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1.0 INTRODUCTION

1.1 Statement of the Problem

The objective of this investigation was to calculate the response of
the Grand Gulf Nuclear Station (GGNS) primary system and containment to
postulated severe accident sequences which have been identified as potentially
leading to core degradation and melting. These analyses include evaluations
of the thermal-hydraulic response, the release of fission products from
degraded fuel, and the transport of the released fission products within the
containment. These calculations were performed on a best estimate basis
phenomenologically and include assessments of the major uncertainties associ-
ated with state-of-the-art modeling. This study includes assessments of the
results of a limited set of operator interventions in these sequences and an
assessment of the influence of a specific mitigating feature associated with
the Grand Gulf Nuclear Station design.

1.2 Relationship to Other Tasks

The primary system and containment response analyses of IDCOR
Subtask 23.1 are dependent upon the primary system and containment thermal-
hydraulic models developed in Juctasks 16.2 .nd 16.3 (Executive Analysis
Programn) and the fiscicn product release and retantion models developed in
IDCOR Task 11 (Fission Product Transpoit). The accident sequences used fcr
the analyses along with the operator interventions weure developed by consider-
ing the dominant acc‘dent sequences identified in Subtask 3.2 (Assess Dominant
Sequences) and the physical processes ociurring auring these accigent:,

it should be noted that the analyses developed as part of IDCOR
Subtasks 16.2 and 16.3 involve the detailed consideration of many different
phenomena which are themselves considered in separate IDCOR subtasks. These
fnclude: hydrogen generaiion; distribution and combustion (Subtasks 12.1,
12.2 and 12.3); steam generation (Subtask 14.1); core heatup (Subtask 15.1);
debris behavior (Subtask 15.2) and core-concrete interactions (Subtask 15.3).
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Operater intervention sequences were developed as part of Subtask

23.1 and applied to the specific accident sequences in the Grand Gulf Nuclear
Station design to determine those potential actions which could terminate the
accident sequence and result in a safe stable state. These results were used
in IDCOR Subtask 22.1 (Safe Stable States) which discusses both the inherent
and intervention means of terminating the various core damage sequences
considered for the Grand Gulf Nuclear Station design. The mitigative design
feature sequence for GGNS was developed via a review of a list of mitigative
and preventative design features identified in IDCOR Task 21 (Risk Reduction
Potential).

The ultimate structural capability of the containments associated
with the reference plants and other typical designs were assessed in IDCOR
Subtask 10.1. These analyses define the containment failure pressure and
failure mode in this analysis.

Calculations of the rate and amount of fission products released
from the containment, for those sequences which result in containment failure,
were supplied to IDCOR Subtask 18.1 (Atmospheric and Liquid Pathway Dose) to
formulate assessments of the health consequences associated with these postu-
lated accident scenarios. These health consecuence analyses were then sup-
plied to IDCOR Subtask 21.1 to evaluate the risk reduction potential fnr
possible mitigating operator actions and containment mitigative design
features.

Detailed considerations for each of the related subtasks can Le
found in the final reports submitted for the specific task., Individual issues
are addressed in this report only as required to understand the specific
behaviors obtained for the accident sequences considered.
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2.0 STRATEGY AND METHODOLOGY

The basic strategy of this subtask was to analyze accident sequences
which have been previously identified as potential contributors to core melt
frequency. These analyses consisted of plant thermal hydraulic response and
fission product transport calculations for accident sequences which led to
core degradation and melting. These analyses model performance of the ECCS
systems and the containment engineered safety systems, such as the suppression
pool, decay heat removal system, etc.

The MAAP code [2.1] was used to perform the primary system and
containment thermal-hydraulic response analyses. This code considers the
major physical processes associated with an accident progression, including
hydrogen generation, steam formation, debris coolability, debris dispersal,
core-concrete interactions, and hydrogen combustion. The FPRAT module for
MAAP was adopted from [2.2] to evaluate the fission product release from the
fuel. Natural and forced circulation within the primary system is modeled
both before and after vessel failure and is integrated with the fission
produce release model to determine the transport of vapors and aeroscls
throughout the primary system and containment. Fission product deposition
proce:ses mcdeied inciude vapor condensatior, steam condensation and
sedimentation.

For eacn of the four G5NS accident scerarios selected for analysis,
thernal -hydraulic calculations were performed both with anu without telected
operator actions during tne accident. The "base case" anmalyses, which assume
only minimal cperator response during the accident, establish a reference
system response during each of the accident scenarios. The "operator action”
analyses are branch calculations of the base cases. These operator interven-
tion cases demonstrate the effect of selected operator actions on the progres-
sion of an accident, based on the time windows available to the operator to
take such action. Additional uncertainty and sensitivity analyses have been
performed on several key parameters associated with the accident response.
These are reported in Ref. [2.4].
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3.0 DESCRIPTION OF MODELS AND MAJOR ASSUMPTIONS

The Modular Accident Analysis Program (MAAP), Ref. [3.1] is used to
model the Grand Gulf Nuclear Station (GGNS) response to postulated severe
accidents. This code includes containment response, fission product release,
and fission product transport. In addition, both the thermal hydraulic
response and the fission product behavior are modeled for the reactor building
which surrounds the primary containment.

el Plant Specific Information

The Grand Gulf Nuclear Station (GGNS) is a two unit boiling water
reactor located in Claiborne County, Mississippi, on the east side of the
Mississippi River approximately 25 miles south of Vicksburg and 37 miles
north-northeast of Natchez, Mississippi. The two units are nearly identical;
both will be operated by Mississippi Power & Light Company (MP&L). Unit 1 is
scheduled to go into commercial operation in early 1985; Unit 2 is scheduled
to do so several years later. Each unit is designed with a core thermal
output of 3833 MWth, a gross electrical power output of 1306 Mwe, and a net
electrical output of 1250 MWe. Each unit is powered by a BWR-6 water reactor,
designed and supplied by Juneral Electric Company. Each reaccor is housed in
a steel-lired reinforced concrete Mark 111 containment building.

2.3 Nuclear System

The primary system consists of the equipment and instrumentation
necessary tc produce, contain, and control the steam power required by the
turbine-generator. Principal components of the system are the reactor pres-
sure vessel (RPV) and internals, reactor water recirculation system, and the
main steam system. Other important systems include the condensate and main
feedwater systems which close the primary system flow loop by condensing the
steam and water exhausted by the turbines and pumping this condensate back
into the RPV. The reactor vessel houses the reactor core, contains the heat,
produces steam within its boundaries, and serves as one of the fission product
barriers during normal operation and in the event of fuel failure.
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‘Thc core is composed of 800 fuel assemblies, each containing 62 fuel

rods and two hollow water rods. These fuel rods are sealed Zircaloy-2 tubes,
which are loaded with ucz fuel pellets, with the Zircaioy-2 cladding providing
both structural support and a fission product barrier between the fuel and the
primary system water. The remaining reactor pressure vessel internal compo-
nents support and align the fuel and provide the water circulation flow paths
to distribute coolant to the fuel. Upper vessel internals also furnish
moisture removal for the steam generated within the core, to minimize the
moisture content of the exiting steam. The major internal components consist
of the core, the shroud top grid, corc plate, steam generator and dryer, jet
pumps, control rods, and control rod drives.

The reactor water recirculation system provides a forced continuous
internal circulation of coolant water through the core. Four main steam lines
direct steam to the balance of the plant. Ouring an abnormal event occurring
during power operation, main steam isolation valves (MSIVs) on each of these
lines provide isolation of the reactor vessel from the balance of the plant,
[f their closure is required, a set of 20 safety/relief valves (SRVs) provide
reacter vessel overpressure protection, with their discharge being directed to
the suppres=ion pool.

The majority of the primary system data used in this analysis came
from the Grand Gulf FSAR [3.2]. This information includes initial conditions,
pressures, temperatures, flow rates, enthalpies. masses, system pressure
setpoints, control logfc, and other parameters. A plant parameter file for
MAAP was prepared based on these data; it appears in Aprendix A.1l.

- 8 W (ontainment

The reactor vessel is housed in the containment building. This
structure is designed to condense the steam (pressure suppression) and contain
the fission products which mey be released as a result of a Loss of Coolant
Accident (LQCA). The Mark III containment is a steel-lined reinforced con-
Crete structure, with a cylindrical shape, topped with a hemispherical dome,
The containment foundation is a thick, circular reinforced concrete slab.
Major elements of this pressure-suppression design are an inner volume and an
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outer volume, separated by a large heat capacity suppression pool. The inner
region, the drywell, is a cylindrical volume containing the reactor pressure
vessel, which 1s supported by a hollow concrete cylinder called the pedestal.
The drywell and outer contaimment volumes communicate via horizontal vent
openings located below the suppression pool surface. A water seal between the
inner and outer volumes is accomplished by the drywell weir wall. The pool
which provides { r steam suppression during postulated LOCA events., The outer
containment volume consists of the annular space above the suppression pool
and the dome. The upper containment pool, located in the outer containment
volume, provides a post-LOCA source of makeup water to the suppression pool,
Containment sprays, also located in the outer compartment, provide an addi-
tional means of rapidly removing possible post-accident steam and/or fission
products from the outer containment atmosphere. In addition to these fea-
tures, hydrogen igniters are located in both drywell and ou:ier containment
volumes t2> control hydrogen accumulations following postulated severe
accidents.

The GGNS BWR-6/Mark III design, 1ike that »f other nuclear plants,
is based on a defense-in-depth principle. Thus, if an abnormal event were to
occur, backups to the normal systems are designed to maintain the integrity of
the fuel cladding, the reactor pressure vessel, and the contaiwment barriers.
These backup systems perform two general fuictions: core co2iin, and contain-
ment pressure control. Those systems whick perform the first function include
the reactor core isolation cooling (RCIC) system, the high pressure and low
pressure emergency core cooling systems (ECCS), the automatic derressurization
system (ADS), and the standby 1iquid cortrol /SLC) system. The containment
pressure contrel function 1s accowplished via the suppression pool makeup
system, the drywell purge system, the post-LOCA vacuum breakers, the suppres-
sfon pool cooling and containment spray modes of the residual heat removal
(RHR) system, and the hydrogen ignition system,

MAAP input data, including initfal conditions, heat transfer coeffi-
cients, exposed surface areas, and flow areas between volumes are based on
information from the Grand Gulf FSAR 73.2], and architect/engineer drawings.
These data appear in the MAAP parameter file listed in Appendix A.1.
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3.2 Modular Accident Anaiysis Program (MAAP)

Within the IDCOR Program, the phenomenological moce’ s developed in
Tasks 11, 12, 14 and 15 have been incorporated into an integrated analysis
package in Subtask 16.3, while Subtask 16.2 provides a computer code (MAAP) to
analyze the major degraded core accident scenarios for both Pressurized Water
Reactors (PWRs) and Boiling Water Reactors (BWRs). The MAAP code is designed
to provide realistic assessments for severe core damage accident sequences
using first principle models for the major phenomena that govern the accident
progression, the release of fission products from the fuel matrix, the trans-
port of these fission products and their deposition within the primary system
and containment. The following sections describe the primary system and
containment nodalization and include a description of the safety systems
modeled in MAAP,

2.1 MAAP Nodalization

The BWR primary system nodes are illustrated in Figure 3.1 and
include the lower plenum, downcomer, core, and upper plenum. Also indicated
are the flow entry locations for CRD flow, feedwater, HPCS, RCIC, LPCI and
LPCS as well as the standby liquid control system (SLCS). The SLCS is only
modeled as an additional water source since MAAP does not have a neutronics
model. Individual mass and energy equations are written for each of these
nodes using the water addition locations and the appropriate connecting flow
paths. The primary system model also represents the main steam isolation
valves and the main steam safety and relief valves. The latter exhaust into
the suppression pool.

Modeling of the primary system is used to determine if a given
sequence (1) leads to core uncovery, (2) results in core damage, (3) yields
Zircaloy clad oxidation and hydrogen formation, (4) leads to core melt and
vessel failure, or (5) can be recovered before vessel failure. The code
predicts the times of these cccurrences. The transient response to the
spectrum of accident scenarios considered requires the specification of pump
curves, valve set points, system logic, etc. With the specification of the
accident sequence, the primary system model determines the vessel water
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inventory, including the boiled-up level in the core, to evaluate the poten-
tial for core uncovery, If the collapsed water level decreases below the top
of the core, the HEATUP subroutine calculates the temperature increases for

the fuel and cladding. Steam cooling and the oxidation of the Zircaloy clad
and channels are determined by the appropriate rate laws and oxygen starva-

tion. The model accounts for the cooling effect of CRD flow. If available,
this flow can 1imit core damage for long-term heat removal failure events.

The Mark III (Grand Gulf) containment nodalization scheme, as shown
in Fig. 3.2, separates the containment into five compartments: the pedestal,
the drywell, wetwell, Compartment A (annulus above the wetwell), and Compart-
ment B (above the operating deck) regions. MAAP evaluates the behavior of the
various compartments during the entire progression of the accident sequence by
calculating the mass and energy flow rates between these compartments.

Individual compartment (region) pressures and gas temperatures are
derived from the mass and energy balances. MAAP models the transport of all
material throughout the containment due to drainage, vaporization, condensa-
tion and mass addition to assess the potential for cooling core debris.
Separate water and corium temperatures are calculated for each containment
compartment.

382 Grand Gulf Systems Modeled in MAAP

In general, MAAP characterizes the response of the primary system,
the containment, and many of the balance of plant systems to user specified
event sequences. Figure 3.3 illustrates the plant systems modeled in the code
fncluding the various water sources available and the valve line-ups which
would allow this water to be injected into either the primary system and/or
containment during a postulated sequence. Particular systems of importance
include, the control rod drive (CRD) flow from the condensate storage tank,
main steam lines, MSIVs, turbine bypass, feedwater, reactor core isolation
cooling (RCIC), high pressure core spray (HPCS), low pressure coolant injec-
tion (LPCI) and other RHR system modes, low pressure core spray (LPCS),
standby 1iquid control system (SLCS), and high pressure service water (HPSW) .
In addition to these plant systems, MAAP nodalizes both the primary system and
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containment to model their response to postulated core damage and recovery
scerarios.

N Fission Product Release from Fuel

The FPRAT module in MAAP, as adapted from Ref. [3.3] was used to
calculate the release rates of fission products from the fuel matrix. These
rates are dependent upon the fuel temperature history during heatup and upon
characteristics of the atmosphere within the vessel which effect saturation of
the chemical species as discussed in IDCOR Task 11.1 [3.4]. Fuel temperature
histories for the thirty regions in the core are tracked to determine the
release characteristics for the fission products and inert materials. The
initial inventories of the various fission products were obtained from Ref.
[3.5] and are given in Table 3.1.

The gas flow through each node is assumed to be saturated with the
vapor of each constituent. If the flow cools as it is transported to higher
nodes, the gas cools and creates aerosols of each species to remain saturated.
This flow provides the aerosol and vapor source for the upper plenum. For the
regicas in which blockage has occurred, it is assumed that sufficient flow
exists to remove the volatile fission products as saturated vapor. Once this
flow is determined, the removal of the remaining less volatile species is
evaluated based upon saturation of this calculated flow. The required FPRAT
input for MAAP is given in the parameter file in Ajpendix A.1.

