 0.0174  1.19x107°
More Volatile Main Group Elements (Cd) |  0.0466 99.8 5.91x107° 0.0182 0.109 4.84x107°
Less Volatile Main Group Elements (Sn) 4.20x1073 6.89 56.4 5.30 31.4 1.55x107*
Csl ~0 2.61x107* 12.4 15.9 70.0 1.59
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Table 5.5.3. Radionuclide Release and Released Distribution Predicted at 56hr for
LCHP-PS-R-N Sequence

Released from Fuel Distribution
Class (% Initial Inventory) (% Released Mass)
Core Cavity  Total | Primary System Drywell Wetwell Environment
Noble Gases (Xe) 99.97 0.02 99.99 0.0284 2.36 0.0437 97.57
Alkali Metals (CsOH) 99.95 0.02 99.97 20.33 14.55 63.80 1.31
Alkaline Earths (Ba) 81.42 0.32 81.74 60.80 5.60 33.16 5.87x10™*
Halogens (I) ~0 ~0 ~0 0.012 1.85 0.034 938.10
Chalcogens (Te) 99.95 1.17x107% 99.95 48.59 8.08 42.86 0.0292
Platinoids (Ru 0.87 4.08x10~* 0.87 64.08 5.21 30.71 3.74x107*
Transition Metals (Mo) 0 1.63 1.63 0.455 23.29 75.28 0.975
Tetravalents (Ce) 0.72 8.67x107* 0.72 63.66 5.27 31.07 1.22x107°
Trivalents (La) 0 2.19 2.19 0.0232 14.39 85.58 0.0127
Uranium (U) 0.018 0.005 0.024 50.88 6.96 41.89 0.0288
More Volatile Main Group Elements (Cd) 0 0.074 0.074 0.0466 14.37 85.54 0.038
Less Volatile Main Group Elements (Sn) | 89.00 0.006 89.02 60.57 5.69 33.74 1.66x10~*
Csl 99.95 0.021 99.98 12.42 15.95 70.04 1.59




Class 1 (noble gases), Class 2 (CsOH), Class 5 (Te) and Class 16 (Csl) radionuclide
species are released, primarily in-vessel, as are most (~80-90%) of the Class 3 (Ba) and
Class 12 (Sn) inventories. The next major release fractions are of Ru and Mo, Ce and La,
all between ~1% and ~2%. Finally, a total <0.1% of the initial inventory of uranium and
Class 11 (Cd) are predicted to be released. (Note that the CORSOR-M fission product
release model option used in all these analyses has identically zero release in-vessel of
Class 7, Class 9 and Class 11.)

Most of the released radionuclides remain in the primary system and/or the contain-
ment; only the noble gases show a significant release to the environment. Of the volatiles,
about 1-2% of the CsOH and Csl are released to the environment, together with about
0.3% of the Te. Of the other radionuclides, >0.1% of the initial inventories arc released
to the environment. Of the species with significant (>80%) release from fuel, the wetwell
retains most (60-70%) of the released CsOH and Csl volatiles, the Te is retained about
equally in the primary system and in the wetwell, while the Ba and Sn aerosols are held
up both in the primary system (60%) and in the wetwell (33%).

The predicted release to the environment of each radionuclide species is much lower
for the LCHP-PS-R-N sequence than calculated for the LCHP-PF-P-M sequence (for the
same reasons as already discussed in Section 5.4), but slightly higher for the LCHP-PS-R-
N scenario than calculated for the L. “JHP-FS-R-N scenario, possibly reflecting differences
in response to a recirculating spray in LCHP-PS-R-N vs an injection spray in LCHP-FS-
R-N. The spray flow rate used was significantly higher in the LCHP-PS-R-N sequence
(228.541/s) than in the LCHP-FS-R-N sequence (83.33(/s), but had much less condensa-
tion potential because it was not subcooled to 305K (as in LCHP-FS-R-N).

Figures 5.5.14 and 5.5.15 give the retention factors for the various radionuclides calcu-
lated by MELCOR, for the primary system and for the overall containment, respectively.
The retention factors are defined as the fraction of material released in, or transported
into, a region which remains in that region. The vessel retention factors fall into the
same four sets as found for the LCHP-FS-R-N sequence (in Figure 5.4.14):

o essentially no retention for the noble gases and for the negligible amount of I,
present,

o a retention of 20-30% for the cesium radionuclide species (z.e., CsOH and Csl),

e a retention of 50% for the other radionuclide species with non-zero vapor pressure

(z.e., Te), and

e a >60% retention of those classes which form aerosols only.

The containment retention factors fall into several distinct categories also, and are very
similar to the values for the LCHP-FS-R-N sequence shown in Figure 5.4.15, with less
retention of the noble gases:

o <1-2% retention for the noble gases and for I, after COPS rupture,
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e a retention of about 80% for the cesium radionuclide species (i.e., CsOH and Csl),

e a retention of ~. 7" for Te, which also has both aerosol and vapor forms, and for
uranium, and

o for the other classes which form aeresols only, there is a 30-40% retention for those
which had some in-vessel release (Ba, Ru, Ce and Sn) and a ~100% retention of
those with only ex-vessel release (Mo, La and Cd).

Figures 5.5.16 and 5.5.17 give the decontamination factors (DI's) for the various
radionuclides calculated by MELCOR, for the suppression pool and for the overall con-
tainment, respectively. The period of interest in these plots is after ~22hr when the
containment is calculated to vent and depressurize through the rupture disk opening.
After containment depressurization, the suppression pool and overall containment DFs
are simply DF=1.0 for the noble gases and for [, (of which there is very little), not shown
explicitly in these figures.

The suppression pool DFs after containment depressurization for this LOUHP-PS-R-N
scenario vary over a much wider range of magnitudes than found in the LCHP-FS-R-N
sequence (Figure 5.4.16):

o DFsp<100 for the volatile classes (CsOH, Te and Csl) and for Mo,

e DFsp~1000-5000 for La, Cd and for uranium,

e DFgp~10,000-30,000 for Class 3 (Ba), Class 6 (Ru) and Class 8 (Ce), and

e DFsp<100,000 for Class 12 (Sn).

The magnitude of the various DFs calculated by MELCOR for the LCHP-PS-R-N se-
quence are generally higher than those calculated by MELCOR for the LCHP-FS-R-N

sequence; the classes predicted to have relatively higher wetwell decontamination factors
are also different in the two analyses, reflecting differences in release and distribution.

The overall containment DFs sequence predicted for the LCHP-PS-R-N scenario are
somewhat different than those calculated by MELCOR for the LCHP-FS-R-N sequence,
presented in Figure 5.4.17:

® DF¢,n<100 for the cesium radionuclide classes (CsOH and Csl),

® DFconi~100-200 for the other volatile class (Te) and for Mo,

e DF¢ont between ~1,000 and ~10,000 for several classes (La, U and Cd),

DF,,:<100,000 for Class 3 (Ba), Class 6 (Ru) and Class 8 (Ce), and

DF ¢,,:>200,000 for Class 12 (Sn).
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While the overall containment decontamination factors predicted by MELCOR for the
LCHP-PS-R-N are slightly lower in magnitude than for the LCHP-FS-R-N sequence, the
relative differences between DF's for various radionuclide classes are generally similar in
the two calculations.

Note that both the suppression pool and overall containment decontamination factors
remain nearly constant or drop very slowly for most classes after containment rupture
disk opening, but drop steadily for several radionuclide species (i.e., CsOH, Te, Mo and
Csl). These are the classes for which a continuing release to the environment is predicted,
while for the other classes there is only a single step-like release at COPS rupture, as
illustrated in Figure 5.5.18. That continuing release comes from two different causes.
The non-zero vapor pressure of CsOH, Te and Csl causes continuous vaporization from
the suppression pool and replenishment of these fission product vapors in the wetwell
atmosphere as those fission product vapors in the wetwell atmosphere are lost out the
COPS rupture. Class 7 (Mo) has no non-zero vapor pressure and therefore remains an
aerosol throughout the problem. However, this class is the only one with substantial
and continuing radionuclide release in the cavity, and a small fraction of that continuing
release (while mostly remaining in the cavity and/or suppression pools) does survive pool
scrubbing and get released to the wetwell atmosphere and then out the COPS rupture
disk to the environment.