The calculations consider evaporation and condensation characteris-
tics of chemical species. Several key assumptions consistent with the recom-
mendations of IDCOR Subtask 11.1 were made regarding the physical and chemical
forms of released fission products. These are:

1. Cesfum and iodine combine to form CsI upon entry to the fission
product release pathway, The excess cesium forms CsOH. Both
chemical species exhibit similar physical behavior, hence the
source rate for the Cs,I fission product group is assumed to be
the sum of the Cs and I release rates. As stated above, it is
assumed to be liberated in vapor form,
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Table 3.1

INITIAL INVENTORIES OF FISS.  -RODUCTS AND
STRUCTURAL MATERIALS RELEASEU FROM THE FUEL

Fission Products

Initial Inventory (kg)

Kr
Xe
Cs

[
Te
Sr
Ru
Mo
Sn

Mn

27.3
412
220

17.7

37.1

66.7
183
252

1190
268
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2. Tellurium is assumed to be released as vaporized Teoz.

3. Inert aerosol generation rate is the combined release rates for
volatile structure material (Mn and Sn).

4. Strontium and ruthenium represent their respective nonvolatile
fission product groups as defined in WASH-1400. They are also
calculated to be released as vapor which quickly forms aerosols
when they exit the core.

5. Release of the volatile fission products (Cs, I, Te) and the
noble gases (Xe and Kr) is allowed to continue until complete,

even if the vessel has failed first.

3.2.4 Description of the Natural Circulation Model

Substantial quantities of fission products are released during core
degradation, but before vessel failure. Gas flow through the primary system
determines the aerosol transport and deposition throughout the reactor vessel.
Following vessel failure, most fission products remain within the primary
system and subsequently heat the adjacent structures. As the structure and
gas temperatures increases, density differences within the primary system
would result in natural circulation flows that could distribute both heat and
mass throughout the primary system.

The natural circulation model determines flows within the primary
system, and includes descriptions for fission product heat generation, mate-
rial vaporization, condensation and deposition. Also, the nodalization allows
for a representation of the structural heatup in each node as well as the heat
losses from these nodes to the contaiwment environment. The circulation for
the BWR system after vessel failure is graphically represented in Fig. 3.4.
As illustrated, the throat area for the jet pumps controls the circulation
rate and the containment pressurization/depressurization influences the flow
from the primary system,
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Since natural circulation flows are driven by the gas density
differences between various regions, and since the volatile fission products
are dense vapors, calculation of the gaseous flows within the primary system
must account for the gas mixture properties in the various nodes. In addi-
tion, with the reflective insulation used on the Grand Gulf reactor vesse!,
the heat losses from the vessel must also include the magnitude of heat losses
as a function of the primary system temperature and the potential for oxida-
tion of the stainless steel layers in the reflective insulation.

These analyses have been coupled with models for aerosol deposition
and heatup to evaluate the primary system flows after reactor vessel failure.
Such assessments provide the rate and amount of material lost from the primary
system as a result of the subsequent heatup of primary system structures. In
this analysis, the difference between the primary system and containment
pressurization determines the flows between these two systems which govern the
release of fission products to the containment environment.

dolsd Aerosol Deposition

IDCOR Task 11.3, Ref. [3.6], applied state-of-the-art fission
product benavior models to produce the RETAIN code, which describes the
aerosol agglomeration and removal processes based upon an assumed log-normal
distribution [3.6]. Both vapor and aerosol forms of fission products are
considered. MAAP represents the aerosol removal rate due to settling as a
function of the aerosol cloud density [3.5]. This is consistent with the
general behavior predicted by detailed descriptions, such as RETAIN, and more
importantly, is in good agreement with the results of large scale experiments.
MAAP models physical mechanisms for vapor condensation on structures and
aerosol retention due to steam condensation in addition to gravitational
settling. These removal processes substantially reduce the magnitude of the
release to the environment.

The primary system and containment nodalization for fission product
transport are the same as those used for the thermal hydraulic calculations.
The specific transport paths were earlier illustrated in Fig, 3.2 for the
primary system and containment,
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The key assumptions in the aerosol modeling are:

3.2.6

Raoult's law.

l.

3-14

Cesium and fodine are assumed to be released as Csl with excess
cesium as CsOH.

The decontamination factor associated with the wetwell suppres-
sion pool is estimated to be 1000 for releases through the
spargers and 600 for releases through the horizontal vents
ra ol

LveTd»

Prior to vessel failure any fission products that may enter the
drywell (such as from a LOCA pathway from the primary system)
are available to enter Compartment A via the slight design-
basis drywell leakage. These pathways are assumed to be closed
off following vessel failure due to plugging by aerosols [3.9].

Fission products reaching the SRV discharge 1ines were treated
as having reached the suppression pool,

Hygroscopic aerosols, such as cesium hydroxide, are assumed to
accumulate an equilibrium concentration of water as determined
by the steam partial pressure and temperature.

Release of volatile fission products (Cs, I, Te) and the noble
gases (Xe and Kr) is allowed to continue until complete, even
if the vessel has already failed.

Fission Product and Aerosol Release from Core-Concrete Attack

The release of aerosols due to core-concrete attack was determined
using a model based on the concrete ablation rates from MAAP. The mass of low
volatility fission products and inert aerosols released from core debris is
based upon a vapor stripping model assuming the melt constituents follow

This calculation is dependent upon the amount of gas sparging

through the core debris, the molar concentration of fission products in the



- DRAFT

core debris, the vapor pressure of the chemical species of interest, and the
temperature of the core debris.

3.3

3.1

The key assumptions are:

].

The masses of CO2 and water vapor released per cubic meter
ablated for the limestone concrete used at Grand Gulf are 572
kg and 130 kg respectively.

2. Stripping only occurs when the corium is calculated to be
molten.

3. The gases released by the downward attack pass through the
molten pool and cause stripping. Gases generated by sidewall
attack are assumed to bypass the pool.

4. The predominant form of Sr is Sr0, of Ru is elemental Ru, and
of La is L0203.

5. Inert aerosols of Ca0 may be generated during core-concrete
attack. This chemical form is used as a surrogate for the
various concrete melt constituents that could be added to the
corium pool.

6. Depusition of fissfon products in the SRV discharge lines was
neglected.

7. Concrete aerosol generation was not incorporated into the
overall fission product removal calculations but was used to
make an assessment of the extent of plugging of the drywell to
compartment A pathway.
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4.0 PLANT RESPONSE TO SEVERE ACCIDENTS

This section provides the results of plant thermal-hydraulic analy-
ses of four base case accident sequences, using the MAAP code. The accident
scenarios are specific cutsets of each accident sequence and, as such, are not
necessarily representative of all cutsets of these sequences. The accident
scenarios are defined below, followed by descriptions of the reactor coolant
system response and the containment response. The time dependence of the most
significant MAAP-generated thermal-hydraulic parameters associated with each
scenario are presented in Appendix B. The plant parameters utilized to
characterize Grand Gulf in these analyses are listed in Appendix A.

The base sequences are:

= T'QUV - Transient with failure of injection.

2. AE - A large LOCA with failure of injection.

3. T230H - Transient followed by loss of containment heat removal.

4, T23C - Transient followed by failure of the reactor to scram
and standby 1iquid control (without operator action to reduce
power level).

The T]QUV was analyzed both with and without manual activation of
the ADS in order to determine if this action would play a significant role in
the overall containment response and fission product release.

The sequences analyzed in this section are low probability core
damage events. The sequences exclude all, or nearly all, operator actions
that could prevent or significantly delay core melt or that could mitigate its
consequences. Operator actions which would prevent the accident are consid-
ered in the determination of the sequence probabilities. Those which would
mitigate the consequences are not considered. This approach was taken to
produce resuits which bound or are at the high end of the range of possible
consequences for the four selected sequences. Generally, conly minimal
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operator actfons to control selected plant systems are assumed for these
events. For example, it s assumed that the operators regulate low pressure
injection to maintain water level at the high level trip.

As a result of the minimal operator response models employed in this
analysis, the results presented here do not represent what would be realis-
tically expected to occur for the specified equipment failures and are ex-
tremely improbable. The more probable expected plant response to the speci-
fied equipment failures is evaluated in Section 5. This later section in-
cludes in the sequence definition some examples of actions which the operator
would be expected to take in accordance with the Emergency Procedure Guide-
lines. As a result of these actions the operator is able to terminate the
event prior to core melt or significantly mitigate its consequences. Section
5 considers only some examples of the many actions available to the operator
to prevent or mitigate the accident.

A major objective of excluding mitigating operator actions in this
“analysis and aliowing the events to progres: unchecked was to provide the
added perspective of defining the time windows available for operator inter-
vention. The results clearly demonstrate that the operator has an extensive
time period to implement primary or alternative actions that will successfully
terminate or mitigate postulated severe accidents.

The following subsections discuss plant response for each severe
accident sequence analyzed. In these analyses the containment ultimate
pressure capacity is based on the evaluation contained in the IDCOR Task 10.)
report [4.1], Containment Structure Capability of Light Water Nuclear Power
Plants. The ultimate pressure capability was calculated to be 71.3 psia with
the defined failure condition (twice the elastic strain) occurring at the
“transition” between the cylindrical and spherical parts of the containment.
(It should be noted that a detailed assessment of penetration behavior under
high strain conditions was not part of the analysis.)

A containment break size of 0.1 ftz (1.5 ftz for TC) 1s assumed
because it permits depressurization of containment enabling airborne fission
products to be transported out the break, This assumption is consistent with
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the concept of yleld leading to rupture resulting in diminishing yield as the
containment depressurizes.

4.1 Plant Response to the rlgyv Accident

4.1.1 Sequence Description

The T,qu accident is assumed to occur during full-power operation.
It 1s initiated by a loss of off-site power event (T]). During the accident,
all systems not automatically transferred to the emergency busses are assumed
to be unavailable. Thus, both the main feedwater and main condenser systems
are assumed to be unavailable (Event Q) for the entire accident. The accident
also specifies that neither the high-pressure nor the low-pressure emergency
core cooling systems (ECCS) are available at any time during the accident
(Events U and V, respectively). The faults in these makeup systems are taken
to be such that the systems are unavailable in any of their modes of opera-
tion. In addition, the control rod drive (CRD) flow to the reactor pressure
vessel (RPV) is modeled as being lost due to the accident initiator. Thus,
for this event, no water makeup to the RPV occurs; and, neither primary system
nor containment heat removal is assumed available. All other plant systems,
including emergency diesels, are modeled to be available. No credit is taken
for any operator action other than to energize the containment fgniter system
at the accident initiation and to manually depressurize the vessel when the
water level drops to the RPV Level 2 LOCA setpoint. The T,QUV base case
accident chronology is provided on Table 4.1.

4.1.2 Primary System and Containment Response

The loss of off-site puwer, the loss of feedwater, the turbine stop
valve (TSV) closures, and the turbine bypass valve (TBV) closures are modeled
to occur simultane.usly. Loss of off-site power and the TSV closures actuate
& reactor scram which is modeled to bring the reactor subcritical by 7.8 sec.
The core power rema‘ns at decay heat levels for the remainder of the event.
The TSV and TSB closures cause a RPV pressure excursion which is relieved by
the safety/relief valves (SRV). Steam released from the RPV through the SRVs
is routed to the suppressfon pool (SP), where it is quenched. By 95 sec,
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Table 4.1
GRAND GULF NUCLEAR STATION
T,QUV - BASE CASE
ACCIDENT CHRONOLOGY

Time

Event

0.0 sec

7.8 sec
95 sec

26.0 min

26.5 min
28.0 min
57.0 min
2.0 hr
2.35 hr
2.35 hr

47.0 hr

Initiating Event: Loss of off-site power;
Loss of main feedwater; TSV/TBV closures

Reactor scram completed
RPV Level 2 LOCA setpoint reached

RPV level 1 LOCA setpoint reached; Vessel
depressurization manual 'y initiated

OW purge system actuates

Core begins to uncover

SPMU actuates

Fuel melting begins

High OW pressure LOCA setpoint reached

Core plate faflure followed by vessel
fatlure

Containment failure
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sufficient RPV water inventory has been lost through the cycling SRVs to lower
the RPV water level to the RPV Level 2 LOCA setpoint. At the Level 2 set-
point, signals are automatically generated to trip off the recirculation pumps
and to actuate the high pressure core spray (HPCS) and reactor core isolation
cooling (RCIC) systems. Since both HPCS and RCIC are unavailable, the RPV
water level continues to drop, reaching the RPV Level 1 LOCA setpoint at 26
min. At this point, it is assumed that manual depressurization of the vessel
is initiated. In addftion, permissive signals are automatically generated for
the drywell (DW) purge, the suppression pool makeup (SPMU), the low pressure
core spray (LPCS), and low pressure coolant injection (LPCI) systems. The DW
purge system is modeled to actuate after a programmed 30 sec delay. Then, the
OW purge compressors pressurize the DW atmosphere to the 1.89 psig High OW
Pressure LOCA setpoint by 2.35 hours into the event, The SPMU system actuates
the upper containment pool dump following a programmed 30 min delay. Since
neither LPCS nor the LPCI are available, the RPV level continues to fall, and
the core begins to uncover at 28 min.

Temperatures in the uncovered fuel regions begin to rise, and begin
to reach 2000°F in about .5 hour after core uncovery. The cladding oxidation
rate increases rapidly atove the 2000°F fuel temperature point. Oxidation of
the Zircaloy cladding increases the fuel heatup rate and thus tends to promote
further cladding oxidation. Cladding oxidation within a channel is limited,
however, by refreezing of molten cladding in lower, cooler portions of the
channel. The steam trying to enter the channel is diverted around the block-
age, thus preventing further oxidation and hydrogen formation within the
channel (see Ref. [4.2]). Hydrogen generated by the Zircaloy-stean reaction
in the core is released to the wetwell via the cycling SRVs. The amount
released in the vessel is insufficient to cause burning. The maximum release
rate being approximately 0.05 1b/sec.

Fuel melting is predicted to begin at 2.0 hr. Molten fuel is
modeled to relocate to the core plate. By 2.35 hr, sufficient molten core
material is accumulated on the core plate (20% of total) to cause it to fail,
The core debris then flows to the bottom c* the RPV, initiates thermal attack
of the vessel wall and fails the vessel at a welded penetration. Following
vessel failure, the molten core debris is discharged onto the pedestal floor.
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Due to the depressurized state at the time of vessel failure, no core debris
fs dispersed from the pedestal onto the drywell floor. The discharge of
molten core debris from the vessel is followed by the lower plenum water.
Some of this water spills from the pedestal to the drywell. After vessel
failure, about 50,000 1b of water remains in the lower downcomer region of the

vessel.