Figure 5.5.18 does not include the release of the noble gases, to allow expansion of
th~ scale for the environmental release of the other radionuclide classes. In the MAAP
analysis, the release of noble gases is nearly complete 8hr after the rupture disk opens;
the release of most of the noble gases in the MELCOR calculation also occurs soon after
containment rupture disk actuation. The release of the volatile species, Csl and CsOH,
continues for about 25hr in the MAAP analysis after the rupture disk opens at about
25hr; the release fraction of Csl at 72hr is less than 10~7. The MELCOR calculation
shows environment release fractions by the end of the calculation (56hr) of about 10~2
for CsOH and Csl. The release fractions calculated by MELCOR are significantly higher
than the values predicted by MAAP. This difference is a result of a number of modelling
differences in MELCOR and MAAP, including the continuing steaming of cavity water
by non-quenched debris in MELCOR and the lack of a model for hygroscopic effects on
aerosol behavior in MELCOR. However, the MELCOR release fractions are still small
fractions of the fission product inventories initially present, released but retained within
containment even after COPS rupture and containment depressurization.
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6 Sensitivity and Variational Studies

6.1 LCLP-PF-R-N Sequence with Limestone Concrete

This accident scenario is the same as discussed in Section 5.1, but with limestone
concrete in the cavity rather than basaltic concrete. The sequence of events predicted by
MELCOR for this accident is given in Table 6.1.1, with the timings of the various events
as calculated by MELCOR and by MAAP with basaltic concrete included for comparison.
The MELCOR calculations with basaltic and with limestone concrete should be the same
up to the time of vessel failure and debris ejection into the cavity; the small differences
seen in timing between the two MELCOR calculations in Table 6.1.1 are due to using
different code versions for these two analyses.

Much of the containment behavior calculated for the LCLP-PF-R-N sequence assum-
ing limestone concrete is very similar to the response predicted in the reference calculation
with basaltic concrete for this scenario (described in Section 5.1), albeit shifted some-
what in time due to differences in parameters such as time to rupture disk opening. For
example, Figure 6.1.1 give the lower drywell and wetwell pool masses for the MELCOR
analyses both with limestone concrete and with basaltic concrete, compared to the pool
masses calculated by MAAP for basaltic concrete. In both MELCOR calculations, there
appears to be a small difference in the suppression pool initial mass (and/or level) in the
two calculations, and MELCOR predicts a bigger short-term drop in suppression pool
level and corresponding rise in cavity pool level upon opening the passive flooder. How-
ever, the results are generally similar, with an initial rise in suppression pool level (due
to condensation of steam from the vessel), a drop and then recovery to a slightly lower
level after the passive flooder opens, then maintenance of that level until the contain-
ment rupture disk opens, followed by a gradual but continual drop in suppression pool
level. During the first 42hr, the MELCOR calculations with basaltic and with limestone
concrete show generally very similar results for the drywell and wetwell pool masses;
after cavity rupture and calculation end for the basaltic concrete case, the calculation
assuming limestone concrete obviously continues the same overall response.

The pressures calculated by MELCOR in the various containment control volumes
assuming either limestone or basaltic concrete are depicted in Figure 6.1.2, together with
the containment pressure for MAAP (with basaltic concrete). Although the MELCOR
calculation with limestone concrete was run for 100hr, only the first 45hr are shown in the
figure to highlight the containment behavior around the time of rupture disk opening.
The results are all generally similar qualitatively, but with a number of quantitative
differences and shifts in timing. For this MELCOR calculation with limestone concrete,
the containment rupture disk opening setpoint of 0.72MPa (90psig) is reached at 12.1hr,
compared to rupture disk opening times of 14.7hr and 20.2hr with basaltic concrete
in MELCOR and MAAP, respectively. The overall containment pressurization rate for
basaltic concrete is slower in MAAP than in MELCOR, probably because the core debris
in the cavity is quenched in the MAAP calculation but not in the MELCOR calculation;
the overall pressurization is faster in MELCOR for limestone concrete than for basaltic
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Table 6.1.1.

Sequence of Events Predicted by MELCOR for LCLP-PF-R-N Sequence

with Limestone Concrete and with Basaltic Concrete, Compared to
MAAP with Basaltic Concrete

Event

Accident initiation (MSIV Closure)

Reactor scrammed
Core uncovery begins

Water level at 2/3 core height; ADS

Clad failure/Gap release
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Core plate failed
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Vessel lower head failed
Vessel LH penetration failed
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Commence debris ejection
Water in lower drywell boiled off
Passive flooder opens
Rupture disk opens
Concrete ablation >2m
End of calculation

MAAP
basaltic

0.0
4.2s

0.4hr

1.8hr

2.7hr
5.4hr
20.2hr

100hr

203

Time
MELCOR
basaltic

0.0

1,626.1s (0.45hr)
2,350.7s (0.65hr)

2,980.7s (0.83hr
3,825.1s (1.06hr
4,548.9s (1.26hr
6,731.0s (1.87hr

e N’ e N

11,818.0s (3.28hr)
14,838.4s (4.12hr)
15,303.8s (4.25hr)
21,586.3s (6.00hr)

11,933.5s (3.31hr)
11,938.0s (3.32hr)
11,939.5s (3.32hr)
11,948.2s (3.32hr)
11,933.5s (3.31hr)
~22,470s (6.2hr)
92,473.7s (6.24hr)
52,931.5s (14.70hr)
150,967s (41.94hr)
150,967s (41.94hr)

MELCOR

limestone
0.0

1,627.3s (0.45hr)
2,355.3s (0.65hr)

3,133.1s (0.87hr)
3,992.1s (1.11hr)
4,713.5s (1.31hr)
6,934.5s (1.93hr)

11,306.5s (3.14hr)
14,069.4s (3.91hr)
17,912.2s (4.98hr)
93,814.85 (6.62hr)

11,433.8s (3.18hr)
11,433.8s (3.18hr)
11,439.0s (3.18hr)
11,450.1s (3.18hr)
11,433.8s (3.18hr)
~16,140s (4.48hr)
16,144.4s (4.48hr)
43,506.7s (12.10hr)
360,000s (100hr)
360,000s (100hr)
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concrete due to the much greater generation of carbon monoxide (as discussed a little
later in this section).

The MELCOR calculations with basaltic and with limestone concrete also show gen-
erally similar results for the containment temperatures during the first 42hr, shifted
somewhat in time due to differences in containment response, such as time to rupture
disk opening. The behavior of the total and partial pressures, and the mole fractions,
in the atmospheres of the containment control volumes in the calculation with limestone
concrete is very similar to that illustrated in Figures 5.1.19 and 5.1.20 for the LCLP-
PF-R-N calculation with basaltic concrete, just shifted in time. The lower drywell and
DW/WW vent atmospheres consist of almost all steam from vessel failure through cal-
culation end; in the upper drywell, most of the atmosphere consists of steam after vessel
failure; in the suppression pool, steam does not predominate until after containment rup-
ture disk opening, while about half of the wetwell atmosphere between vessel failure and
containment venting is hydrogen.

The total mass of debris in the cavity, the mass of ejected core debris and the mass
of ablated concrete in the cavity calculated by MELCOR are illustrated in Figure 6.1.3;
results are included both for this calculation with limestone concrete in the cavity and
for the reference calculation with basaltic concrete specified. The debris ejection can be
seen to occur in discrete steps or stages, while the mass of concrete ablated increases
continuously with time. The total amounts of core debris and of ablated concrete are
very similar in the two MELCOR calculations with limestone and with basaltic concrete,
as seen in Figure 6.1.3. The total amounts of core debris are very similar because the
in-vessel core degradation process is unaffected by the concrete composition. The total
amounts of concrete ablated are very similar because both calculations were run until
stopped “cavity rupture”, :i.e., ablation of the initial cavity 2m depth at some point,
which required ablating about the same amount of material. Note that the concrete
ablation was much slower in the calculation with limestone concrete than with basaltic
concrete, taking more than twice as long to ablate that amount.

There is much more noncondensable gas production in the cavity predicted with lime-
stone concrete than with basaltic concrete. As soon as the core debris was predicted to
enter the cavity, core-concrete interaction began, resulting in the production of carbon
dioxide and hydrogen; reduction of these gases by the molten metal also gave rise to
carbon monoxide and hydrogen. Figure 6.1.4 presents the production of various noncon-
densable gases in the cavity due to core-concrete interaction, calculated by MELCOR
for a limestone concrete cavity. Almost all of the cavity gas production in this case is in
the form of carbon monoxide, with much smaller amounts of the other gases predicted;
with a basaltic cavity almost all of the cavity gas production was in the form of hydro-
gen, with a small and growing amount of CO produced after 32-33hr. The hydrogen gas
generation from basaltic concrete compares well in order of magnitude with the hydro-
gen gas generation from limestone concrete, but the CO production is increased by an
order of magnitude with a limestone concrete cavity. In all cases, CO is produced only
after all the zironium in the cavity is oxidized to ZrO,, because before that time Zr is
assumed to reduce any CO, generated to pure carbon (“coking”); with basaltic concrete,
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the zirconium was all oxidized by about 30hr, while with the increased gas generation
rates in limestone concrete, the zirconium was all oxidized by about 10hr.