Following vessel failure, the pedestal and drywell volumes are
filled with steam; and, the air in these compartments is exhausted through the
SP vents into the outer containment compartments. The pressures and tempera-
tures in the drywell and in the outer containment are shown on Figs. 4.1
through 4.4. Orywell leakage flow paths bypassing the suppression pool are
modeled to plug with aerosols. These aerosols are released from the vessel
when it fails and from the core-concrete interaction in the pedestal. All
flow exiting the drywell to the ouler containment is afterward forced to pass
through the suppression pool. Within ten minutes after vessel failure, the
core debris bed in the pedestal is cooled to below concrete ablation tempera-
tures by the lower plenum water; an ablation depth of 0.3 ft is predicted to
this point in the accident sequence. The core debris temperature and concrete
penetration depth in the pedestal are provided on Figs. 4.5 and 4.6. The
debris remains quenched until its blanket of water is boiled away, which
occurs at 4.0 hr into the event. Corium within the pedestal re-heats, renew-
ing its attack on the pedestal concrete floor and walls at about five hours.

The thermal decomposition of the pedestal concrete floor and walls
causes significant ablation (see Fig. 4.6), and produces large volumes of
carbon dfoxide and steam. As these two gases pass through the partially
molten corium debris bed in the pedestal, they oxidize the zirconium in the
bed to produce hydrogen gas and elemental carbon. The hydrogen production
resulting from the core-concrete interaction in the pedestal raises the
hydrogen concentration to ignitable levels; and within minutes after vessel
failure, the fgniters start the hydrogen burning. The igniters, which are
powered by the emergency bus, provide for an almost continuous controlled
burn-off of all combustible gases being evolved during the accident. The
burnoff prevents the accumulatfon of high concentrations of combustible gases.
By about 13 hr, 100% of the zirconium has been oxidized. About 1800 1b of
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hydrogen have been produced and burned to this point. Afterward, the endo-
thermic reactions of elemental carbon with steam and with carbon dioxide begin
fn the corfum debris bed, and hydrogen and carbon monoxide are evolved. At
about 15 hours, when the oxygen concentration falls below a combustible level
in all containment compartments, burning ceases. At about 38 hr, the corium
inventory of elemental carbon is exhausted and combustible gas production
ceases; steam and carbon dioxide gas production continues. A total of 3000 1b
of hydrogen and 75,000 1b of carbon monoxide is calculated to be produced
during this accident. Note, however, that less than 100 1b of the hydrogen
came from in-vessel production.

Primarily because the primary system was depressurized prior to
vessel faflure, debris did not disperse from the pedestal to the drywell,
Consequently, the temperature and pressure in the drywell behave as shown in
Figs. 4.1 and 4.2. Note the rapid pressure rise in the drywell after vessel
failure to about 26 psia due to debris entering the pedestal., The drywell
temperature rise following vessel failure is due to the corium/concrete attack
in the pedestal.

At 47 hr into the event, the GGNS containment reaches 71.3 psia (see
Fig. 4.3). The contaimment is assumed to fail at this pressure at a location
Just below the junction between the cylinder and the dome [4.1]*. The failur.
cause 1s overpressurization by noncondensable gases. A containment breach
area of 0.1 ftz was selected for modeling the containment depressurization.
For this containment failure size and location, the containment depressurizes
to within about 0.5 psid of atmospheric pressure in about 10 hours., The
suppression pool remains intact following the containment failure event. As
can be seen in Fig, 4.7, the pool temperature is less than 200°F at the time
of the containment faflure. Note that the suppression pool remains subcooled
throughout the accident. Appendix B includes additional plots of results for
this sequence.

*This 1s consistent with the analyses reported in Ref. [4.1] which only
addressed the ultimate capacity. Consequently, failure modes were not
addressed, specifically the effects on penetrations under large deflections,
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4.1.3  Manua) Depressurfzation Sensftivity Analysis

In order to assess the sensitivity of the accident response to the
assumption of manual vessel deprescurization prior to vessel faflure, the
T‘qu accident scenario was reanalyzed without vessel depressurization, No
major varifations in the sequence resulted, although some of the details
differed. Key differences between this analysis and the base case are shown
in Table 4.2,

For the most part, differences from the base case prior to vessel
failure are small, and are due core degradation cccurring at an elevated or
reduced pressure. The only significant differences are the longer time to
vessel failure, the increased in-vessel hydrogen production, and the higher
primary system gas temperatures. The first two are due to the slower boiloff
of primary system water, and the latter is due to the higher hydrogen genera-
tion rates.

Following vessel failure, most of the molten core debris exiting the
vessel is dispersed from the pedestal to the drywell, in contrast. No such
dispersion occurs into the base case. Despite this difference, Table 4.2
shows that the difference in drywell pressurization from the dispersal is not
large between the two cases. Since the core debris in the drywell is well-
dispersed, the heat losses are too large for the debris to reach concrete
aplation temperatures. The gas and structural temperatures in the drywell
rise more quickly than in the base case, however,

There is less concrete attack in the pedestal than in the base case
due to the smaller corfum inventory in the pedestal. This results in a slower
ablation rate, less noncondensable gas generation, and a longer time to
containment fatlure. In summary, while there are minor differences in the
accident progression, these would not substantfally alter the overall accident
response.




DRAFT

Table 4.2
EFFECTS OF DEPRESSURIZATION IN THE TIQUV ACCIDENT

Depressurization No Depressurization

Quantity at 0.43 hr Until Vessel Failure
Core Uncovery Time, hr 0.47 0.62
Vessel Failure Time, hr 2.39 3.4
Containment Failure Time, hr 47.0 60
In-Vessel Hydrogen 10 430

Production, 1b

Mass of Core Debris in Dry-
well Following Vessel 0 48,000
Failure, 1b

Pressure in Drywell Follow- 26 a5
ing Vessel Failure, psia *,

Gas Temperature in Drywell

at Vessel Failure, °F . u 370 530
Concrete Ablation in 7.6 7.2

Pedestal at 50 hr
Total Hydrogen Produced, 1b 3,000 3,200

Total Carbon Monoxide

Produced, 1b 75,000 66,000
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4.2 Plant Response to the AE Accident

4.2.1 Sequence Description

The AE accident is assumed to occur during full-power operation.
This accident is a large-break loss of coolant accident (LOCA). It is initi-
ated by a 3.14 ftz 11quid 1ine break (Event A) in the suction side of the
recirculation loop. The accident sequence specifies that neither the high-
pressure nor the low-pressure emergency core cooling systems (ECCS) are
available at any time during the accident (Event E). The faults in these
makeup systems are taken to be such that the systems are unavailabie in any of
their modes of operation. Thus, for this event, the only water makeup to the
reactor pressure vessel (RPV) is due to the control rod drive (CRD) flow;
neither the primary system nor containment heat removal is assumed available,
All other plant systems are modeled to be available. No credit is taken for
any operator action other than to start the containment igniter system at the
accident initiation. The AE accident chronology is provided on Table 4.3.

4.2.2 Primary System and Containment Response

The loss of coolant through the primary system break causes a rapid
depressurization of the RPY and a rapid pressurization of the drywell (DW).
The DW pressure reaches the 1.73 psig and 1.89 psig high drywell pressure LOCA
setpoints by 0.2 sec into the accident. The former generates a reactor scram
signal; the latter generates actuation signals for the high pressure core
spray (HPCS), the low pressure core spray (LPCS), and the low pressure coolant
injection (LPCI) systems. The reactor scram is modeled to bring the reactor
subcritical by 3.9 sec. The core power remains at decay heat levels for the
remainder of the event. Since the HPCS, LPCS and LPCI are assumed unavail-
able, the RPY level drops to the RPV Level 2 LOCA setpoint. At this point,
5.2 sec into the event, the recirculation pumps are signaled to trip off and
the reactor core isolation cooling (RCIC) system is signaled to start. The
recirculation pump trips are comp”:.2d by 5.6 sec; RCIC is assumed unavail-
able. The RPV water level falls to the RPY Level 1 LOCA setpoint at 6.5 sec.
At this point, the main feedwater system trips off and the main steam isola-
tion valves (MSIV) close. In addition, permissive signals are generated for
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Table 4.3
GRAND GULF NUCLEAR STATION
AE BASE CASE
ACCIDENT CHRONOLOGY

Time Event
0.0 sec Initiating Event: A large break in suction
side of a recirculation loop
0.2 sec High DW pressure LOCA setpoints reached
3.9 sec Reactor scram completed
5.2 sec RPV Level 2 LOCA setpoint reached
6.5 sec RPY Level 1 LOCA setpoint reached; MSIVs
close; Main feedwater pumps trip off
45.0 sec Cure begins to uncover
11.6 min OW purge system actuates
30.4 min SPMU actuates
1.1 hr Fuval melting begins
1.4 hr Core plate failure followed by vessel
failure
22.3 hr Cs7 drained and CRD flow tc vessel ceases

58.0 hr Containment failure
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the suppression pool makeup (SPMU) and the drywell (DW) purge systems. The
SPMU system releases the upper containment pool following a programmed 30
minute delay. DOW purge actuation is delayed until other permissives are
satisfied. Without sufficient water inventory makeup, the core begins to
uncover at 45 sec.

Temperatures in the uncovered fuel regions begin to rise and begin
to reach 2000°F at about 13 min. The cladding oxidation rate increases
rapidly above this point. Oxidation of the Zircaloy cladding, in turn,
increases the fuel heatup rate and tends to promote further cladding oxida-
tion. Since the boiloff time is short for the large-break LOCA response,
in-vessel Zircaloy oxidation is minimal.

Fuel melting is predicted to begin at 1.1 hr, and relocates to the
core plate. B8y 1.4 ar, sufficient core material is calculated to have fallen
onto the RPV core plate to cause it to fail., The core debris then falls to
the bottom of the RPV and thirty seconds later, vessel failure occurs at a
welded RPY penetration point.

At vessel failure, the molten fraction of the lower plenum core
debris falls onto the pedestal floor followed by the saturated lower plenum
water. A small steam spike occurs at this point, causing a pressure rise in
the pedestal and drywell to about 26 psia. Since the vessel was depressurized
prior to failure, no debris is dispersed from the pedestal to the drywell.
Drywell leakage flow paths bypassing the suppression pocl are modeled to plug
with aerosols. These aerosols are released from the vessel when it fails and
from the core-concrete interaction in the pedestal. All flow exiting the
drywell to the outer ccntainment is afterward forced to pass through the
suppression pool.

The debris attacks the concrete until it is cooled balow concrete
ablation temperatures by the lower plenum water at about two hours. The
concrete is ablated to a depth of 2.5 inches up to this time. The remaining
water in the pedestal, plus that continually added by the CRD flow, is boiled
away while slowly quenching the debris, as can be seen on Figs. 4.8 and 4.9,
By about seven hours, the debris and the water are at about the same
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temperature. From this point on, the continuing “RD flow into the pedestal
refills it to the pedestal doorstep level. Excess water spills into the
drywell. The CRD flow keeps the cebris quenched until the CST runs out of
water at 22.3 hours. Without replenishment, the pedestal water boils away
and, by 26 hours the . -is benins to reheat. Concrete ablation in the
pedestal resumes at 30 hours.

The thermal decomposition of the pedestal concrete floor and walls
produces large volumes of carbon dioxide and steam., As these two gases pass
through the partially molten corium debris bed in the pedestal, they oxidize
the zirconium in the bed to produce hydrogen gas and elemental carbon. The
igniters provide for an almost continuous controlled burn-off of all combusti-
ble gases being evolved during the accident. The first burn begins at about
35 hours; thereafter, their ccntinuous burn-off prevents high concentrations
of combustible gases from occurring. By 43 hr, 100% of the zirconium has been
oxidized. At this point, the endothermic reactions of elemental carbon with
steam and with carbon dicxide begin in the corium debris bed. Hydrogen and
carben monoxide are evolved in these reactions. At about 45 hours, when the
oxygen concentration falis below a combustible level in all containment
compartmants, burning ceases and the containment becomes self-inerted.

Drywell temperatures rise to about 900°F after the core debris-
concrete interaction resumes in the pedestal, as shown on Fig. 4.10. The
suppression pool water temperature, shown on Fig. 4.11, reaches saturation due
to the large amount of steam generated by quenching the debris in the pedestal
prior to dryout. Temperatures in compartment B remain relatively low due to
the cooling effect of the suppression pool (as shown in Fig. 4.12).

At 58 hours into the event, the GGNS containment reaches 71.3 psia
(see Fig. 4.13). The containment is modeled to fail at this pressure at a
location just below the junction between the cylinder and the dome. The cause
is overpressurization by steam and by noncondensable gases. A containment
breach area of 0.1 ftz was selected for modeling the containment depressuriza-
tion. For this containment failure size and location, the containment depres-
surizes to within 0.5 psid of atmospheric pressure in about 10 hours. And,
the suppression pool remains intact following the containment failure event.
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Since the pool temperature is nearly 280°F at the time of the containment
failure, about 2% of the pool inventory is calculated to boil away within 10
hrs following failure. Appendix B includes additional plots of results for
this sequence.

4.3 Plant Response to the T23Q!7Acc1dent

4.3.1 Sequence Description

The T23QH accident 1s assumed to occur during full-power operation.
It is initiated by inadvertent main steam isolation valve (MSIV) closures
(Event T23). The main feedwater and main condenser are assumed to be unavail-
able (Event Q) for the entire accident. The accident sequence also specifies
that containment heat removal is not available for the entire accident (Event
W). Control rod drive (CRD) flow to the reactor pressure vessel (RPV) is
modeled to be available. A1l other plant systems are assumed to be available.
However, all emergency core cooling systems (ECCS) are assumed to fail on
containment failure. No credit is taken for any operator action other than to
start the containment igniter system at the accident initiation and to manual-
ly depressurize the RPV when the suppression pool temperature exceeds 145°F,
The T230H accident chronology is provided on Table 4.4.

4.3.2 Primary System and Containment Response

The initiating event, which is inadvertent closure of the MSIV,
causes a reactor pressure vessel (RPV) pressure excursion which is relieved by
the safety relief valves (SRV). The exiting RPV steam is routed to the
suppression pool (SP), where it is quenched. The MSIV closures actuate a
reactor scram which is modeled to bring the reactor subcritical by 3.7 sec
into the event. The core power remains at decay heat levels for the remainder
of the event. At 2.35 hours into the accident the suppression pool tempera-
ture exceeds 145°F and an operator intervention occurs to manually initiate
ADS.

At 4.1 hr, steam pressurization of the containment building causes a
high drywell (DW) pressure LOCA signal. This signal is a permissive signal



Table 4.4

GRAND GULF NUCLEAR STATION

T23QH - BASE CASE

ACCIDENT CHRONOLOGY

Event

Initiating event: MSIV closures; Loss of main
feedwater

Reactor scram completed

RPV Level 2 LOCA setpoint reached

HPCS and RCIC systems begin operating

HPCS and RCIC systems transfer suction from CST
to SP

Suppression pool temperature exceeds 145°C,
manual ADS

High DW pressure LOCA setpoint reached;

system actuates; LPCS and LPCI actuate (b
not provide makeup without RPV depressuri

; tion)
SPMU actuates

RCIC pump fails on high suction temperature

CST empties

High wetwell pressure setpoint reached; Contain-
ment sprays actuate

Containment failure; A1l ECCS assumed to fail
Core begins to uncover
Fuel melting begins

Core plate failure followed b
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for the DW purge system, the SP makeup (SPMU) system, and the automatic
depressurization system (ADS); it is an actuation signal for the low pressure
core spray (LPCS) and low pressure coolant injection (LPCI) systems. The DW
purge system actuates after a 30 sec time delay and the SPMU system actuates
the upper containment pool dump following a programmed 30 min delay. The RPY
water inventory is maintained by the HPCS and RCIC systems. The high OWw
pressure LOCA signal is modeled to switch the HPCS and RCIC systems' level
control logic to maintain the RPY water level about the RPV Level 8 setpoint.