Figure 6.1.5 gives the calculated maximum cavity depths and radii predicted by MEL-
COR in this sensitivity study assuming a limestone concrete cavity and in the reference
calculation with a basaltic concrete cavity specified. (Note that these represent maxi-
mum, not average, ablation distances.) Immediately after core debris is first ejected from
the vessel to the cavity upon vessel breach, there is a brief period of rapid radial ablation
lasting a few hr, which stops after <20cm of concrete loss, in both cases. The bulk of the
concrete ablation calculated is axially downward, with the MELCOR calculation stop-
ping when the axial ablation equals and tries to exceed the specified available concrete
thickness of 2m; this is predicted at just over 100hr in the MELCOR calculation with
a limestone concrete cavity compared to occurring at 42hr in the MELCOR reference
calculation with a basaltic concrete cavity.

A heavy oxide layer is calculated to exist in the cavity for a short time after debris
ejection from the vessel; subsequently, MELCOR calculates a stable configuration of a
light oxide layer above a metallic debris layer throughout most of the transient period
calculated. The metallic layer mass and thickness decrease significantly within 100hr due
to oxidation reactions in the limestone concrete cavity; for a basaltic concrete cavity,
the metallic layer mass and thickness remained nearly constant (Figure 5.1.25), but
that calculation ran only to <45hr. The light oxide layer mass and thickness increase
continuously (and the density decreases) as ablating concrete (with its resultant low-
density silicate oxides) continues to dilute the high-density zirc oxide and steel oxide
debris to an average density value less than the metallic debris density. After some initial
oscillations, the temperatures of both layers remain nearly equal, at ~1500K, throughout
the transient period calculated, quite similar to the behavior found with basaltic concrete.

The heat transfer from the cavity debris pool in the MELCOR analysis, both down-
ward and outward to the concrete surface and upward to the cavity volume atmosphere,
is shown in Figure 6.1.6. Results are included for both the MELCOR sensitivity study
calculation with a limestone concrete cavity and for the MELCOR reference calculation
with a basaltic concrete cavity. In both cases, the energy transfer from the debris in the
cavity upward through the debris bed surface to the lower drywell atmosphere and/or
overlying water pool is 2-5 times greater than the energy transferred downward (and
sideways) to the concrete. The heat fluxes calculated by MELCOR for a limestone con-
crete cavity are generally lower than those calculated by MELCOR for a basaltic concrete
cavity.

Tables 6.1.2 and 6.1.3 give the distribution of the released radionuclides at the end
of the calculation (i.e., at 100hr). The release behavior predicted by MELCOR for
the LCLP-PF-R-N sequence assuming a limestone cavity is very similar to the release
behavior predicted by MELCOR for the LCLP-PF-R-N sequence reference analysis with
a basaltic cavity (presented in Tables 5.1.4 and 5.1.5). Almost all (~100%) of the volatile
Class 1 (noble gases), Class 2 (CsOH), Class 5 (Te) and Class 16 (Csl) radionuclide species
are released, primarily in-vessel, as are most (80-90%) of the Class 3 (Ba) and Class 12
(Sn) inventories. The next major release fractions are of Ru and Mo, Ce and La, all
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between 2% and 4%. Finally, a total <0.1% of the initial inventory of uranium and Class
11 (Cd) are predicted to be released. (Note that the CORSOR-M fission product release
model option used in these analyses has identically zero release in-vessel of Class 7, Class
9 and Class 11.)

Most of the released radionuclides remain in the primary system and/or the contain-
ment; only the noble gases show a significant release (>90%) to the environment. Of the
other radionuclides, 0.2-0.6% of the total volatile masses (CsOH, Te and Csl) are released
to the environment in the MELCOR LCLP-PF-R-N sensitivity study calculation with
limestone concrete, slightly higher than the 0.15-0.25% release predicted in the MELCOR
reference calculation with basaltic concrete. The higher releases calculated for limestone
concrete are probably a direct result of the longer time that calculation ran after rupture
disk opening, extending the release period (over 80hr, compared to less than 30hr in the
corresponding reference calculation with basaltic concrete. In both cases, «0.1% of the
other radionuclides’ initial inventory is released to the environment. Also, of the species
with significant (>80%) release from fuel, the wetwell is predicted to retain most (50-
70%) of the released CsOH, Te and Csl volatiles, while the Ba and Sn aerosols are held
up both in the primary system (>40%) and in the wetwell (<40%) with both concrete
types.

The retention factors for the various radionuclides in the primary system and in the
overall containment are slightly lower and higher, respectively, in the MELCOR LCLP-
PF-R-N sensitivity study calculation with a limestone concrete cavity than in the MEL-
COR reference calculation with a basaltic concrete cavity. The decontamination factors
for the various radionuclides for the suppression pool and for the overall containment are
very similar in the MELCOR LCLP-PF-R-N sensitivity study calculation with limestone
concrete and in the MELCOR reference calculation with basaltic concrete.

In this LCLP-PF-R-N analysis assuming limestone concrete, which ran much longer
than the reference LCLP-PF-R-N analysis with basaltic concrete, the suppression pool
and overall containment decontamination factors continue to drop steadily for several
radionuclide species (z.e., CsOH, Te, Mo, Cd, U and Csl). These are the classes for
which a continuing release to the environment is predicted, while for the other classes
there is only a singie step-like release at COPS rupture, as illustrated in Figure 6.1.7.
These results resemble those given in Figure 5.1.31 for the reference analysis with basaltic
concrete, given the longer period of release between containment rupture disk opening
and transient end at cavity rupture in the calculation with limestone concrete.

6.2 LCLP-FS-R-N Sequence with Limestone Concrete

The first part of this sequence, through core uncovery, heatup and degradation, and
vessel lower head failure, is identical to the LCLP-FS-R-N sequence with basaltic concrete
discussed in Section 5.2 and to the LCLP-PF-R-N sequence with limestone concrete
discussed in Section 6.1. The difference is that the firewater system is used in spray mode
to add external water to the containment. The sequence of events for this accident is given
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Table 6.1.2. Radionuclide Distribution Predicted at 100hr for LCLP-PF-R-N
Sequence with Limestone Concrete

Fission Product Distribution

Class (% Initial Inventory)
Remaining in Fuel Released from Fuel
Core Cavity | Primary System Drywell Wetwell Environment
Noble Gases (Xe) 8.86x107¢ 0 0.0343 147  2.02x1073 98.5
Alkali Metals (CsOH) 9.46x107° ~0 22.8 17.8 59.2 0.244
Alkaline Earths (Ba) 1.50x10™* 15.3 37.4 20.9 26.4 0.0205
Halogens (I) ~( ~0 ~0 ~0 ~0 ~0
Chalcogens (Te) 1.42x.:07°  0.0237 26.6 18.0 55.4 0.333
Platinoids (Ru) 1.50x10~* 97.8 0.587 1.25 0.341 1.58x107*
Transition Metals (Mo) 1.50x10™* 96.8 8.02x1073 1.22 1.92 0.0344
Tetravalents (Ce) 1.50x10™* 97.4 0.655 1.60 0.396 2.92x107*
Trivalents (La) 1.50x107* 97.8 3.52x107? 1.23 0.984 4.41x107°
Uranium (U) 5.07x10* ~100 0.0121 0.0239 0.0105 1.24x107*
More Volatile Main Group Elements (Cd) | 1.50x107* 99.9 9.82x107° 0.0283 0.0276 1.32x1073
Less Volatile Main Group Elements (Sn) | 1.48x107* 8.88 37.6 19.2 34.3 0.0155
Csl ~0 1.78x107° 18.8 18.4 62.1 0.617




x4

Table 6.1.3. Radionuclide Release and Released Distribution Predicted at 100hr for
LCLP-PF-R-N Sequence with Limestone Concrete

Released from Fuel Distribution
Class (% Initial Inventory) (% Released Mass)
Core  Cavity  Total | Primary System Drywell Wetwell Environment

Noble Gases (Xe) 99.98 0.02 ~100 0.0343 1.47 2.02x1073 98.5

Alkali Metals (CsOH) 99.98 0.02 ~100 22.85 17.8 59.24 0.244
Alkaline Earths (Ba) 81.05 3.64 84.69 44.15 24.7 31.12 0.0242

Halogens (I) ~0 ~0 - ~0 3.71x1-72 1.83  2.45x107° 97.88
Chalcogens (Te) 99.96 7.50x1073 99.97 30.75 22.43 69.15 0.0328
Platinoids (Ru) 2.18 2.01x10"* 2.18 26.97 57.34 15.57 7.24x1073

Transition Metals (Mo) 0 3.56 3.56 0.25 38.30 60.36 1.085
Tetravalents (Ce) 2.65 2.03x107% 2.65 24.73 60.30 14.96 0.011

Trivalents (La) 0 2.22 2.22 0.0158 55.29 44.36 0.199

Uranium (U) 0.038 0.0096 0.048 25.89 51.29 22.35 0.267

More Volatile Main Group Elements (Cd) | 0 0.058 0.058 0.17 49.81 47.73 2.29
Less Volatile Main Group Elements (Sn) | 91.06 0.063 91.12 41.27 21.12 37.59 0.017
Csl 99.97 0.024 ~100 18.8 18.4 62.1 0.617
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in Table 6.2.1, with the timings of the various events as calculated by MELCOR and by
MAAP with basaltic concrete included for comparis -». The MELCOR calculations with
basaltic and with limestone concrete should be the s. me up to the time of vessel failure
and debris ejection into the cavity; the small differences seen in timing in Table 6.2.1 and
the small differences in timing between Tables 6.1.1 and 6.2.1 are due to using different
code versions for these two analyses.

One major difference between the MAAP results and both MELCOR calculations,
with limestone and basaltic concrete, for this sequence can be seen in Table 6.2.1. In
the MELCOR calculations, as soon as the cavity goes dry, the lower drywell atmosphere
temperature rises rapidly due to heat transfer from the unquenched debris and very
quickly reaches the 500K spray initiation setpoint at 5-6hr and the 533K passive-flooder
setpoint very soon afterwards; the spray later turns off, after 10-12hr of injection, followed
by containment rupture disk actuation still later. In the MAAP analysis, the sprays begin
at 4hr but the passive flooder does not open until 61.1hr, after the firewater spray has
stopped (23.6hr), the containment rupture disk has opened (31.6hr), and the cavity has
dried out (56.6hr). Thus, not only are the timings of various events different, the relative
ordering of events is different.

Much of the containment behavior calculated for the LCLP-FS-R-N sequence assum-
ing limestone concrete is very similar to the response predicted in the reference calculation
with basaltic concrete for this scenario (described in Section 5.2), albeit shifted somewhat
in time due to differences in parameters such as time to rupture disk opening. The effect
of varying the concrete type in the LCLP-FS-R-N scenario is similar to the effects found
for the LCLP-PF-R-N sequence, discussed in Section 6.1.

Figure 6.2.1 give the drywell and wetwell pool masses for both MELCOR analyses,
with limestone concrete and with basaltic concrete, compared to the pool masses cal-
culated by MAAP (with basaltic concrete). There appears to be a small difference in
the suppression pool initial mass (and/or level) in the two calculations, and MELCOR
predicts a bigger short-term drop in suppression pool level and corresponding rise in
cavity pool level upon opening the passive flooder. However, the results are generally
in good qualitative agreement, with both codes showing a long-term rise in suppression
pool level due to firewater spray injection, followed by a gradual drop in suppression
pool level. The lower drywell pool masses predicted by MELCOR in both cases are
also in good overall qualitative agreement, although some timing shifts are visible. The
lower drywell pool mass remains similar as water continues to be transferred from the
suppression pool to the lower drywell where it is boiled away by the core debris in the
cavity; the lower drywell mass predicted then drops after the spray is stopped, at 12.1hr
in the MELCOR calculation assuming limestone concrete, and at 18.5hr in the MELCOR
reference analysis using basaltic concrete.

The pressures calculated by MELCOR in the various containment control volumes
are depicted in Figure 6.2.2, for the sensitivity study calculation with limestone concrete
and including results for the reference analysis with basaltic concrete, together with the
containment pressure from the MAAP analysis. The results are all generally similar
qualitatively, but with a number of quantitative differences and shifts in timing. Both
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Table 6.2.1.

Sequence of Events Predicted by MELCOR for LCLP-FS-R-N Sequence

with Limestone Concrete and with Basaltic Concrete, Compared to

MAAP with Basaltic Concrete

FEvent
MAAP

basaltic

Accident initiation (MSIV Closure) 0.0
Reactor scrammed 4.2s
Core uncovery begins
Water level at 2/3 core height; ADS
Clad failure/Gap release
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Core plate failed
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Vessel bottom head failed
Vessel LH penetration failed
(Ring 1)
(Ring 1)
(Ring 1)
(Ring 1)
Commence debris ejection
Water in lower drywell boiled off
Firewater spray started
Suppression pool overflows to lower drywell
Firewater spray stopped
Rupture disk opens
Water in lower drywell boiled off
Passive flooder opens
Firewater spray started
Firewater spray stopped
Firewater spray started
Firewater spray stopped
Firewater spray started
Firewater spray stopped
Firewater spray started
Firewater spray stopped
Concrete ablation>2m
End of calculation

0.4hr

1.8hr

2.7hr
4.hr
7.0hr
23.6hr
31.6hr
56.6hr
61.hr

100hr
217

Time
MELCOR

basaltic
0.0

1,629.1s (0.45hr)
2,355.9s (0.65hr)

2,985.9s (0.83hr)
3,825.9s (1.06hr)
4,513.3s (1.25hr)
6,688.4s (1.86hr)

12,257.1s (3.40hr)
13,580.5s (3.77hr)
16,928.4s (4.70hr)
20,436.4s (5.86hr)

12,351.5s (3.43hr)
12,351.55 (3.43hr)
12,348.5s (3.43hr)
12,348.5s (3.43hr)
12,348.5s (3.43hr)
~22,000s (6.1hr)
21,942.4s (6.10hr)

66,534.7s (18.50hr)
89,922.65 (24.98hr)

21,976.4s (6.10hr)

156,454s (43.46hr)
156,454s (43.46hr)

MELCOR

limestone
0.0

1,627.3s (0.45hr)
2,350.7s (0.65hr)

2,986.85 (0.83hr)
3,826.7s (1.06hr)
4,524.3s (1.26hr)
6,724.7s (1.87hr)

11,921.2s (3.31hr)
16,678.0s (4.63hr)
92,668.25 (6.30hr)
32,020.1s (8.89hr)

12,044.8s (3.35hr)
12,044.8s (3.35hr)
12,045.7s (3.35hr)
12,065.5s (3.35hr)
12,044.8s (3.35hr)
~18,570s (5.16hr)
18,577.2s (5.16hr)

53,864.5s (14.96hr)
60,324.5s (16.76hr)

18,585.2s (5.16hr)
237,282s (65.91hr)
938,1925 (66.16hr)
261,649s (72.68hr)
262,554s (72.93hr)
282,293s (78.41hr)
983,197s (78.67hr)
300,468s (83.46hr)
301,375s (83.72hr)
313,126s (86.98hr)
313,126s (86.98hr)
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MELCOR cases predict a rapid pressure increase in containment immediately after ves-
sel failure, due to steam generation from hot debris and water falling into the cavity
from the lower plenum. In the MAAP containment pressure history, after the water in
the lower drywell boils off, the drywell pressure decreases because steam is condensed
on the containment heat sinks but there is no additional steam generated; in the MEL-
COR calculation, the containment pressure continues to rise as hot, unquenched core
debris continues to boil off the cavity water pool. For the MELCOR calculation with
a limestone concrete cavity, the containment rupture disk opening setpoint of 0.72MPa
(90psig) is reached at 16.8hr, compared to rupture disk opening times of 25hr and 31.6hr
with basaltic concrete in MELCOR and MAAP, respectively. The overall containment
pressurization rate for basaltic concrete is slower in MAAP than in MELCOR, because
the core debris in the cavity is quenched in the MAAP calculation but not in the MEL-
COR calculation; the overall pressurization is faster in MELCOR for limestone concrete
than for basaltic concrete due to the much greater generation of carbon monoxide (as
discussed a little later in this section). No penetration leakage is predicted by MAAP
or by either MELCOR calculation, since the temperature in the upper drywell remains
below 533K (500°F) until well after the rupture disk opens.

The MELCOR calculations with basaltic and with limestone concrete also show gen-
erally similar results for the containment temperatures during the first 43hr, shifted
somewhat in time due to differences in containment response, such as time to rupture
disk opening. The behavior of the total and partial pressures, and the mole fractions,
in the atmospheres of the containment control volumes is the same as illustrated in Fig-
ures 5.2.6 and 5.2.7 for the LCLP-FS-R-N calculation with basaltic concrete, just shifted
in time. The lower drywell and DW/WW vent atmospheres consist of almost all steam
from vessel failure through calculation end; in the upper drywell, most of the atmosphere
consists of steam after vessel failure; in the suppression pool, steam does not predominate
until after containment rupture disk opening, while about half of the wetwell atmosphere
between vessel failure and containment venting is hydrogen.