Because of the assumed unavailability of containment cooling, the SP
temperature rises during most of this event (Fig. 4.14). One exception to
this trend occurs at 4.6 hr, when the SP makeup system releases relatively
cold upper containment pool water into the SP, After the upper pool dump, the
SP water temperature continues to rise again. When the SP temperature reaches
200°F at 6.3 hr, the RCIC pump is modeled to fail due to high bearing tempera-
tures. After the loss of the RCIC, the HPCS and the CRD flow continue to
maintain adequate RPV inventory. Driven by the steam produced in the core,
the containment pressure reaches the 9 psig containment spray actuation
pressure setpoint at 23.5 hr into the event., Note that the accident defini-
tion assumes that the RHR heat exchangers are unavailable. Thus, the opera-
tion of containment sprays removes no heat from the containment; it merely
homogenizes temperatures in the outer containment. The effect of this homo-
genization can be observed in Figs. 4.14, 4,15 and 4.16: the suppression poo!
temperature decreases, the outer containment air temperatures increase, and,
consequently, the outer containment pressure increases slightly. The latter
pushes water from the wetwell to the drywell side of the suppression pool and
results in a large spill of suppression pool water onto the drywell and
pedestal floors. This water plays a key role in gquenching the core debris
after the vessel fails. At that time, trains A and B of the residual heat
removal (RHR) system automatically switch into their spray mode. At 22.4 hr
the CST empties and the CRD flow ceases. From this point on, only the HPCS is
available to maintain inventory.

At 40 hr into the event, the GGNS containment pressure reaches 71.3
psia. The containment is modeled to fail at this pressure at a location just
below the junction between the cylinder and the dome. The failure cause is
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steam overpressurization. A containment breach area of 0.1 ftz was modeled,

For this contaimment failure size and location, the containment depressurizes
to within about 0.5 psid of atmospheric pressure in about 10 hours., The
suppression pool remains intact following the containment failure event,
Suppression pool boiloff maintains an elevated containment pressure after the
containment fails. Gas temperatures in ail outer containment compartments are
relatively constant at about 300°F after containment failure. The drywell air
temperature is shown on Fig. 4.17.

In order for the T23QH sequence to result in core damage, it is
necessary that all systems supplying or capable of supplying water to the RPV
fail at or before containment failure. A realistic mechanism which could
cause such a simultaneous failure has not been identified. The accounting of
containment failure location, pressure, fluid flow loading, and ECCS pump
suction temperature [4.1], pressure, and NPSH limitations [4.2] indicates that
at least one GGNS ECCS train should survive a containment failure event.
However, for this analysis, the conservative assumption that all ECCS equip-
ment fails on containment failure was made.

Without vessel makeup, the RPV water level falls., The decrease is
relatively slow in comparison with the T1QUV and AE events, since decay heat
levels in the T23QH accident are relatively low. Core uncovery takes place
about 8 hours after containment failure, and fuel heatup begins thereafter,
Fuel temperatures in the uacovered region of the core begin rising above
2000°F at 51 hr. The clad oxidation rate increases rapidly above the 2000°F
fuel temperature point. Since the oxidation of the Zircaloy fuel cladding is
an exothermic reaction, its occurrence increases the fuel heatup rate and thus
tends to promote further cladding oxidation. About 5% of the total Zircaloy
was oxidized at vessel failure.

Fuel melting is predicted to begin at about 54 hr into the event,
After melting, the fuel moves to the core plate. By 56.2 hr, sufficient core
material is calculated to have fallen onto the RPV core plate to cause it to
fail. The core debris then falls to the bottom of the RPV and, about 30 sec
later, vessel failure occurs at a welded RPV penetration. At vessel failure,
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the molten fraction of the lower plenum core debris falls onto the pedestal
floor followed by the flashing high-pressure lower plenum water.

Since the containment faflure size was 0.1 ftz. the suppression pool
remains saturated at about 280°F, passing the steam entering it through to the
upper compartment. The containment pressure remains high, gradually diminish-
ing as the heat load diminishes, as shown in Fig. 4.16. The gas temperatures
in all of the containment compartments are relatively constant at about 300°F
during the period of interest. The drywell temperature variation is shown on
Fig. 4.17.

Since the containment has such large amounts of steam, it is effec-
tively inerted when the hydrogen leaving the vessel enters the wetwell (prior
to vessel failure) and the drywell (after vessel failure). Hence, no burning
is predicted to occur. For the same reason, any noncondensable gases that may
be generated at very late times (beyond 100 hours) from core debris-concrete
attack would not burn. The average corium temperature and penetration depth
histories are shown in Figs. 4.18 and 4.19. Appendix B includes additional
plots of results for this sequence.

4.4 Plant Response to the T.,.C Accident

4.4.1 Sequence Description

The T23C accident is assumed to occur during full-power operation,

It is initiated by inadvertent main steam isolation valve (MSIV) closures
(Event T23). The accident sequence specifies that the control rod drive (CRD)
system fails to automatically bring the reactor subcritical (Event C). This
analysis assumes that no control rods were inserted into the core. All other
plant systems are assumed to be available. No credit is taken for any opera-
tor action other than to start the containmert igniter system at the accident
initfation and to manually initiate ADS when the suppression pool temperature
exceeds 145°F. The T23C aclident chronology is provided on Table 4.5,
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Table 4.5
GRAND GULF NUCLEAR STATION
23C BASE CASE
ACCIDENT CHRONOLOGY

T

Time

Event

0 sec

33 sec
49 sec
52 sec
4.5 min
8 min
18.3 min

23.0 min
% *

23.6 min
23.8 min
26.2 min
33.8 min
53.1 min
1.0 hr
1.3 hr
3.0 hr
3.8 hr

Initiating events: MSIV closures; Failure to
scram; Loss of main feedwater

RPV Level 2 LOCA setpoint reached

HPCS begins operating

RCIC begins operating

HPCS/RCIC systems transfer suction from CST to SP
ADS manually initiated

RCIC pump fails on high suction temperature

High JOW pressure LOCA setpoint reached; Post-LOCA
OW vacuum breakers open

ODrywell purge system actuates

LPCS and LPCI actuate

High wetwell pressure setpoint reached
Containment sprays actuate

SPMU actuates

Contaimment failure and subsequent ECCS failure
Core begins to uncover

Fuel melting begins

Core plate failure followed by vessel failure
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4.4.2 Primary System and Containment Response

The MSIV closures are modeled tc actuate a reactor scram which fails
to insert the control rods into the core. Despite this failure to scram, the
core power is modeled to decrease from its initial full-power level to about
20% of full power level within seconds. This power reduction simulates the
thermal-hydraulic reactivity feedback effects which are expected to occur as a
result of the initiating MSIV closure event, the resultant recirculation and
feedwater trips, and the ensuing high pressure core spray (KPCS) and reactor
core isolation cooling (RCIC) systems actuations. The estimate of 20% of full
power is based on the assumption that the core power will equilibrate at a
level which just equals the power needed to boil all incoming coolant flow.
In addition, core power is assumed to linearly decrease from 18% to 6% of full
power as the downcomer water level decreases from 7.2 ft above the active core
to the top of the jet pumps. Decay heat power levels are assumed for un-
covered fuel nodes. The T23C core power history is provided in Fig. 4.20.

The MSIV closures cause a reactor pressure vessel (RPV) pressure
excursion which is relfeved by the SRVs. The vessel remains at the SRV relief
setpoint pressure. The exiting RPV steam is routed to the suppression pool
(SP), where it is quenched. By 33 sec into the event, sufficient RPV water
inventory has been lost through the cycling SRVs to drop the RPY water level
to the RPV Level 2 LOCA setpoint. At that point, signals are automatically
generated to actuate the HPCS and RCIC systems. The HPCS begins injecting
water into the RPV at 49 sec; the RCIC begins at 52 sec. These systems
maintain RPV inventory between RPV Levels 2 and 8. At 4.5 min, suction for
these systems is transferred from the condensate storage tank (CST) to the SP
on a high SP water level signal. At 8 min, when the suppression pool tempera-
ture reaches 145°F, the RPV is manually depressurized according to emergency
procedure guidelines. Because the core power generation rate is much greater
than the decay heat level, the SP water temperature rises very rapidly. When
the SP temperature reaches 200°F at 18.3 min, the RCIC pump is assumed to fail
due to high bearing temperatures. The HPCS is unable to maintain sufficient
RPY inventory at SRV setpoint pressures and at a 20% of full power level, As
a result, the RPV water level decrease to a new equilibrium state. These can
be seen in Fig. 4.21.
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The SP reaches saturation conditifons and is no longer able to
completely qdinch the steam exiting the RPV through the cycling SRVs; a
steam-pressurization of the containment ensues. The rising suppression pool
water temperature and the resulting rise in pressures and temperatures in both
the drywell and outer containment can be seen in Figs. 4.22 through 4.25. The
rising pressure actuates the 1.89 psig high DW pressure LOCA signal at 23.0
min. This signal is a permissive signal for the DW purge system, the post-
LOCA DW sacuum breakers, and the SP makeup (SPMU) system; it is an actuation
signal for the low pressure core spray (LPCS) and low pressure coolant injec-
tion (LPCI) systems. Since the post-LOCA DW vacuum breaker permissive requir-
ing a 0.87 psid drywell vacuum relative to the wetwell is already satisfied,
the vacuum breakers open immediately. The DW purge system actuates after a 30
sec time cdelay and the SPMU system actuates the upper containment pool dump
foliowing a programmed 30 min delay. The continuing HPCS injection maintains
RPY level. At 26.2 min into the event, the containment pressure reaches the 9
psig containment spray actuation pressure setpoint. At that time, trains A
and B of the residual heat removal (RHR) system automatically switch into
their spray mode and eight minutes later begin to spray SP water into the
upper containment volume. Since the containment spray water cooling requires
manual alignment, which was not modeled in this analysis, the containment
spray system is unable to effect a coniainment pressure reduction.

At 53.1 min into the event, the SPMU system releases, as designed,
approximately half of the upper containment pool volume into the suppression
pool. This action brings the suppression pool to a subcooled state. Conse-
quently, the containment steam pressurization ceases and, in fact, reverses.
Tre former is due to the renewed ability of the suppression pool to quench the
SRV steam discharge. The rapid outer containment depressurization is due to
the action of the containment sprays which draw suction from the suppression
pool. Within 15 minutes of the upper pool release, the continued core power
generation reieats the suppression pool to a saturated state and outer con-
tainment pressurization resumes. The additional pool inventory begins to
spill onto the drywell and pedestal floors at that time. This spill has a
large mitigative effect if this accident proceeds beyond vessel failure. At
1.0 hrs into the accident, only minutes after the rernewed pressurization, the
containment is modeled to fail at this pressure at a failure location just
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below the junction between the cylinder and the dome. The failure cause is
steam overpressurization. A contaimment breach of 1.5 1% was modeled.

In order for the 723C sequence to result in core damage, it is
necessary that all systems supplying or capable of supplying water to the RPY
fail at or before containment failure. A realistic mechanism which could
cause such a simulitaneous failure has not been identified. The accounting of
containment failure location, pressure, fluid flow loading, and ECCS pump
suction temperature, pressure, and NPSH limitations indicates that at least
one GGNS ECCS train should survive a containment failure event. However, for
this analysis, the conservative assumption that all ECCS equipment fails on
containment failure was made. The CRD flow was assumed to continue, at the
rate of approximately 90 gpm.

Given that all ECCS fail on containment failure, the RPV water level
begins to fall sharply as shown in Fig. 4.21. As the water level continues to
fall, the power level decreases to 6% of full power. As a fuel node is
uncovered, its power level is modeled to decrease to its decay heat level.

Fuel temperatures in the uncovered regions of the core begin rising
above 2000°F at about 1.9 hr. The oxidation of the Zircaloy fuel cladding by
steam increases rapidly above the 2000°F point. About 530 1b of hydrogen is
produced in the vessel.

Fuel melting is predicted to begin at 3.0 hr. After melting, fuel
moves from the core to the core plate. By 3.8 hr, sufficient core material is
calculated to have fallen onto the RPV core plate to cause it to fail. The
core debris then falls to the bottom of the RPV; shortly thereafter, the
vessel fails at a welded penetration. At vessel failure, the molten fraction
of the lower plenum core debris falls onto the pedestal floor followed by the
lower plenum water.

Since the vessel had been depressurized previously, the debris does
not disperse from the pedestal to the drywell upon vessel failure. Further-
more, the remainder of the core material gradually enters the pedestal from
the vessel and also stays in the pedestal, The debris attacks the pedestal
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concrete as it is being quenched (see Fig. 4.26) until about three inches of
concrete have been ablated. Once the core debris bed in the pedestal is
cooled to below concrete ablation temperatures by the lower plenum water, it
remains quenched since its blanket of water is boiled away. As can be seen
from Fig. 4.27, this would not occur for a very long time, if ever. Conse-
quently, no apprecifable quantities of noncondensable gases are generated.

Subsequent to vessel failure steam flows steadily from the pedestal,
to the drywell, to the suppression pool at a rate of roughly 2 x 106 ft3/hr.
The flow is due to the fact that the CRD water is continuing to quench the
debris in the pedestal, and producing steam.

No hydrogen burning was predicted to occur in this sequence. By the
time the nydrogen produced from Zircaloy oxidation in the core reached the
wetwell, all of the oxygen had been depleted from the wetwell atmosphere, as
well as from the upper containment atmosphere. Furthermore, there are no
appreciable quantities of hydrogen or carbon monoxide generated from core
debris-concrete attack. Appendix B includes additional plots of results for
this sequence.
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Grand Gulf Section 5 to be supplied later.
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6.0 FISSION PRODUCT RELEASE, TRANSPORT AND DEPOSITION

6.1 Introduction

The phenomena of fission product release from the fuel matrix, its
transport within the primary system, their release from the primary system
into the containment, their deposition within the containment and the subse-
quent release of some fission products from the containment are treated
through the use of MAAP [6.1]. Release of fission products from the fuel
matrix and their transport to the top of the core are treated by a subroutine
in MAAP which is based on the FPRAT code [6.2]. 1Transport of fission products
outside the core boundaries is determined by the natural and forced convection
flows modeled in MAAP with the gravitational sedimentation described in Ref.
[6.3] and other deposition processes described in Ref. [6.4]. Fission product
behavior is considered for the best estimate transport, deposition and reloca-
tion processes. Influence of surface reactions between chemically active
substances like cesium hydroxide and other uncertainties are considered in
subtask 23.4. The best estimate calculation, assuming cesium iodide and
cesium hydroxide are the chemical state of cesium and iodine, is discussed
below.