The total mass of debris in the cavity, the mass of ejected core debris and the mass
of ablated concrete in the cavity calculated by MELCOR are illustrated in Figure 6.2.3;
results are included both for this calculation with limestone concrete in the cavity and
for the reference calculation with basaltic concrete specified. The debris ejection can be
seen to occur in discrete steps or stages, while the mass of concrete ablated increases
continuously with time. The total amounts of core debris and of ablated concrete are
very similar in the two MELCOR calculations with limestone and with basaltic concrete.
The total amounts of core debris are very similar because the in-vessel core degradation
process is unaffected by the concrete composition. The total amounts of concrete ablated
are very similar because both calculations were run until stopped “cavity rupture” (i.e.,
ablation of the initial cavity 2m depth at some point), which required ablating about
the same amount of material. Note that the concrete ablation was much slower in the
calculation with limestone concrete than with basaltic concrete, taking about twice as
long to ablate that amount.
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As found for the LCLP-PF-R-N sequence with limestone vs basaltic concrete (shown
in Figure 6.1.4), there is much more noncondensable gas production in the cavity pre-
dicted with limestone concrete than with basaltic concrete. As soon as the core debris
was predicted to enter the cavity, core-concrete interaction began, resulting in the pro-
duction of carbon dioxide and hydrogen; reduction of these gases by the molten metal
also gave rise to carbon monoxide and hydrogen. Figure 6.2.4 presents the production of
various noncondensable gases in the cavity due to core-concrete interaction, calculated
by MELCOR for a limestone concrete cavity. Almost all of the cavity gas production
in this case is in the form of carbon monoxide, with much smaller amounts of the other
gases predicted; with a basaltic cavity almost all of the cavity gas production was in the
form of hydrogen, with a growing amount of CO produced after 30hr. The hydrogen gas
generation from basaltic concrete compares well in order of magnitude with the hydrogen
gas generation from limestone concrete, but the CO production is increased by an order
of magnitude with a limestone concrete cavity, even though there is a rapid increase in
CO production after 30hr with the basaltic concrete cavity. In all cases, CO is produced
only after all the zironium in the cavity is oxidized to ZrQ,, because before that time Zr is
assumed to reduce any CQO; generated to pure carbon (“coking”) with basaltic concrete,
the zirconium was all oxidized by about 30hr, while with the increased gas generation
rates in limestone concrete, the zirconium was all oxidized by about 10hr.

Figure 6.2.5 gives the calculated maximum cavity depths and radii predicted by MEL-
COR in this sensitivity study assuming a limestone concrete cavity and in the reference
calculation with a basaltic concrete cavity specified. (Note that these represent maxi-
mum, not average, ablation distances.) Immediately after core debris is first ejected from
the vessel to the cavity upon vessel breach, there is a brief period of rapid radial ablation
lasting a few hr, which stops after <15cm of concrete loss, in both cases. The bulk of the
concrete ablation calculated is axially downward, with the MELCOR calculation stop-
ping when the axial ablation equals and tries to exceed the specified available concrete
thickness of 2m; this is predicted at 87hr in the MELCOR calculation with a limestone
concrete cavity compared to occurring at 44hr in the MELCOR reference calculation
with a basaltic concrete cavity.

The heat transfer from the cavity debris pool in the two MELCOR analyses with
limestone and with basaltic concrete, both downward and outward to the concrete surface
and upward to the cavity volume atmosphere, is shown in Figure 6.2.6. The energy
transfer from the debris in the cavity upward through the debris bed surface to the lower
drywell atmosphere and/or overlying water pool is 2-4 times greater than the energy
transferred downward (and sideways) to the concrete. The heat fluxes calculated by
MELCOR for a limestone concrete cavity are generally lower than those calculated by
MELCOR for a basaltic concrete cavity.

Tables 6.2.2 and 6.2.3 give the distribution of the released radionuclides at the end
of the calculation (i.e., at 87hr). The release behavior predicted by MELCOR fall into
the same subgroups as for all these ABWR analyses. Almost all (~100%) of the volatile
Class 1 (noble gases), Class 2 (CsOH), Class 5 (Te) and Class 16 (Csl) radionuclide
species are released, primarily in-vessel, as are most (80-90%) of the Class 3 (Ba) and
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Figure 6.2.4. Cavity Gas Production Predicted by MELCOR for LCLP-FS-R-N
Sequence with Limestone Concrete and with Basaltic Concrete
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Figure 6.2.6. Cavity Heat Flows Predicted by MELCOR for LCLP-FS-R-N

Sequence with Limestone Concrete and with Basaltic Concrete

225



Class 12 (Sn) inventories. The next major release fractions are of Ru and Mo, Ce and
La, all between 2% and 4%. Finally, a total <0.1% of the initial inventory of uranium
and Class 11 (Cd) are predicted to be released. This is very similar to the fission product
release behavior predicted by MELCOR for the LCLP-PF-R-N sequence. (Note that the
CORSOR-M fission product release model option used in these analyses has identically
zero release in-vessel of Class 7, Class 9 and Class 11.)

Most of the released radionuclides remain in the primary system and/or the contain-
ment; only the noble gases show a significant release to the environment. Of the other
radionuclides, <1% of the Cd and <0.1% of the initial inventories are released to the en-
vironment. Of the species with significant (>80%) release from fuel, the wetwell retains
most of the released CsOH, Te and Csl volatiles, while the Ba and Sn aerosols are held
up both in the primary system and in the wetwell.

The predicted release to the environment of each radionuclide species is lower for
the LCLP-FS-R-N sequence than calculated for the LCLP-PF-R-N sequence, either with
limestone concrete or with basaltic concrete; the fractions retained in the wetwell are
higher, and the fractions in the drywell generally lower, for the LCLP-FS-R-N sequence
analysis than calculated for the LCLP-PF-R-N sequence, reflecting the sprays remov-
ing fission products from the containment atmosphere and/or structures (via draining
condensate films) into the suppression pool.

The retention factors for the various radionuclides in the primary system and in the
overall containment are quite similar in the MELCOR LCLP-PF-R-N sensitivity study
calculation with a limestone concrete cavity and in the MELCOR reference calculation
with a basaltic concrete cavity. The decontamination factors for the various radionu-
clides for the suppression pool and for the overall containment are also very similar in
the MELCOR LCLP-PF-R-N sensitivity study calculation with limestone concrete and
in the MELCOR reference calculation with basaltic concrete. The retention factors pre
dicted by MELCOR for the LCLP-FS-R-N scenario with either concrete are about the
same as for the LCLP-PF-R-N scenario with either concrete; the magnitude of the various
DFs calculated by MELCOR for the LCLP-FS-R-N sequence are generally higher than
those calculated by MELCOR for the LCLP-PF-R-N sequence, with either type of con-
crete, reflecting the sprays removing fission products from the containment atmosphere
and/or structures (vie draining condensate films) into the suppression pool. While the
overall containment decontamination factors predicted by MELCOR for the LCLP-FS-R-
N are greater in magnitude than for the LCLP-PF-R-N sequence, the relative differences
between DF's for various radionuclide classes are generally similar in the two sequences.

Both the suppression pool and overall containment decontamination factors remain
nearly constant or drop very slowly for most classes after containment rupture disk actu-
ation, but drop steadily for several radionuclide species. These are the classes for which a
continuing release to the environment is predicted, while for the other classes there is only
a single step-like release at containment depressurization, as illustrated in Figure 6.2.7.
These results resemble those given in Figure 5.2.18 for the reference analysis with basaltic
concrete, given the longer period of release between containment rupture disk opening
and transient end at cavity rupture in the calculation with limestone concrete.
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Table 6.2.2. Radionuclide Distribution Predicted at 87hr for LCLP-FS-R-N
Sequence with Limestone Concrete

Class

Remaining in Fuel

Fission Product Distribution
(% Initial Inventory)
Released from Fuel

Core Cavity | Primary System Drywell Wetwell Environment
Noble Gases (Xe) 4.40x107° 0 0.0188 4.06 T7.76x107° 95.9
Alkali Metals (CsOH) 2.76x107° ~0 14.3 5.63 79.9 0.172
Alkaline Earths (Ba) 2.30x10°¢ 10.8 52.3 6.29 30.6 7.87x1072
Halogens (I) ~0 ~0 ~0 ~0 ~0 ~0
Chalcogens (Te) 2.09x107°  0.0456 22.5 5.05 72.2 0.176
Platinoids (Ru) 1.51x107? 96.8 2.09 0.593 0.551 8.98x107°
Transition Metals (Mo) 1.52x107° 96.4 0.0118 0.810 2.73 2.74x1073
Tetravalents (Ce) 1.51x107° 96.0 2.54 0.793 0.667 1.28x107*
Trivalents (La) 1.52x107° 98.1 1.36x107° 0.796 1.14 2.04x1072
Uranium (U) 2.65x10~° 99.9 0.0412 0.0124 0.0150 3.58x1075
More Volatile Main Group Elements (Cd) | 1.52x107° ~100 4.80x107° 0.0186 0.0306 3.33x10™*
Less Volatile Main Group Elements (Sn) | 9.09x1077 4.23 51.2 4.82 39.8 6.78x1073
Csl ~0 5.47x107° 15.4 5.24 79.2 0.0999
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Table 6.2.3. Radionuclide Release and Released Distribution Predicted at 87hr for
LCLP-FS-R-N Sequence with Limestone Concrete

Released from Fuel Distribution
Class (% Initial Inventory) (% Released Mass)
Core Cavity  Total | Primary System Drywell We'—:ll Environment
Noble Gases (Xe) 99.94 0.05 99.99 0.0188 4.06  7.76x107° 95.9
Alkali Metals (CsOH) 99.94 0.05 99.99 14.35 5.63 79.94 0.172
Alkaline Earths (Ba) 86.52 2.68 89.21 53.63 7.05 34.31 8.83x1072
Halogens (I) ~0 ~0 ~0 0.032 372  T7.14x107° 96.24
Chalcogens (Te) 99.95 0.012 99.96 22.5 5.05 72.2 0.176
Platinoids (Ru) 3.24 1.75x107* 3.24 64.63 18.33 17.04 2.78x1073 .
Transition Metals (Mo) 0 3.56 3.56 0.33 22.76 76.83 0.077
Tetravalents (Ce) 3.99 1.93x1073 4.00 63.45 19.84 16.71 3.19x1073
Trivalents (La) 0 1.94 1.94 0.0696 41.06 58.77 0.105
Uranium (U) 0.061 0.009 0.070 60.08 18.01 21.86 0.052
More Volatile Main Group Elements (Cd) | 0 0.050 0.050 0.097 37.55 61.68 0.67
Less Volatile Main Group Elements (Sn) | 95.75 0.031 95.78 53.44 5.04 41.52 7.08x1073
Csl 99.94 0.049 99.99 15.4 5.24 79.2 0.0999
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Figure 6.2.7. Radionuclide Environmental Releases Predicted by MELCOR for
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6.3 LCLP-PF-R-N Sequence with “Quenched” Debris

This accident scenario is the same as discussed in Section 5.1, but with “quenched”
debris in the cavity rather than unquenched, hot debris. Here, quenched debris is de-
bris that is not hot enough to undergo significant core-concrete interaction; such debris
is probably cooled enough to have formed a substantial solidified crust. The core de-
bris is quenched in the MAAP calculation, since the average corium temperature in the
lower drywell was less than 500K throughout most of the transient (as indicated in Fig-
ure 19E.2-2D in [1]), while there is no ex-vessel debris quenching model in MELCOR,;
the MELCOR calculation therefore predicts that the debris in the cavity remains hot
(=21500K), irregardless of potential cooling and quenching by the lower drywell water
pool.

However, MELCOR calculations have been done for some sequences in the ABWR
with “quenched” debris. The debris was not quenched due to modelling the physical
quench process, but due to numerical problems and coding errors in MELCOR. In these
calculations, CORCON-calculated “layer flips” have been observed to occur every few
cycles, with the cavity debris configuration oscillating between a state with metal on the
bottom and one with oxide on the bottom. This behavior is physically unrealistic but,
by repeatedly bringing hot debris to the top surface, increases the rate of heat loss from
the debris to the overlying pool or atmosphere in the associated control volume.

The “flipping” results from small changes in the calculated densities of the metallic
and oxidic phases of the debris. In reality, these phases would be mixed by the stir-
ring action of concrete-decomposition gases unless there is a significant density gradient.
CORCON-Mod2 [11], currently used in the CAV package in MELCOR, assumes com-
plete separation of the phases regardless of how small the density difference may be. A
new mixing model in CORCON-Mod3 [12] should eliminate such unphysical behavior by
allowing the combination of the metallic and oxidic debris into a single heterogeneous
mixture layer. In the meantime, the “layer flipping” problem can be reduced or elimi-
nated by disabling the treatment of chemical reactions involving concrete oxides. When
this reaction is omitted, ablated oxides are always added directly to the oxide layer and
thus tend to reduce its density, which drives the debris bed toward a stable oxide-over-
metal configuration. (When the reaction is included, reduction of concrete oxides results
in addition of low-density aluminum and silicon to the metal layer whenever it is on
the bottom; this tends to reduce the density of the metal layer and briefly restore the
metal-over-oxide configuration.)

We emphasize that this numerical “quenching” is not physical, i.e., these calcula-
tions should not be considered as predicting that debris quench would occur. However,
using these “uncorrected”, “quenched” calculations allows us to study how much of the
differences found between MELCOR and MAAP calculations of the same sequence are
a consequence of the continued core-concrete interaction in MELCOR, due to the un-
quenched vs quenched cavity debris.

The sequence of events predicted for the LCLP-PF-R-N accident is given in Ta-
ble 6.3.1, with the timings of the various events as calculated by MAAP and by MELCOR
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with “quenched” debris and with unquenched, hot debris (i.e., the reference calculation
results from Section 5.1) included for comparison. The MELCOR calculations with un-
quenched, hot debris and with “quenched” debris are the same up to the time of vessel
failure and debris ejection into the cavity, as would be expected.

Much of the containment behavior calculated for the LCLP-PF-R-N sequence assum-
ing “quenched” debris is very similar to the response predicted in the reference calculation
with unquenched, hot debris for this scenario (described in Section 5.1), albeit shifted
somewhat in time due to differences in parameters such as time to rupture disk opening.
Figure 6.3.1 gives the lower drywell and wetwell pool masses for the MELCOR analyses
both with “quenched” debris and with unquenched, hot debris, compared to the pocl
masses calculated by MAAP (for quenched debris). During the first 42hr while results
from both analyses are available, the MELCOR calculations with unquenched, hot de-
bris and with “quenched” debris show generally very similar results for the drywell and
wetwell pool masses; after cavity rupture and calculation end for the unquenched, hot
debris case, the calculation assuming “quenched” debris obviously continues the same
overall response.

The pressures calculated by MELC'OR in the various containment control volumes
assuming either “quenched” or unquenched, hot debris are presented in Figure 6.3.2,
together with the containment pressure for MAAP (with quenched debris). Although
the MELCOR calculation with “quenched” debris was run for 100hr, only the first 45hr
are shown in the figure to highlight the containment behavior around the time of rupture
disk opening. The results are all generally similar qualitatively, but with a number of
quantitative differences and shifts in timing.

The differences before about 5hr are due to differences in predicted vessel failure
timing and debris ejection history. The overall containment pressurization rate with
“quenched” debris is very similar in MELCOR and in MAAP, confirming that the dif-
ference in pressurization rate between the MELCOR reference calculation described in
Section 5.1 and the MAAP analysis is due to the core debris in the cavity being quenched
in the MAAP calculation but not in the MELCOR calculation. The overall pressuriza-
tion is faster in MELCOR for unquenched, hot debris than for “quenched” debris due
both to the continued boiling of the overlying cavity pool water and to greater generation
of noncondensable gases due to core-concrete interaction. For the MELCOR calculation
with unquenched, hot debris, the containment rupture disk opening setpoint of 0.72MPa
(90psig) is reached at 14.7Thr, compared to rupture disk opening times of 20.7hr and 20.2hr
with “quenched” debris in MELCOR and in MAAP, respectively. The higher pressures
in both these MELCOR calculations at later times suggest that the loss coefficient for
the rupture disk flow path is too high in the MELCOR input model.

The MELCOR calculations with unquenched, hot debris and with “quenched” debris
also show generally similar results for the containment temperatures during the first
42hr, shifted somewhat in time due to differences in containment response, such as time
to rupture disk opening. The behavior of the total and partial pressures, and the mole
fractions, in the atmospheres of the containment control volumes is the same as illustrated

in Figures 5.1.19 and 5.1.20 for the LCLP-PF-R-N calculation with unquenched, hot
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Table 6.3.1.