6.2 Modeling Approach

Evaluations of the dominant chemical species in Ref. [6.5] show the
states of the radionuclides (excluding noble gases) which dominate the public
health risk to be cesium iodide and cesfum hydroxide, tellurium oxide and
strontium oxide. These and others are considered in the code when calculating
the release of fission products from the fuel matrix. Vapors of these domi-
nant species form dense aerosol clouds in the upper plenum, in some cases
approaching 100 g/m3 for a very short time, which agglomerate and settle onto
surfaces. Depending upon the chemical compound and gyas temperature, these
deposited aerosols can be either solid or liquid. At the time of reactor
vessel failure, some material remains suspended as airborne aerosol or vapor
and would be discharged from the primary system into the containment. The
rate of discharge is determined by the gaseous flow between the primary system
and containment which is sequence specific. (It should be noted that some
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fission products can be discharged into the containment before vessel failure
through relief valves or through breaks in the primary system. This is also

sequence specific.) This set of inter-related processes are treated in MAAP

and essentially result in a release of all airborne aerosol and vapor from the
primary system into containment immediately following vessel failure.

As a result of the dense aerosols formed when fission products are
released from the fuel, considerable deposition occurs within the primary
system prior to vessel failure. For some accident sequences, the primary
system may be at an elevated pressure at the time of core slump and reactor
vessel failure. Resuspension of these aerosol deposits during the primary
system blowdown is assessed in Ref. [6.6] in terms of the available experi-
mental results and basic models. It is concluded that resuspension immediate-
ly following reactor vessel failure would not be significant, less than 1% of
the deposited materials, even for depressurizations initiated from the nominal
operating pressure. For delayed containment failure, this small fraction of
material is deplet;d by in-containment mechanisms.

Therefore.'a major fraction of the volatile fission products are
retained within the primary system following vessel failure, the distribution
being determined by the MAAP calculations prior to vessel failure. Natural
circulation through the primary system after vessel failure is analyzed using
MAAP which allows for heat and mass transpert in various nodes of the reactor
vessel and the steam generators including heat losses from the primary system
as dictated by the reflective insulation. Material transport is due to
aerosols and vapors as governed by the heatup of structures due to radicactive
decay of deposited fission products. This heatup is principally determined by
the transport of cesfum iodide and cesium hydroxide by the natural circulation
flows. In this regard, the vapor pressure of cesium hydroxide is applied to
both the cesfum iodide and cesium hydroxide chemical species. In essence,
this assumes that the solutfon of cesium iodide and cesium hydroxide has a
vapor pressure close to that of cesium hydroxide, which is a conservatism in
the calculations. In carrying out these calculations, the pressurization of
the primary system is dependent upon the pressurization of the containment and
the heating within the primary system. These determine the in- and out-flows
between the primary system and containment.
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Deposition within the contaimment is calculated using thermal
hydraulic conditions determined by MAAP. The major aerosol sources are the
releases prior to vessel failure (sequence specific), the airborne aerosols
and vapors transferred from the primary system at the time of vessel failure,
the subsequent releases from the primary system due to long term heatup, and
concrete attack. At the time of containment failure, the remaining airborne
aerosol and vapor can be released to the envircnment, Assessments of the
potential for resuspension of deposited aerosols following containment failure
(6.6] show this to be negligible.

6.3 Sequences Evaluated

The use of MAAP in the manner indicated above leads to the release
fractions shown in Tables 6.1 through 6.5. Four sequences are analyzed,
fncluding: transient with failure of injection (Tlouv); large LOCA with
failure of injection (AE); transient followed by loss of containment heat
removal (T23QH); and transient with failure to scram (T23C). Thermal-
hydraulic behavior for these sequences is described in Section 4., In this
section it is shown that, for TZJQH and TZJC' the containment fails before the
core is uncovered. Hence, the cesium and iodine are still in the fus) matrix.

6.3.1 ‘IIQUV Seguence

As indicated in Table 6.1, two percent of the volatile fission
product inventory is swept from the vessel to the suppression pool via the SRY
Tines prior to vessel failure. Of the remainder, 2% is still in the fuel
matrix, 95% is in the upper plenum area, 1% is in the downcomer.

During the time between vessel breach and containment failure,
revaporization and relocation of material within the primary system occurs,
due to the continuing natural circulation flows. Some material continually
flows to the pedestal and drywell as vapor, and from there some of the mate-
rial flows to the suppression pool. After about a day, the drywell is hot
enough that revaporization begins there, and flow to the suppression pocl is
increased. The pool itself is highly effective in scrubbing the fission
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Table 6.1

DISTRIBUTION OF CsI IN PLANT AND ENVIRONMENT

(FRACTION OF CORE INVENTORY)

At Vessel Failure

T,40W Tp5 AE T,V
RPY .90 .68 .98 .98
Orywell 0.0 0.0 .02 0.0
Suppression Pool .10 .32 0.0 .02
Primary Containment | 5.3 x 107> 2.2 x 10°° 0.0 0.0
Environment 3.2x10°° 2.6 x 107¢ 0.0 0.0

At Containment Failure

T)3QM Tyt AE T,Quv
RPY 1.00 1.00 .91 .46
Orywell 0.0 0.0 .03 .20
Suppression Pool 0.0 0.0 .06 .34
Primary Containment 0.0 0.0 0.0 0.0
Environment 3.0 0.0 0.0 0.0

Ultimate Distribution

T23QH T23C AE TIOUV
RPY .50 .26 .90 .33
Drywell A2 .05 .03 .02
Suppression Pool .38 .69 .07 .645
Primary Containment | 2.1 x 10°% 1.1 x 107 s.11x 107 7.3« 107°¢
Environment 2.6 x100% 7.6 x100% <1 x10%  7.3x 108
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Table 6.2
T]QUV FISSION PRODUCT RELEASE

Assumptions

Containment Failure Location - Compartment B, 237' 9"

Containment Failure Size - .1 ftz

Fission Product Release Fraction
Group to Environment

Cs, 1 7.3 x 10°°

Te, Sb 3.2 x 1072

Sr, Ba <1 x10°°

-5

Ru, Mo <1 x10
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Table 6.3
AE FISSION PRODUCT RELEASE

Assumptions

Containment Failure Location - Compartment B, 237' 9"

Containment Failure Size - .1 ftz

Fission Product

Release Fraction

Group to Environment
Cs, I <1x10°8
Te, Sb 1.1 x 10°°
Sr, Ba <1 x10°°
Ru, Mo <1x10°°
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T23QH FISSION PRODUCT RELEASE

Assumptions

Containment Failure Location - Compartment B, 237' 9"

Containment Failure Size - .1 ftz

Fission Product Release Fraction
Group to Environment
Cs, 1 2.6 x 107¢
Te, Sb 2.2 x 107
Sr, Ba «1x10°8
Ru, Mo <1x10°




Table 6.5

T,-C FISSION PRODUCT RELEASE

23

Assumptions

Containment Failure Location - Compartment B,
2

Containment Failure Size - 1.5 ft

Release Fraction !

Fission Product
to Environment

Group

7.6 x 10

x 10
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products. A decontamination factor of 600 is associated with passage from the
drywell to the pool through the vents [6.7].

Table 6.1 also shows the volatile fission product inventories in the
various compartments at the time of containment faflure. Only the airborne
material in the upper compartment and that portion of the material still to be
revolatized in the vessel that would not be scrubbed in the suppression pool
is available for release to the environment, As can be seen in Table 6.2, the
release fractions to the enviromment for this case are low. Long term re-
leases subsequent to containment failure occur but at extremely slow rates.

Considerable concrete ablation takes place in the pedestal foilowing
vessel faiiura and subsequent flowing of molten core debris into the pedestal.
By 24 hr the ablation depth is more than 5 ft,

6.3.2 AE Sequence

The use of MAAP leads to the release fractions shown in Tables 6.1
and 6.3. The thermal-hydraulic analysis is described in Section 4.2.

Table 6.1 shows the distribution of cesium and iodine through the
various regions, at vessel failure and 70 hr, when the calculation was termi-
nated. Due to the very low steam flow in the vessel after the initial LOCA
blowdown, nearly all of the material is initially deposited in the upper
plenum. Hence, very little material enters the suppression pool through the
break (less than 1 kg by the time of vessel breach). At the time of vessel
breach, only about 1 kg is airborre. This material can leave the vessel, The
deposited materfal (about 229 kg) remains in the vessel at this time.

Following vessel failure, the remainder of the volatile fission
products are released from the fuel as it melts, This material, along with
that already deposited, moves around the vessel, being deposited, heating up,
revaporizing, moving to cooler regions and redepositing, etc. DOrywell pres-
surization from the very hot gases in the pedestal ravity prevents materials
from escaping the vessel until containment failure at 58 hr. As can be
inferred from Table 6.1 about 1% of cesium and iodine are relocated from the
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vessel to the suppression pool during the period following containment fail-
ure. Of this, only one part in 600 escapes the pool to the outer containment

(6.7].

Release fractions to the environment are very low, as can be seen in
Table 6.3. As for the T‘QUV sequence, however considerable concrete ablation
occurs, although it does not occur for the first 30 hr of the event. By 50 hr
the ablation depth is approximately 5 ft.

6.3.3 1239H Secquence

The use of MAAP leads to the release fractions shown in Tables 6.1
and 6.4, The thermal-hydraulic analysis was described in Section 4.3,

Table 6.1 shows the distribution of the volatile fission products
(cesium and fodine) through the various regions, at vessel failure and at 150
hr when the calculation was terminated. At vessel failure, nearly 11 of the
volatiles (90%) in the vessel are deposited in the upper structures. The
remainder (10%) are in the suppression pool. Only negligible quantities are
present elsewhere. The decontumination factor associated with passage through
the SRVs and spargers, and subsequent pool scrubbing, is 1000 [6.7].

Since the containment is already failed prior to core uncovery there
is no rapid depressurization as in the T1QUV and AE sequences. Furthermore,
there is no large scale concrete attack in the pedestal. Thus the ultimate
fission product distribution is such that the release to the environment is
very small, as indicated in Table 6.4,

6.3.4 123C Sequence

The use of MAAP leads to the release fractions shown in Tables 6.1
and 6.5. The MAAP thermal-hydraulic analysis is described in Section 4.4,

Table 6.1 shows the distribution of cesium and iodine through the
various regions both at vessel failure and at 50 hr, when the calculation was
terminated. At vesse! failure 139 kg are deposited in the upper nlenum, 10 kg
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are in the downcomer, 14 kg are in the core region, and 76 kg have left the
vessel throucn the SRVs to the suppression pool. Only negligible quantities
are present elsewhere. The decontamination factor associated with passage
through the SRVs and spargers is 1000 [6.7].

The fission products tend not to exit the vessel but rather transfer
their heat to gas and structures and move about the primary system. The
reflective insulation is very effective in transferring a considerable portion
of the heat to the drywe'l as temperatures rise,

Since the cortainment is already failed prior to core uncovery there
is no rapid depressurization. Furthermore, there is no large scale concrete
attack in the pedestal. Thus the ultimate fission product distribution is
such that the release to the environment is very small, as indicated in Table
é.5.

6.4 References

6.1 MAAP - Modular Accident Analysis Program, User's Manual, August,
1983.

6.2 IDCOR Technical Report 15.1B, "Analysis of In-Vessel Core Melt

Progression,” Vol. IV (User's Manual) and Modeling Details for the
Fission Product Release and Transport Code (FPRAT), September, 1983,

6.3 Oraft IDCOR Technical Report, "FAI Aerosol Correlation,” July, 1984,

6.4 IDCOR Technical Report on Task 11.3, "Fission Product Tra .port in
Degraded Core Accidents,” December, 1983,

6.5 IOCOR Technical Report on Tasks 11.1, 11.4 and 11.5, “Estimation of
Fission Product and Core-Material Source Characteristics,” October,
1982.

6.6 IDCOR Technical Report on Task 11.6, "Resuspension of Deposited
?QFOSO1S Following Primary System or Containment Failure,” July,

984,

6.7 K. Holtzclaw, Personal Communication, 1984,
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As outlined in Section 2 of this report, the IDCOR Subtask 23.1
Integrated Containment Analysis of the Grand Gulf Nuclear Statfon (GGNS)
consisted of base case accident analyses ai' | operator action
case accident analyses, - =

) The accident sequences selected for
analysis represent a majority of previously-assessed risk and demonstraie a
variety of initfating events, a variety of system failures combinations, and a
diversity of accident phenomenology. The primary system and contafimment
thermal-hydraulic response analyses and fission product transport were per-
formed via the MAAP code. Fission product release was performed via the FPRAT
code which has been integrated into MAAP. Detailed descriptions of each of
these analyses are provided in Sections 4 through 7 of this report, respec-
tively. This section of the report summarizes the major results of each of
these analyses.

7.1 Base Case Analyses

The base case analyses establish a reference system response during
these accidents by assuming a minimum of operator intervention during the
accident progression. As such, these analyses do not realistically account
for the mitigative response of the traired operating staff and, thus, should
not be considered as representative of realistic plant response analyses. The
base case fission product transport results are sumnarized on Table 7.1, A
discussion of these results follows.

Accidents involving demand-type failures of all automatically-
actuated high and low pressure reactor pressure vessel (RPV) makeup systems,
namely those accident sequences containing events UV or E, result in core
damage unless an appropriate operator response is taken, For accidents which
involve relatively small RPV coolant inventory loss rates and decay power
levels, such as T‘QUV and T23PQE. the core is predicted to begin to uncover
within about half an hour of the initfating event. Within about one hour,
significant fuel cladding degradation s predicted, and fuel meiting is
calculated to begin about two hours after the inftiating event. Vessel



SUMMARY OF FRACTIONAL RADIONUCLIDE RELEASES TO THE ENVIRONMENT

Table 7.1

Fission Product Group

Accident Xe and Kr Cs and | Te Sr and Ba Ru and Mo

1,0 1.0 7.3 E-5 3.2 €-5 <1x10° <1x10%

AE 1.0 <1x10° 1.1 E-5 <1x103 <1x10°

Tpst 1.0 7.6 E-4 7.5 E-4 <1x108 <1x10°

T, 1.0 2.6 E-4 2.2 -4 <1x10° <1x10°

BWR-4 0.6 5.0 E-3* 4.0 €-3 6.0 E-4 6.0 £-4
*lodine release fraction is 0.8 E-4.

Cesium release fraction is 5.0 E-3.

L1740
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failure will follow within another half-hour. For accidents with large RPY
fnventory loss rates, such as AE, these events occur sooner. For the large-
break LOCA case analyzed, the AE accident, fuel melting was predicted to occur
within 0.7 hours of the initiating event and was closely followed by vessel
fatlure.

Accidents involving successful RPV makeup but inadequate containment
cooling, such as Tzaou and Tzsc. will result in containment failure unless
appropriate operator action is taken, Previous studies have postulated that
all ECCS injection into the RPV will fail on containment failure. With this
assumption, and without appropriate operator action, fuel melting will in-
evitably follow. The results of this study indicate that the assumption that
all ECCS equipment fails on containment failure has no mechanistic basis and
thus is extremely conservative. Without the containment-failure-induced ECCS
failure assumption, many of the previously-postulated dominant GGNS accidents
sequences do not lead to core melt and, thus, can no longer be considered risk
significant. The TZJQH and T23C sequences are all among these accidents.