Sequence of Events Predicted by MELCOR for LCLP-PF-R-N Sequence

with “Quenched” Debris and with Hot Debris, Compared to MAAP

Event
MAAP

quenched

Accident initiation (MSIV Closure) 0.0
Reactor scrammed 4.2s
Core uncovery begins
Water level at 2/3 core height; ADS
Clad failure/Gap release
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Core plate failed
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Vessel lower head failed
Vessel LH penetration failed
(Ring 1)
(Ring 2)
(Ring 3)
(Ring 4)
Commence debris ejection
Water in lower drywell boiled off
Passive flooder opens
Rupture disk opens
Concrete ablation >2m
End of calculation

0.4hr

1.8hr

2.Thr
5.4hr
20.2hr

100hr
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Time
MELCOR

unquenched

0.0

1,626.1s (0.45hr)
2,350.7s (0.65hr)

2,980.7s (0.83hr)
3,825.1s (1.06hr)
4,548.9s (1.26hr)
6,731.0s (1.87hr)

11,818.0s (3.28hr)
14,838.4s (4.12hr)
15,303.8s (4.25hr)
21,586.3s (6.00hr)

11,933.5s (3.31hr)
11,938.0s (3.32hr)
11,939.5s (3.32hr)
11,948.2s (3.32hr)
11,933.5s (3.31hr)
~22,470s (6.2hr)
22,473.7s (6.24hr)
52,931.5s (14.70hr)
150,967s (41.94hr)
150,967s (41.94hr)

MELCOR
“quenched”

0.0

1,626.1s (0.45hr)
2,350.7s (0.65hr)

2,980.7s (0.83hr)
3,825.1s (1.06hr)
4,548.9s (1.26hr)
6,731.0s (1.87hr)

11,818.0s (3.28hr)
15,084.1s (4.19hr)
15,813.8s (4.39hr)
20,671.2s (5.74hr)

11,929.0s (3.31hr)
11,938.0s (3.32hr)
11,939.5s (3.32hr)
11,948.2s (3.32hr)
11,933.5s (3.31hr)
~20,730s (5.76hr)
20,734.3s (5.76hr)
74,657.7s (20.74hr)

360,000s (100hr)
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Figure 6.3.1. Lower Drywell and Suppression Pool Masses Predicted by MELCOR
for LCLP-PF-R-N Sequence with “Quenched” Debris and with Hot
Debris, Compared to MAAP
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Figure 6.3.2. Containment Pressures Predicted by MELCOR for LCLP-PF-R-N

Sequence with “Quenched” Debris and with Hot Debris, Compared to
MAAP
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debris, just shifted in time. The lower drywell and DW/WW vent atmospheres consist of
almost all steam from vessel failure through calculation end; in the upper drywell, most
of the atmosphere consists of steamn after vessel failure; in the suppression pool, steam
does not predominate until after containment rupture disk opening, while about half of
the wetwell atmosphere between vessel failure and containment venting is hydrogen.

The total mass of debris in the cavity, the mass of ejected core debris and the mass
of ablated concrete in the cavity calculated by MELCOR are illustrated in Figure 6.3.3;
results are included both for this calculation with “quenched” debris in the cavity and for
the reference calculation with unquenched, hot debris specified. The debris ejection can
be seen to occur in discrete steps or stages, and is very similar for both these MELCOR
calculations (as would be expected), because the in-vessel core degradation process is
unaffected by the state of any debris in the cavity. The mass of concrete ablated increases
continuously with time in the MELCOR reference calculation with unquenched, hot
debris, but remains nearly constant after some initial ablation in the MELCOR analysis
with “quenched” debris. The reference calculation with unquenched, hot debris ran until
stopped by “cavity rupture”, i.e., ablation of the initial cavity 2m depth at some point,
at 42hr; the calculation with “quenched” debris was simply stopped at 100hr.

Figure 6.3.4 presents the production of various noncondensable gases in the cavity
due to core-concrete interaction, calculated by MELCOR for “quenched” debris and for
the unquenched, hot debris in the reference calculation. Much lower amounts of noncon-
densable gases are produced in a cavity with “quenched” debris than for unquenched,
hot debris. Almost all of the cavity gas production in both these calculations is in the
form of hydrogen, with much smaller amounts of the other gases predicted, and with a
small but growing amount of CO produced after 30-40hr in the reference analysis with
unquenched, hot debris and continuing core-concrete interaction.

Figure 6.3.5 gives the calculated maximum cavity depths and radii predicted by MEL-
COR in this sensitivity study assuming “quenched” debris and in the reference calculation
with unquenched, hot debris. (Note that these represent maximum, not average, abla-
tion distances.) Immediately after core debris is first ejected from the vessel to the cavity
upon vessel breach, there is a brief period of rapid radial ablation lasting a few hr, which
stops after only 5cm of concrete loss in the reference calculation with unquenched debris
but continues gradually to about 10cm of concrete loss in the sensitivity study calculation
with “quenched” debris. The bulk of the concrete ablation calculated in the calculation
with hot, unquenched debris is axially downward in both cases. The reference calculation
stops when the axial ablation equals and tries to exceed the specified available concrete
thickness of 2m at about 42hr; the calculation with “quenched” debris has ablated less
than 40cm of concrete vertically by 100hr when the run was stopped.

A heavy oxide layer is calculated to exist in the cavity only for a short time after
debris ejection from the vessel. In this sensitivity study calculation, MELCOR calculates
a rapidly alternating configuration of a light oxide layer above a metallic debris layer
reversing to a metallic debris layer above a heavy oxide layer throughout most of the
transient period calculated. The metallic layer mass and thickness drop very slowly until
100hr; the mass and thickness of whichever oxide layer (light and/or heavy) is present
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Figure 6.3.3. Cavity Material Masses Predicted by MELCOR for LCLP-PF-R-N
Sequence with “Quenched” Debris and with Hot Debris
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Figure 6.3.4. Cavity Gas Production Predicted by MELCOR for LCLP-PF-R-N
Sequence with “Quenched” Debris and with Hot Debris
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increase very slowly until 100hr, with the mass and thickness of the other, temporarily-
vanished oxide layer going to zero. In the reference calculation with hot, unquenched
debris and continuing core-concrete interaction, the metallic layer mass and thickness
remain nearly constant while the light oxide layer mass and thickness increase rapidly
(and the density decreases) as ablating concrete (with its resultant low-density silicate
oxides) continues to dilute the high-density zirc oxide and steel oxide debris to an average
density value less than the metallic debris density.

The heat transfer from the cavity debris pool in the MELCOR analysis, both down-
ward and outward to the concrete surface and upward to the cavity volume atmosphere,
is shown in Figure 6.3.6. Results are included for both the MELCOR sensitivity study
calculation with “quenched” debris and for the MELCOR reference calculation with un-
quenched, hot debris. The “layer flipping” oscillations, which intermittently bring hot
debris to the surface into contact with the overlying water pool, are clearly visible as
increases in the heat flux at the debris pool surface. In both calculations, the energy
transfer from the debris in the cavity upward through the debris bed surface to the
lower drywell atmosphere and/or overlying water pool is 2-5 times greater than the en-
ergy transferred downward (and sideways) to the concrete. The heat fluxes calculated by
MELCOR for “quenched” debris appear to be generally much lower than those calculated
by MELCOR for a unquenched, hot debris cavity.

Tables 6.3.2 and 6.3.3 give the distribution of the released radionuclides at the end
of the calculation (z.e., at 100hr). The release behavior predicted by MELCOR for
the LCLP-PF-R-N sequence assuming “quenched” debris is very similar to the release
behavior predicted by MELCOR for the LCLP-PF-R-N sequence reference analysis with
hot, unquenched debris (presented in Tables 5.1.4 and 5.1.5); the fission product release
predicted has been quite similar for all the sequences and variations analyzed. Almost
all (~100%) of the volatile Class 1 (noble gases), Class 2 (CsOH), Class 5 (Te) and Class
16 (Csl) radionuclide species are released, primarily in-vessel, as are most (80-90%) of
the Class 3 (Ba) and Class 12 (Sn) inventories. The next major release fractions are of
Ru and Mo, Ce and La, all between 2% and 4%. Finally, a total <0.1% of the initial
inventory of uranium and Class 11 (Cd) are predicted to be released. (Note that the
CORSOR-M fission product release model option used in these analyses has identically
zero release in-vesgel of Class 7, Class 9 and Class 11.)

Most of the released radionuclides remain in the primary system and/or the contain-
ment; only the noble gases show a significant release (>90%) to the environment. Of the
other radionuclides, 0.2-0.3% of the total volatile masses (CsOH and Csl) are released
to the environment in the MELCOR LCLP-PF-R-N sensitivity study calculation with
“quenched” debris, about the same as the 0.15-0.25% release predicted in the MELCOR
reference calculation with unquenched, hot debris. The slightly higher releases calculated
for “quenched” debris are probably a direct result of the longer time that calculation ran
after rupture disk opening, extending the release period (about 80hr, compared to about
<30hr in the corresponding reference calculation with unquenched, hot debris). In both
cases, <0.1% of the other radionuclides’ initial inventory is released to the environment.
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Table 6.3.2. Radionuclide Distribution Predicted at 100hr for LCLP-PF-R-N
Sequence with “Quenched” Debris

Fission Product Distribution
Class (% Initial Inventory)
Remaining in Fuel Released from Fuel
Core Cavity | Primary System Drywell Wetwell Environment

Noble Gases (Xe) 2.835%1077 0 5.12x107° 8.77x10"% 1.37x107® ~100

Alkali Metals (CsOH) 3.04x1077 0 11.1 12.1 76.6 0.218
Alkaline Earths (Ba) 3.53x10°7  14.7 43.8 10.6 30.9 5.84x1073