The mass of hydrogen produced via steam oxidation of fuel cladding
in the core was calculated to be significantly lower than that prescribed by
the NRC for interim rule on hydrogen control for Mark III containments. The
MAAP predictions demonstrate that less than about 10% fuel cladding oxidation
prior to fuel melting for severe GGNS accidents. The NRC cladding oxidation
rule specifies a 75% cladding reaction. Even if the accidents were to pro-
gress unmitigated to vessel failure, the maximum fraction of cladding oxidized
is predicted at only 35%. Judicious misaction is necessary to generate
cladding reactions of higher magnitudes. Specifically, a low vessel makeup
flow or an orchestrated termination and restart of emergency core cooling
would be necessary. The rate of hydrogen production calculated for the GGNS
severe accident analyses is aiso substantially lower than those used in
previous studies. The maximum average sustained rate observed in the MAAP
calculations was less than 0.5 1b/sec lasting for about less than twenty
minutes.

For accidents which proceed beyond vessel failure, the molten core
debris is calculated to fall onto the pedestal floor. No core debris is



DRAFT

calculated to exit the pedestal volume., Thus, concrete attack is limited to
the pedestal floor and walls. Without core-debris cooling, substantial
erosion of the pedestal floor and walls is calculated to occur.

Three contaimment failure modes were observed in the GGNS Mark III
containment analysis. They were overpressurization by steam, by noncon-
densable gases, and/or by hydrogen combustion. The dominant failure mode was
found to be accident dependent. All three modes result in long-delayed
containment failure events for the GGNS accidents analyzed, the MAAP code
predicts no steam explosions large enough to fail either the reactor pressure
vessel or the containment. Thus, no prompt containment failures were ob-
served. It is noteworthy to state that the containment failure times pre-
dicted in this study are long compared to those of previous studies.
primarily due to the higher ultimate containment capacity (56.6 psig) used in
this study.

For the GGNS Mark III design, the suppression pool was observed to
the exert a dominant influence on the accident progression. There are a
number of reasons that the suppression pool displays this behavior. First,
overpressurization of the containment by steam can occur only if the sup-

pression pool is heated to high temperatures or if the suppression pool is

by-passed. The former requires a substantial energy deposition and inadequate

suppression pool heat removal. The latter has been evaluated to be a very low

probability occurrence. Secondly, the suppression pool controls the tempera-
ture of the noncondensable gases which are calculated toc be evolved

juences heading to core degradation, core melting and core-concrete

By cooling these gases, as they enter the outer containment volume, the
suppression pool substantially slows the rate of pressurization within the
containment building. Thirdly, for accident sequences which have proce

past vessel failure, the suppression pool water can, in general, be su

to the debris to provide either temporary or potentially long term debris bec
cooling. Lastly, it is significant to recognize that the suppression pool can
retain substantial quantities of noninert fission product material which would
be released by the fuel during a core meltdown event, With the location of

the suppression pool in the Mark III design, these materials cannot be
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exhausted through a containment breach without first being highly decon-
taminated by the suppression pool.

Fission product release and transport calculations were performed
with FPRAT and MAAP for the TIQUV. TZJQH. AE, and T23C base case sequences., A
summary of the final airborne fission product releases to the environment for
the accident sequences analyzed are presented in Table 7.1. The BWR-4 release
category from the Reactor Safety Study is also presented for comparison. The
data presented on this table shows that for the accidents analyzed the frac-
tional fission product releases to the environment were generally significant-
ly less severe than those associated with the BWR-4 release category. Since
the accidents analyzed represent a majority of public health risk, the present
analysis indicates that the risk associated with the operation of GGNS is
substantially lower than that previously assessed.

The lower fission product release terms produced in this study as
compared to previous studies are principally due to the higher suppression
pool decontamination factor and the relatively late containment failure time.
Other factors which were found to influence the amount of fission product
escaping the containment system during the severe accident scenarios analyzed
were the duration of the melt releases, the time of the vessel failure, the
fission product transport pathway, and the assumed fraction of fission product
~esuspension at the time of containment failure. A specific finding of these
analyses is that accidents which involve rapid core heatups or which display a
high RPV pressure until the vessel failure result in rapid releases of vola-
tile fissfon products from the fuel immediately after the vessel fails,
Another finding is that nonvolatile fission product release rates due to
core-concrete interaction are small beyond about 20 hours after vessel fail-
ure. Lastly, the majority of fission product retention was calculated to
occur in the suppression pool and in the drywell,

7.8 Operator Action Analyses

The major results of the operator action case thermal-hydraulics
analyses are summarized in Section 5. They demonstrate that a safe stable
stite can be achieved in the vessel if injection can be restored prior to core
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plate failure. There are many means available to the operator for providing
sufficient makeup flow to the reactor vessel, The time available for aligning
and actuating these RPY makeup systems prior to core damage and/or fuel
melting was evaluated in the base case analyses to be accident dependent.
Once actuated, the operator case analyses indicate that these systems are
capable of reflooding the core within minutes. These analyses also demon-
strate that given the existence of a safe stable state for the core, a safe
stable state for the contaimment can be achieved by restoring adequate con-
tainment cooling. Peak containment temperatures and pressures occur from
minutes to hours after such restoration, depending on the core heat level and
on the mode and magnitude of containment heat removal.

Debris coolability and the maintenance of containment integrity was
demonstrated as possible via the restoration of an emergency core cooling
system to flood che pedestal and a containment cooling system to cool the
suppression pool.
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8.0 CONCLUSIONS

Based on the results of the severe accident analyses performed in
this study, a number of conclusions can be drawn regarding the progression and
consequences of such severe accidents for plant designs similar to that of the
Grand Gulf Nuclear Station.

The analytical tools employed in this study, namely MAAP, is a
viable means of analyzing both the thermal-hydraulic and the radiological
response of the Grand Gulf Nuclear Station primary system and containment to
severe accident scenarios.

The most significant conclusions which can be drawn from this
integrated containment analysis of the Grand Gulf Nuclear Station are itemized
below. The first refers to the analytical tools used in this study. The next
set are thermal-hydraulic related conclusions. And, the last and probably
most significant conclusion relates to the radiological results of this study.

. The MAAP code is a viable means of analyzing both the thermal-
hydraulic and the radiological response of the Grand Gulf Nuclear
Station primary system and containment to severe accident scenmarios.

“ For accidents postulated to lead to core damage, fuel melting,
and/or contaimment failure, there are sufficient time and means
available to the operating staff to place the plant into a safe
stable state.

B Contaimment failure should no longer be considered a cause for the
failure of all ECCS flow to the reactor vessel. Thus, containment
failure should no longer be considered a cause for core melt.

K The mass and rate of hydrogen calculated to be produced in the
vessel prior to fuel melting is substantially less than that pre-
dicted by previous studies.
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If successful fuel cooling is delayed beyond the point of signifi-
cast core damage and/or vessel failure, the core debris coolability
is possible.

The suppression pocl exerts a dominant thermal-hydraylic and radio-
logical influence on the containment response to a severe accident,

The LGNS Mark III containment failure modas are overpressurization
via steam, noncondensable gas generation, and/or hydrogen combus-
tion. Containment failure times are long compared to previous
studfes. No prompt containment failures due to steam explosions or
steam spiking were calculated.

The overall containment response is much more sensitive to whether
continuous hydrogen combustion occurs than to the details of now
incomplete combustion progresses within the containment.

Thraough continuous burning of the containment combustible gas, the
CGNS containment hydrogen igniters can significantly delay contain-
ment failure during a severe accident.

Pecontamination of the fission product releases by the suppression
pool and their condensation and gravitational settling in the
drywe!l were found to be the two most important fissfon product
rcoval mechanisms.

The public health consequences of the severe accidents are substan-
tially less than those of previous assessments.
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3 10.00 XL(3) DOWNCOMER LENGTH
39 0.00 (4)

41 11.00 AG(1) CORE + LOWER PLENUM FLOW AREA

3 1.0 AG(2)  UPPER PLENUM FLON AREA
43 10.D0  AG(3)  DOWNCOMER FLOM AREA
44 0.D0 AG(4)
$ 0.00 AG(S)
$.00 DH(1) HYDRAULIC nxan:¥zn FOR CORE REGION
2 st gu(g) LYDRAULIC DIAMETER EOR UBPER PLEWUN
A (3) WYDRAULIC DIAMETER FOR DOUNCOMES
$ i E
1 0.00 GCO  RPV CONVECTION LOSSES AT TIME ZERO
52 8.00 EINPLT NUMBER OF LAYERS IN REFLECTIVE INSULATION
AHEATUP
0l 3.81D0  XZEUEL LENGTH OF ACTIVE FUEL
02 S5.210-3 XREUEL RADIUS OF FUEL PELLET
03 8.130-4 XTCLAD THICKNESS OF CLADDING
04 5.03304 NZRCAN TOTAL NASS OF IR IN ASSENBLY CAN
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1 . 466 EPEAK(2,2) PEAKING EACTOR EQR NODE (2.2)
17 9.2900-1 EPEAK(3,2) PEAKING EACIOR FOR NODE (3.2)
23 1.019D0 EPEAK(1,3) PEAKING EACTOR EOR NODE (1.3)
24 1.34300 EPEAK(2,3) PEAKING EACIOR EOR NODE (2.3)
25 8.9600-1 EPEAK(3,3) PEAKING EACTOR EOR NODE (3.3)
31  1.029D0 EPEAK(1,4) PEAKING EACTOR EOR NODE (1.4)
32 1.281D0 EPEAK(2,4) PEAKING FACTOR FOR NODE (2,4)
33 8.670-1 EPEAK(3,4) PEAKING EACTOR EOR NODE (3,4)
39  1.22300 EPEAK(1,5) PEAKING FACTOR EOR NODE (1.5)
40  1.414D0 EPEAK(2,5) PEAKING EACIOR EOR NODE (2.5)
§LE ph R S i
. ( N ( )
48 },39388 Er Ax<5:2) psaxfzg raErOl FOR NODE (2.6)
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71 1.33100 EPEAK(1,9) P AK ING ACTOR EOR NODE (1.9)
72 1.10700 EPEAK(2)3) PEAKING EACTOR FOR NODE (2.3)
73 5.53D-1 EPEAK(3,9) PEAKING FACTOR EOR NODE (3.9)
13 2:98-1 EREEK(},)Q)PEAKING EACTOR EOR NODE (1,10)
‘64D-1 EPEAK(2)10)PEAKING EACTOR EOR NODE (2.10)
81 2.69D-1 EPEAK(3. 1o>pzaxxns FACTOR EOR NODE (3,10)
87 0.300 XCHIM “UNMEATED FUEL LENGTH AT TOP OF CORE
88 1.0-7 XIZROX INITIAL CLADDING OXIDE THICKNESS

iENGIMEElED SAFEGUARDS
01 1.D00 NLPCI1 NUMBER OF LPCI PUMPS IN LOOP 1
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02 1.000  MLPCI2 NUMBER OF LPCI PUMPS IN LOOP 2 ES
03 1.000  NLPCI3 NUMBER OF LPCI PUMPS IN LOOP 3 (INJECTION ONLY)  ES
04 1.00 NLPCSP NUMBER OF LPCS PUMPS 3
05 0.000  NOT USED
06 1.4D1  VANCST WIN. WATER VOLUME IN CONDENSATE STORAGE TANK ES
ah FOR WPCI AND RCIC SUCTION SWITCH OVER ES
07 1.0080-3 VUWCST SPECIFIC VOLUME OF CST WATER ES
Ak ALL PURP CURVES ARE ARKANGED S0 THAT TWE FIRST FLOW ENTRY CORRESPONDS
YRIRE
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1.89606  PLPCI(3) ES
27 1.64106 PLPCI(4) ES
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29 1.165106 PLPCI(®) ES
30 .841D6  PLPCI(7) ES
31  .4964D6 PLPCI(®) ES
32 0,000  WVLPCI(D) ES
33 .i26200 WVLPCI(2) 3
34 .189300 WVLPCI(3) ES
3 L3150 WL ES
378600  WVLPCI(S) ES
37 .A417D0 WVLPCI(B) ES
38 .S048D0 WVLPCI(7) ES
39 .564100 WVLPCI(8) ES
40 3.584D6 PLFCS(1)  LPCS PUMP CURVE ES
Al 3.378D6  PLPCS(2) ES
42 3.06 PLPCS(3) ES
4 2.88%06 PLECS(H) £S
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oS  2.39206 PLPCS(6) ES
e 2.03532 ;trcsaz) ES
572 (8) ES
© 3 OULFCS ) £5
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51 313800 WILPCS(D) ES
i U0 Wipca(e) 8
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& 9.89206 PHPCS(1) APCS PUMP CURVE ES
7 8.886D6 PHPCS(2) £S
$8  7.52106 PHPCS(3) £S
59  6.74906  PHPCS(4) ES
60 S.667D6  PHPCS(S) £S
6]  3.22606  PHPCS(§) ES
62 2.29606 PHPCS(7) ES
ga 9.000 PHRCS(B) ES
1 %R0 WHpER(Y) B
.2524D0  WVWPCS(3) ES
67  .3155D0 WVHPCS(4) £S
68 .3786D0 WVHPCS(S5) ES
69 .441700 WVHPCS(d) £e
70 504800  WUKPCS(7) ES

PCS(8
)) RCIC PUMP CURVE ES
)
)

74 6.894D6 PRCIC(
75  3.447D6  PRCIC(
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115 1.0D00
116 9.0D0
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PRCIC(S)

s
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EES
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H U WATER INITIATION FOR WPCI

;g ;E ; WELL PREQQURE SET POINT ECR HPCI
HE DELAY EOR H

PHHPCI MINIMUM PRESSURE EOI HPCI TURBINE
ZLHPCS LOW WATER INITIATION EOR WPCS
PSHPCS HIGH DRYWELL PRESSURE SET POINT EOR WPCS
TDHPCS TIME DELAY EOR HPCS
ZLLPCI LOW WATER INITIATICN FOR LPCI
3 Pg% HIGH DRYUELL PRESSURE SET POINT EOR LPCI
TDLPCI TIME DELAY EOR LPCI
PLLPCI LOW VESSEL PkESSURE PERHISSXUE EOR LPCI
ZLLPCS LOW WATER INITIATION FOR LPCS
PSLPCS HIGH DRYWELL PRESSURE SET POINT EOR LPCS
IDLPCS TIME DELAY EOR LPC

X OIS W) -
bdb-o N St N N oy N

S
T PARAMETER IS A LOCA PEKMISSIVE SXGNAL AND IE ONE DOES NOT
HEN ENTER VERY LARGZ NUMBER (1,D10

ZLRCIC WATER INITIATION FOR RCI

PSRCIC HIGH DRYWELL PRESSURE SET POINT FOR RCIC

IDRCIC TIME DELAY EQR RCIC

zgg%lc MINIMUN VESSEL PKESSURE FOR RCIC TURBINE

WSWHX RVIEE UATES ;LOH RATE (KG/S) THKU EACH RMR HTX
ASRVL ELOH AREA OF RELIEF VALVE TYPE 41

ASRV2 FLOW AREA OF RELIEF VALVE TYPE #2

ASRV3 FELOW AREA OF KRELIEE VALVE TYPE 43

ASRV4 FELOW AREA OF RELIEF VALVE TYPE #4

—
O

PLL’ .S LOU VESSEL PRESSUKRE PERHI;SIEE EOR LPCS

AREA OF GROUP 45 IS INPUT AS A NEGATIVE NUMBER THEN THE VALVE
SCHAKGE DIRECTLY INTO THE DRYMELL, IF POSITIVE IT WILL
GE INTgiasﬁ SUPPRESS ION POOL

ELOW AREA OF RELIEF VALVE TYPE 45
NSRV1 NUMBER OF TYPE #1 RELIEF VALVES
NSRY2 NUMBER OF ITYPE #2 RELIEF VALVES
NSRV3 NUMBER OF TYPE 43 RELIEF VALVES
NSRV4 NUMBER OF TYPE #4 RELIEF VALVES
NSRVS NUMBER OF TYPE #5 RELIEF VALVES
NADS1 NUMBER QF ADS VALVES IN GROUP 1
NADS2 NUMBER Cf ADS VALVES IN GROUP 2
NADS3 NUMBER QF ADS VALVES IN GROUP 3
NADS4 NUMBER OF ADS VALVES IN GROUP 4
PSIgl P:ESSSRE SETPS{:T EOR :g EE{IEF 32t3£
PERVE PRESSORE SET-OINE EOK 0% KELIEF VaLy
PSRV4 PRESSURE SETFOINT ECR 04 RELIEF VALVE
PSRVS PRESSURE SETPOINT FOR 45 RELIEF VALVE
ZILADS LOw WATER LEVEL FOR INITIATION OF ADS
FSADS MIGM DRYWELL PRESSURE SET POINT EOR ADS
TDADS TIME DELAY FOR ADS ACTUATICN

PCS,HPCS HAVE NPSH REQUIRMENTS
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khk HPCI AND RCIC WILL TRIP OFE ON USER SUPPLIED TEMPERATURE OF SUPP POOL
131 373.00 TCHPCI INLET TEWMP LIMIT EOR WPCI ES
132 31.400 ZCLHPS FuUMP CENIEI LINE ELAVATION EOR HPCS ES

133 29.300 ZCLuk I PUNP CENTER LINE ELAVATION FOR LPCI ES
134 30.5D0 ZCLLPS PUmP CENTER LINE ELAVATION EOR LPCS Eg
%32 ggg.ggo ;sg&xc éNLErCEE”’T%:ﬂggﬂg (ISSISEA! EXCHANGERS, TCOLD) ES
137 13.D0 TDDG1 MPCS LOAD DELAY TIME FOR DIESEL ES
138 13.D00 TDDG2 LPCI LOAD DELAY TIME EOR DIESEL ES
139 13.D0 TDDG3 LPCS LOAD DELAY TIME FOR DIESEL ES
140 2.3D-4 XDDROP SRRAY DROPLET DIAMETER EOR CONTAINMENT SFRAYS ES
141 19.6D0 XHSPWW SPRAY FALL HEIGHT IN WETWELL ES
142 10.D0 XNSPDU SPRAY FALL HWEIGHT IN DRYWELL ES
A gNE HI'SW SYSTEM CAN BE USED TO MODEL ANY INJECTION MODE SUCH AS
ik SERVICE WAT El Dl EIRE WATER, THE SYSTEM IS TOTALLY DEFINED BELOW
143 1.837D5S  HWHPSW ENTHALPY OF HIGH PRES SERVICE WATER (MARK I CI) ES
144 1.009D-3 VWHPSW SPEC VOL OF HIGH PRES SERVICE WATER (MARK I CI) ES
143 6.525DS PHPSW(1) PPS VS, VOLUMETRIC FLOW EOR HPSW CORE INJECTION ES
146 6.524D5  PHPSN(2) (MARK 1 CORE INJECTION) ES
147 6.523D5 PHPSW(3) ES
148 6.522D5 PHPSW(4) ES
149 6.521D5 PHPSW(3) ES
150 6.52005 PHPSW(6) ES
l;i 8.519D5 PHPSW(7) ES
1 .00 PHPSW(B) ES
133 0.00 WVHFSW(]) ES
154 .757D0 WUHPSH(2) ES
158 .757D0 WUHPSW(3) ES
156 .757D0 WUHPSW(4) ES
157 .757D0 WUHPSW(3) ES
158 .757D0 WUHPSH(6) ES
159 .757D0 UUNPSU(?) gs
18] ‘75120 D WELL PRES SET PT FOR MARK III CONTAINMNT SPRAYS ES
. MN AY
1€} 12833835 FquFS EISBLL FRES.SEL T, FOR ke 11 comannt stpers B
163 600.D0 DSPR TIME DELAY EOR MARK III CONI&INHENI SPRAYS ES
164 7.38DS PDSIV) DEAD BAND EOR CLOSURE OF Skv#l ES
165 9.45DS PUSRV2 DEAD BAND EOR CLOSURE OF SkV#2 ES
166 1.15iD6 PDSRV3 DEAD BAND FOR CLOSURE CE SRV#3 ES
167 S5.170S POSkV4 DEAD BAND EOR CLOSUIE OE SIV04 ES
168_0.D0 Pag VS Eihb EOR Sg i ;% ES
ax 8 POINTS ARE D HERE TO DEFINE CIC AND HPC1 TURBINE STEAM FLOW
185 8.22D06 PTURRI(1) PPS~-PwW VS. SIEAH ELOM TO RCIC TURBINE ES
186 1.34D6 PTURRI(2) ES
187 1.34D6 PTURRI(3) ES
lgg 1.34D6 P;gll (4) ES
1 1.34D6 PTURRI(S) ES
190 1.3406 PTURRI(6) ES
191 1.34D6 PTURRI(7) ES
192 1.34D6 PTURRI(B) ES
193 4.3388 WST i(i) ES
194 1.56 WSTRCI(2) ES i
195 1.56D0 WSTRCI(3) ES
196 1.56D0 WSTRCI(4) ES
197 1.56D0 WSTRCI(S) ES
198 1.56D0 WSTRCI(6) ES
199 1.56D00 USIICI(;) Eg
. (8)
38? 5.;3985 ?RISEJ HIGH TURBINE EXWAUST PRESSURE FOR WPCI ES
202 1.720% PHTURR HIGH TURBINE EXHAUST FRESSURE FOR RCIC ES
203 4.916D5 PCFAIL CONTAINMENT FAILUKE PRESSURE ES
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Ak THE SHUT OFF HEAD SHOULD APPEAR IN THE PUMP CURVE DEFINITION FOR ECCS
ak THE NEXT TNO PARAMETERS ARE PERMISSIVE SIGNALS FOR TRIPPING SYSTEMS
204 1.010 PHLPCI WIGH VESSEL PRESSURE TRIP EOR LPCI
205 1.D10 PHLPCS HIGH VESSEL PRESSURE TRIP FOR LPCS
206 34.237D0 ZHISP MIGM SUPP. POOL LEVEL TRIP EOR WP SUCTION
207 47.16D0 ZLSPR NOT USED
A% ALL OF THE HEAT EXCHANGER DATA MAY BE OMITTED WITH THE EXCEPTION
A% OF NTUMX1, NTUHX2, NMX1, NHX2
o.no NTHX' NUMBER OF TUBES IN RHR HIX
NBHX  NUMBER OF BAEELES IN RMR HWTX
XJDTHX TUBE ID FOR RHR HIX
XITHX 7TUBE WALL THICKNESS FOR RHR WIX
XTCHX TUBE CENTER TO CENTER SPACING EOR RHMR HTX
XSHX  SHELL LENGTM FOR RMR WTX
RGFOUL FOULING FACTO® FOR RKR HIX
KTHX THERMAL CONDUCTIVITY EOR TUBE WALL (KHR MTX)
XBCHX BAEFLE CUT LENGTH ECR RMR HTX
XIDSHX SHELL ID FOR RMR HTX
XSTHX BUNULE TO SHELL GAP LENGTH EOR RHR WTX
vaLLES NOT NEEDED IF ABOVE INFORMATION IS DEFINED
D NTUHX1 NTU FOR RMR HTX 61
NTUMX2 NTU EOR RHR WIX 92
NHXi  NUMBER OF RMR LCOP #1 HWIX
NHX2 NUMBER OF RMR LOOF #2 HIX
FMX  TYPE OF RMR WIX(1=STRAIGHT TUBE,2=U TUBE)
DBATT BATTERY OPERATION TIME FOR SIAT 30n BLACK-0UT

M mm
wuwm

*J
o
L+ ]
MM mm
vyl

OOC’DOOOOO

BORI LI 0D 3 BJ B BI B BRI DRI B
ul,J.-‘»-C OOOOOOOOOO
CJ

COOCOO0O0O0OOO0O

BUBI 0O B 4 20 P et b ot Bt bt s et O
W= OoOWw @YU WN-OY

1‘)‘ ‘3

Ax TH FuLLOU NF AKE NPSH CURV ES AND THE EIKST ENTRY FOR THAT SYSTEM
ii CORRESPONDS TO THE EIRST ELOW RATE LISTED ABOVE FOR THAT PUMP
.51800 ZHDHPS HPC% ;PSH EOR GIVEN ELONS

91800
51800
.94900
.6100
.762D00
i. 37200

ZHDLPI LPCI NPSH FOR GIVEN ELOM

ZHDLPS LPCS NPSH FOR GIVEN FLOW

1 ©Y3 pv3tY) pry €71 £y €3 £y £V £y 570 £y £ ™) oy £V ey

i m
VLWV VO WU O OUnU U o oo

IR RITIRIBIRILO ORI IO IR RO

A B LB ™ O D 0D O A e () )+ AL

ZCLRCI PUMP CENTER LINE ELAVATION FOR RCIC
LCLHPX PUMP CENTER LINE ELAVATION EOR HFCI
ACVENT AREA OF CONTAINMENT VENT
ICFAIL ELEVATION OF CONTAIL ~~»~7 VENT
ZSRVD AVERAGE ELEVATION OF SRV DISCHARGE
IGDWHX(1) COOLING CURVE FOR DRYWELL ;::LEPS
TGDWHX(2) TEMP IN DRYWELL VS. HEAT LOSS RATE
TGDWHX(3)

TGDWKX(4)

mmMmmimm
vy w
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358 0.D0
0.20

0.00

0.00

0.00

.00

.D0

.00

D0

ADRYMELL
0 S5.0-1
7650.2D0
go.7luo
18.400
35.7700
24.D00
9.27D0
3168.400

ﬁHETUtLL
0 .

QPEDESTQF
3.26901
95100
67802
1.72D0
8.80D0
D=1
0.D0

0,00
32,6900
0.00
NOTE:
LEAK AR
0.0043D0

0.D0
2.D00

3.
3
-
J
-
-
5

ASUPPRESS ION
01 S5.15D01
02 6.19302

TGDUHX(S)
TGDWHX (&)
TGDEMX(7)
TGDUHX(8)
QGDWHX(1) HEAT LOSS RATE FOR DRYWELL COOLERS (J/8%)
QGDWHX (2)
QGDWNX(3)
QGDWHX (4)
QGDWHX(S)
QGDWHX(6)
QGDWHX(7)
QGDWHX (8)

RELHDW RELATIVE HUMIDITY IN DRYWELL
VOLDW VOLUME OF DRYWELL

Z0WEF ELEVATION AT DRYWELL FLOOR
ADWE AREA COF DRYWELL FLOOR

D
ZWDwWWW ELEVATION OF WEIR PALL BETWEEN DRYWELL AND WETWELL I
D

NIGDW NUMBER OF IGNITERS IN THE DRYWELL
XIGDW AVERAGE DISTANCE EROM IGNITER TO CEILING
ACHDW CHARACTERISTIC FLOOR AKEA FOR BUKN CALCULATION

ZWWE  ELEVATION AT WETWELL FLOOR

AVB LOW AREA THROUGH VACUUM BREAKERS

NUB NURBER OF VACUUM BREAKERS

PSETVB PRESSURE SETPOINT FOR VACUUM BREAKERS
POVB DEAD BAND FOR VACUUM BREAKERS

VOLWM TOTAL VOLUME OF WETWELL (PLUS SUPP POOL)
PELHWW RELATIVE WUMIDITY IN WETWELL

NIGWW NUMBER OF IGNITERS IN THE WETWELL

XIGWW AVERAGE DISTANCE FROM IGNITER TO CEILING
ACHWM CHARACTERISTIC FLOOR AREA FOR BURN CALCULATION
AWNE  AREA OF WETWELL FLOOR (MARK II)

APDE  AREA OF PEDESTAL FLOOR

AFDVT AREA OF PEDESTAL-DRYWELL OPENING

VOLPD VOLUME OF PEDESTAL

ZWPDDW ELEVATION OF WIER BETWEEN PED AND DRYWELL

ZPDE  ELEVATION AT PEDESTAL ELUOR

RELWPD KRELATIVE WUMIDITY IN PEDESTAL

NIGPD NUMBER OF IGNITERS IN THE PEDST

XIGPD AVERAGE DISTA NCE ERON IGNITER '3 CEIL ING

ACHPD CHARACTERISTIC FLOOR AREA EOR BUKN CALCULATION

XWPDVT WIDTH OF PEDESTAL DOOR (MARK I1 ONLY)
THE NEXT PARAMETER-ADCPD-CAN BE USED TO MODEL THE NORMAL
EA BETWEEN THE DRYWELL AND COMPARTMENT A OF A MARK 1II

ADCPD AKREA OF PEDESTAL DOWNCOMERS

NDCPD NUMBER OF PEDESTAL DOWNCOMERS

XHPDDW DISTANCE BETWEEN UPPER AND LOWEF VENTS FOR

PED-DRYWELL NATURAL CIRCULATION

DIS
S
E

POOL(MARKIII ONLY)
ASPDOW AREA OF DRYWELL SIDE OF SUFPRESSION POOL
ASPPC AKEA OF CONTAINMENT SIDE OF SUPFRESSION FOOL

TOOUoU D

B *an o et e ol tha Sl o he Sl )
e

Lo Lo B
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03 4.3D1 MWT1
04 4.5D1 NVT2
05 4.5D1 NVI3
06 7.10-1 XD IAVT
07  33.449D0 ZLLSP
08 32.16D0 ZVTI
09 30.89D0 ZVI2
10 29.6200 IVI3
4

AINITIAL CONDITIONS
01  3.83309 GPOW
02 7.17Dé PPSO
03 1.005 PPDO
04 1.00% PDWO
05 1.00% PWW0
06 34.01D0  ZSPDWO
07  34.01D0 SPw
08 3.302 TPDO
09 3.302 IDW0
10 .0802 TwwO
11 3.0802 TWSFO
12 51,9100  ZWSHO
13 2.05D6 MWCBO
14 896.6D0 VCSTO
15 297.00 TAMB
16 1.08 PAMB
Ak

hh

ACONTROL CARDS A
01 3 [BWR
02 46 IRSTW
03 :7 [HUW
b
06 3500 IPTSMX
22 4 IPTSPK
08 80 IPTSAV
09 1 ISUMM
10 48 [SUM
111 IRUNG
12 1 [EREEZ
13 3 INPGKP
14 1 [RET
15 49 IEPPLY
Rk