Halogens (I) ~0 ~0 ~0 ~0 ~0 ~0

Chalcogens (Te) 3.30x10~7 0.0389 27.2 9.60 63.0 0.154
Platinoids (Ru) 3.50x10~7  97.0 1.61 0.919 0.517 4.71x107°
Transition Metals {Mo) 3.51x10~7  99.0 2.89x1073 0.412 0.573 9.30x10™*
Tetravalents (Ce) 3.50x10~7  96.1 1.99 1.24 0.625 5.22x107°
Trivalents (La) 3.50x10~7  97.5 1.73x1073 1.15 1.33 1.87x1073
Uranium (U) 1.42x1077  99.9 0.0284 0.0186 0.0140 1.05x107°
More Volatile Main Group Elements (Cd) | 3.50x 10-7 ~100 3.97x107° 0.0223 0.0273 4.27x107°
Less Volatile Main Group Elements (Sn) | 3.49x10™7  8.30 43.7 9.22 38.7 3.99x1073

Csl ~0 0.0123 10.7 11.8 77.2 0.257
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Table 6.3.3. Radionuclide Release and Released Distribution Predicted at 100hr for
LCLP-PF-R-N Sequence with “Quenched” Debris

Released from tuel Distribution
Class (% Initial Inventory) (% Released Mass)
Core Cavity  Total | Primary System Drywell Wetwell Environment

Noble Gases (Xe) 99.96 0.04 ~100 ~0 ~0 ~0 ~100

Alkali Metals (CsOH) 99.96 0.04 ~100 11.1 12.1 76.64 0.281
Alkaline Earths (Ba) 81.91 3.45 85.37 51.30 12.44 36.25 6.85x1073

Halogens (I) ~0 ~0 ~0 ~0 ~0 ~0 ~100

Chalcogens (Te) 99.96 1.43x1073 99.96 27.20 9.60 63.04 0.154
Platinoids (Ru) 3.05 2.15x10™* 3.05 52.93 30.12 16.95 1.55x1073

Transition Metals (Mo) 0 0.989 0.989 0.292 40.53 57.93 0.094
Tetravalents (Ce) 3.86 1.35x107% 3.86 51.63 32.17 16.20 1.35x1073

Trivalents (La) 0 2.49 2.49 0.0695 46.25 53.60 0.0754

Uranium (U) 0.053 0.0096 0.062 46.57 30.48 22.93 0.0171

More Volatile Main Group Elements (Cd) 0 0.050 0.050 0.0798 44.91 54.92 0.0858
Less Volatile Main Group Elements (Sn) | 91.67 0.037 91.71 47.70 10.05 42.24 4.36x1073

Csl 99.97 0.025 ~100 10.7 11.8 77.2 0.257




The retention factors for CsOH and CslI in the primary system and in the overall
containment are slightly (about 10%) lower and higher, respectively, in the MELCOR
LCLP-PF-R-N sensitivity study calculation with “quenched” debris than in the MEL-
COR reference calculation with unquenched, hot debris; the retention factors for the
other radionuclides in the primary systein and in the overall containment are quite sim-
ilar in these two calculations. The decontamination factors for the suppression pool
are generally similar for a few radionuclide species (Mo, La and Cd) in the MELCOR
LCLP-PF-R-N sensitivity study calculation with “quenched” debris and in the MEL-
COR reference calculation with hot, unquenched debris, but quite different for most of
the other radionuclide species:

o DF5p<100 for classes with no in-vessel release (i.e., Mo, La and Cd), and for the
cesium classes (CsOH and CslI),

e DFsp~200 for Class 12 (Sn), and for Class 5 (Te) by 100hr,
e DFsp~T00 for several other classes (Ba, Ru and U), and
e DFsp>2000 for Class 8 (Ce).

The overall containment DFs seem to fall into subdivisions in the MELCOR LCLP-PF-
R-N sensitivity study calculation with “quenched” debris similar to those found in the
MELCOR reference calculation with unquenched, hot debris, but larger in magnitude:

e DF(,n: 2300 for the cesium volatiles (CsOH and Csl),
o DF¢oni~500 for the other volatile species (Te) by 100hr,

DFcont~1000 for classes with no in-vessel release (z.e., Mo, La and Cd),

DF 00nt~3000 for classes with <1% in-vessel release (U),

DFconi~10,000 for Class 3 (Ba) and Class 12 (Sn), and
DF gone 30,000 for Class 6 (Ru) and Class 8 (Ce).

In this LCLP-PF-R-N analysis assuming “quenched” debris, which ran much longer
than the reference LCLP-PF-R-N analysis with unquenched, hot debris, the suppression
pool and overall containment decontamination factors continue to drop steadily for several
radionuclide species (most noticeably for Te, less noticeably for Mo). These are the classes
for which a continuing release to the environment is predicted, while for the other classes
there is only a single step-like release at COPS rupture, as illustrated in Figure 6.3.7.
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7 Summary

This report summarizes the results from MELCOR calculations of severe accident
sequences in the ABWR and presents comparisons with MAAP calculations for the same
sequences. MELCOR was run for two low-pressure and three high-pressure sequences to
identify the materials which enter containment and are available for release to the envi-
ronment (source terms), to study the potential effects of core-concrete interaction, and
to obtain event timings during each sequence; the source terms include fission products
and other materials such as those generated by core-concrete interactions.

All calculations, with both MELCOR and MAAP, analyzed loss-of-cooling accidents
in the ABWR plant. The LCLP-PF-R-N and LCLP-FS-R-N sequences are accidents
starting with a loss of all core cooling and with vessel failure occurring at low pres-
sure; the LCHP-PF-P-M, LCHP-FS-R-N and LCHP-PS-R-N sequences also are accidents
starting with a loss of all core cooling but with vessel failure occurring at high pressure.
In all these sequences, the passive flooder automatically floods the lower drywell. The
containment depressurizes as planned through a relief rupture disk, except in the LCHP-
PF-P-M sequence where containment leakage occurs through movable penetrations. In
the LCLP-FS-R-N and LCHP-FS-R-N sequences, the firewater spray provides additional
containment cooling; in the LCHP-?S-R-N sequence, the drywell spray provides addi-
tional containment cooling,.

MELCOR generally reproduced the event sequences predicted by MAAP, albeit usu-
ally with timing shifts. The major differences found were in core degradation and vessel
failure time, and in core-concrete interaction and containment depressurization time.

In all cases, the core was predicted to uncover slightly later by MELCOR than by
MAAP, at 27min for MELCOR compared to 18min for MAAP. The core degradation
process also was slower in the MELCOR analyses than for MAAP -~ MELCOR calculated
vessel failure to occur later than in the MAAP analyses, at 3.3hr vs 1.8hr for the LCLP
sequences and at 4.5hr vs 2.0hr for the LCHP sequences. However, both MELCOR and
MAAP predict vessel failure to occur earlier in sequences with ADS depressurizing the
primary system than in scenarios where the vessel fails at pressure.

The core debris in the cavity is quenched by the passive flooder in the MAAP analyses,
so little or no core-concrete interaction occurs. MELCOR does not have an ex-vessel
debris quench model, so the core debris in the cavity remains unquenched and hot in the
MELCOR calculations, resulting in significant and continued core-concrete interaction
predicted. This in turn resulls in faster containment pressurization and earlier rupture
disk opening predicted by MELCOR, due both to more generation of noncondensables
in core-concrete interactions and to continued boiling of the cavity water pool by contact
with the hot, unquenched debris.

Both MELCOR and MAAP predict release of almost all the noble gas initial in-
ventory and small releases of all other fission products in the sequences depressurizing
containment through the rupture disk, although the releases calculated by MELCOR are
slightly higher than those predicted by MAAP for the volatiles CsOH and Csl (although
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<1% in all cases). Some portion of the higher releases predicted by MELCOR is due to
continued release from the unquenched, hot core debris in the cavity; another contributor
to higher releases in MELCOR is the lack of hygroscopic effects in the MELCOR aerosol

modelling.

Both MAAP and MELCOR predict much greater releases for most fission products
(but lower for the noble gases) if the containment leaks through movable penetration seals
than if the containment depressurizes as intended through the rupture disk in the wetwell
vapor space, verifying the benefit of suppression pool scrubbing on reducing the source
term to the environment. The releases to the environment calculated by MELCOR for
the volatiles CsOH and Csl in this case (10 15%) are in good agreement with the values
predicted by MAAP (8-10%), as are the releases of the noble gases (about 50% with both
codes).

Sensitivity studies were done on the impact of assuming limestone rather than basaltic
concrete, and on the effect of quenching core debris in the cavity compared to having hot,
unquenched debris present. Assuming limestone concrete in the cavity resulted in faster
containment pressurization and earlier rupture disk opening due to more generation of
noncondensables in core-concrete interactions. Having “quenched” debris in the cavity
in the MELCOR calculations resulted in slower containment pressurization and later
rupture disk opening, in better agreement with the MAAP results. Varying the concrete
type or the debris temperature (i.e., “quenched” vs unquenched) had no major effect on
the fission product release calculated by MELCOR.
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