Ak

ATIMING DATA

O% 20, TDMAX
0 1.D- TOMIN
03 5.0-2 EMCHMX
04 S5.D-2 FUCHMX
22 . MAXNST

A-10

6-JUL-1984 14:29 Page 10

NUMBER OF VENTS OF TYPE #1 -- TOP

NUMBER OF VENTS OF TYPE 42 -- MID

NUMBER OF VENIS OF TYPE 43 -- BOTIOM
DIAMETER OF ONE SUPPRESSION POOL VENT
ELEVATION OF SUPP. POOL LOW LEVEL SETPOINT
ELEVATION OF TOP OF VENT TYPE ¢l

ELEVATION OF TOP QF VENT TYPE #2

ELEVATION OF TOP OF VENT TYPE 43

ER CORE POWER

INITIAL PRESSURE IN PRIMARY SYSTEM
INITIAL PRESSURE IN PENESTAL
INITIAL PRESSURE IN DRYMELL
INITIAL PRESSURE IN WETWELL

D PP.PO

= INIT.ELEV. QF WATER LEVEL &N 0w §ID g .POS

INIT.ELEV., OF WATER LEVEL IN PC
INITIAL TEMPERATURE IN PEDESTAL
INITIAL TEMPERATURE IN DRYWELL
INITIAL TEMPERATIUKE IN WETWELL

INITIAL TEMPERATURE OF SUPPRESSION POOL WATER
INITIAL ELEVATION OF WATER IN THE SHROUD

MASS OF WATER IN UPPER POCL (HAQKIII ONLY)
VOLUME OF WATER IN CONDENSATE STORAGE TANK
AMBIENT TEMPERATURE

. AMBIENT PRESSURE

CONTAINMENT TYPE (MARK 1,2, OR 3 )
untr NUMBER TO WRITE nsstatr FILE (MAIN)
UNIT NUMBER TO WRITE RESTART EILE (HEATUP)

s13§r"¥?8§’:}85"'§’§ {ESG‘“" OUTPUT EILE

MAXIMUM NUMBER OF PLOTTED POINTS

HAX UM NUWBER OF PLOT roxnrs TRACED FOR FULL

NUMBER OF POINTS SAVED FOR NON-CHANGING PLOT
SUMMARY DATA(Q=ALL EVENTS, 1 *SHORTER LIST)
SUMMARY EILE NUMBEP

1=1ST ORDER R-K,232ND URDER R-K

1= DO FREEZE EROWT CALC. (0=NO CALC.

NUNBER OF TRACE GAS TYPES . fI13SION  PKODUCTS)
1sWRITE KETAIN FILE (0=NO EILE)

RETAIN PLOT EILE UNIT NUMBER

MAXIMUNM ALLOWED TIME STEP

MINIMUM ALLOWED TIME STEP

MAXIMUM MASS CHANGE (X) FOR INTEGRATION

MAXIMUM GAS TEMP CHANGE ERACTION EQOR INTEGRATION
MAXIMUM MASS OF STEAM CHANGE PER TIME STEF IN PS

Ak
ACOMPTA (MARKIII-MIDDLE WETWELL COMPARTMENT)

o

03
04

6.0-1
325.00

ICAE
VOLCA

ELEVATION OF WCU DECK
VOLUME OF COMPARTMENT A

RELHCA RELATIVE HUMIDITY IN COMPT. A

ACAE

AREA OF COMPT. A ELOOR
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348.00 ACACB FLOW AREA BETWEEN COMPT. A AND COMPT. B
139.00 AWMCA FLOW AREA BETWEEN WETWELL AND COKPT. A
41.2500 ZWCAWM CURB HEIGHMT ON WIDDLE DECK
58254.00 ::U:(l) DRYWELL PURGE PRESSURE VS FLOW (MAA3/KG)
UR(2)
PPUR(3)
PPUR(4)
PPUR(S)
PPUR(6)
PPUR(?7)
PPUR(B)
WVrUR(D)
WVPUR(2)
WVPUR(J)
WVPUR(4)
WVPUR(S)
WVFUR(GE)
WWPUR(7)
WVPUR(B)
NPUKP NUMBER OF DRYWELL PURGE PUMPS
ZLPUR LOW WATER (LOCA) SIGNAL FOR DRYWELL PURGE
PDOWPUR HIGH DRYWELL PRESSURE (LOCA) FOR DRYMELL PURGE
POPUR PRESSURE DIEFERENTIAL SET POINT FOR DRYWELL PURGE
TOPUR TIWE DELAY FOR DRYWELL PURGE
NIGCA NUMBER OF IGNITERS IN THE COMPT A
XIGCA AVERAGE DISTANCE FROM IGNITER TO CEILING
NIGBCA NUMBER OF IGNITERS IN WETWELL SEEN BV COMPT. A
ACHCA CHARACTERISTIC FLOOR AREA FOR BUKN CALCULATINN

PO BRI BRI BRI BT B DU B 5t et e s ot ot ot st
NOUA WO VDN UASWN

ACOMPTB (MARKIII-UPPER WETWELL COMPARTMENT)
¢l 63.6900 ZCBF ELEVATION OF OPERATING DECK

23766.500 VOLCB VOLUME OF COMPT. B

6.0-1 RELMCB RELATIVE WUMIDITY IN COMPT.B

64.00 ZWCBWW CURB MEIGHT ON UPPER DECK

pli AWCB  WATER AREA ON CB DECK
34D4 PCPUR(1) PRESSURE VS FLOW FOR CONTAINMENT PURGE
PCPUR(2)
PCPUR(I)
PCPUR(Y)
PCPUR(S)
PCPURt;)
PCPUR(?)
PCPUR(B)
WVCPUR(])
WVCPUR(2)
WVCPUR(3)
WWCPUR(4)
WVCPUR(S)
wuC UR(S)
WWLPUR(T)
WVCPUR(S)
VOLUPD VOLUME OF WATER IN UPPER POOL DUMP
ZLUPD LOW WATER (LOCA) SIGNAL FOR UPPER POOL DUMP
FOWUPD HIGH DRYWELL PRESSURE (LOCA) EOR UPPER POOL DUMP
TDDUMP TOTAL TIME FOR UPPER POOL DUMP
TDUPD TIME DELAY FOR UPPER POOL DUMP
FANT 3 | ELEVATION OF UPPER POOL FLOOR
VLAUPD VOLUME OF WATER REMAINING IN UPPER POOL AFTER
UPPER POOL DUmP

NIGCP NUMBER OF IGNITERS IN IME COMPT B

w
o
(]
9
-
o

Bt L) bt Bt et st et et b £ DO DO OO Qe
o

J

-

OBl dodiood OO0
oo oo
ﬁgcuat:cuz
OO0 O0Oo

BJ* SJ* = » o

LN B ) et s, 5ot st Bt Bt it Bt s 0t £ DO O O OO ™
. ® o % 0 o

G

WA W= OO DI A L e
We AL

CA
CA
CA
CA
CA
CB
CB
CB
Ch
CB
CB
CB
CB
CB
CB
(]
CB
CB
CB
CB
CB
CB
CB
CB
Ch
CB
CE
Ch
CB
CB
Ck
CB
Ce
Ch
Ck
CB
CB
Ch

TI B PO B BIBI) BI B B 5 et 4 et et et ot




DRAFT

QULEFP.DAT; 14 6-JUL-1984 14:29 Page 12
30 .3D0 XIGCB AVERAGE DISTANCE FROM IGNITER T0 CEILING
31  16.D0 NIGBCB NUMBER OF IGNITERS IN COMPT A SEEN IN COMPT B

ACHCB CHARACTERISTIC FLOOR AREA FOR BURN CALCULATION

32 1121.900

Ak

kA

*H

9 AHS1
Og 1834 Sgo Ansg
0 AHS
04 88 .800 AHS4
05 2733.1D0 AHSS
06 3411.0D0 AHSe
07 371.1D0 AKHS7
08 289.6D0 AHSS
09 2.077D0 KHSI
10 2.077D0 KHS2
11 2.077D0 KHS3
12 2.077D0 KMS4
13 2.077D0  KHSS
14  2.077D0 KHSé
13 2.077D0 KHS?
16 2.077D0 KHS8
17 1.753D0 XHS1
18  1.524D0 XWS2
19 1.524D0 XHS3
20 1.067D0  XMS4
2l 1.067D0  XHSS
22 .76200 XHS6
23 .61D0 XHS7
24 1.29500 XHS8
23 XLHSI1
26 0 0063200 iL:SXZ
# 8:0883488 xR
29  0.00634D0 XLHSIS

0
35 0.0063400
36 0.D0
37 8.08
38 §:881200
0.00634D0
41  2300.D0
42 2300.D0
43 2300.D0
44 2300.D0
43 2300.D00
:g 2300.00
& 3300:5
49 880,00
S0 880.D0
gs 880.00
880.00
53 880.D0

54 880.D0

0  0.00634D0
0.0 X

AR A 8E UALL .%

AREO OF UALL 05
AKEA OF WALL #6
AREA OF WALL #7
AREA OF WALL 48

THERMAL CONDUCTIVITY OF WALL #1
THERMAL CONDUCTIVITY OF WALL #2
THERMAL CONDUCTIVITY OF WALL 43
THERMAL CONDUCTIVITY OF WALL #4
THERMAL CONDUCTIVITY OF WALL #5
THERMAL CONDUCTIVITY QF WALL #6
THERMAL CONDUCTIVITY OF WALL $7
THERMAL CONDUCTIVITY OF WALL #8

THICKNESS OF WALL 41
THICKNESS OF WALL 42
THICKNESS OF WALL 43
THICKNESS OF wALL 44
THICKNESS OF WALL #5
THICKNESS OF WwALL #6
THICKNESS OF WALL 47
THICKNESS OF WALL 48

INNER LINER THICKNESS EOR

IndER LINER THICKNESS F

R ERE BIEOgs o

:E: LINE: T:IE&NESS EOR
N
NER LINER INICKNESS Fok
INNER LINER THICKNESS E
OUTER LINER THICKNESS EOR
QUTER LINER THICKNESS EOR
QUTER LINER THICKNESS EOR
QUTER LINER THICKNESS EOR
QUIER LINER T:ICKNES OR
BUEER LINER RMIEKNESS 5L
LINER THICKNESS EOR
DENSITY OF wall 41
DENSITY OF wALL 42
DENSITY OF wALL #3
DENSITY OF WALL #4
DENSITY OF wALL 5
DENSITY OF WALL ¢6

SPECIFIC HEAT EOR WALL 41
SPECIEIC HEAT FOR wALL 42
SPECIEIC HEAT EOR WALL 43
SPECIFIC HEAT EOR WALL #4
SPECIFIC HEAT EOR WALL #S
SPECIFIC HEAT FOR WALL #6

WALL
R WALL
WAL

WAL

WALL
WALL
WALL

OR wALL

WALL
WALL
WALL
WALL
it
it

WALL

**nggli IO DRAWING IN VOL !I OE ﬂhzz USERS MANUAL ON MARKIII HEAT SINKS
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55 880.D0 CPHS?  SPECIFIC HEAT FOR WALL 47 HS
56 880.D0 CPHS8 SPECIFIC HEAT FOR WALL #8 HS
k*ALL OF THESE EDUIP"ENI HEAT SINKS ARE LOCATED IN GAS VOL. OF COHPQRIHENT

37 ?50000 20 : MASS OF EQUIPMENT IN PEDESTA
B [sjooooo ruthe WSS o€ RUTIE 0 oAl itt n?,
60  342462.D0 MEGCA PMASS OF EQUIPMENT IN COMPT A
61 1.9581D6 MEQCB MASS OF EQUIPMENT IN COMPT B HS
62 0.D0 AEGPD  AREA OF EQUIPM N; N PEDEi AL HS
63 A153.D0 AEGDW AREA OF EQUIPMENT IN DRYWELL HS
64 0.D0 AEQWW  AREA OF EQUIPMENT IN WETWELL HS
65 9.7177D3 AEQCA  AREA OF EQUIPMENT IN COMPT A HS
66 1189.2D0 AEGCB  AREA OF EQUIPMENT IN COMPT . HS
67 50.D0 HTOUTW HEAT TRANSEER COEFE. AT OUTER WALL HS
68 0.D0 RGAP INNER LINER TO WALL GAP RESISTANCE 41 HS
9 8.08 RGAP INNER LINER TO WALL GAP RESISTANC $2 KS
0 D RGAP INNER LINER WALL GAP & { IANCE 43 HS
71 0.D0 RGAP INNER LINER WALL GAP RESISTANCE 44 HS
72 0.D0 RGAP INNER LINER TO WALL GAP RESISTANCE 45 HS
73 0.D0 RGAP INNER LINER TO WALL GAP RESISTANCE 96 HS
74  0.D0 RGAP INNER LINER TO WALL GAP KESISTANCE 47 HS
75  0.D0 RGAP INNER LINER TO WALL GAP RESISTANCE 48 HE
76 0.D0 RGAP QUTER LINEK TO WALL GAP RESISTANCE 41 HS
77 0.D0 RGAP OUTER LINER TO WALL GAP RESISTANCE #2 HS
78  0.D0 RGAP QUTER LINER TO WALL GAP RESISTANCE 43 HS
79 0.D0 RGAP QUTER LINER TO WALL GAP RESISTANCE #4 HS
80 0.D0 RGAP QUTER LINER T0 WALL GAP RESISTANCE 45 HS
8l 0.D0 KGAP OUTER LINER TO WALL GAP RESISTANCE #6 HS
82 0.00 RGAP QUTER LINER T0 WALL GAP RESISTANCE 47 HS
83 0.D00 RGAP QUTER LINER TO WALL GAP RESISTANCE 8 HS
B4 0.DC MEQWWS MASS OF EQUIP. HEAT SINK WETWELL (SUBMERGED) HS
85  0.00 AEQWWS AREA OF EQUIP. MEAT SINK WETWELL (SUBMERGED) HS
86 1.45D2 AMSPS1 AREA OF RPV IN GAS SPACE OF VESSEL HS
7 g.7882 AHSPS% AREA OF RPV IN DOWNCOMER REGION HS
8 - AHSPS3 AREA OF RPV IN LOWER PLENUM HS
89  2.24D% MEPV1  RPV WALL MASS IN UPPER DOME REGION HS
90 2.220% MRPV2  RPV WALL MASS IN DOWNCOMER REGION HS
2} 9.D4 MRPV3  RPV WALL MASS IN LOWER PLENUM REGION :2
hh HS
AMODEL PARAMETERS FOR BWR
01  .005DO FRCOEF FRICTION COEPFICI!NT EOR CORIUM IN VEAIL n0

2} 2.00-1 EMAsCP ;gAEA{O TOTAL CORE MASS WHICH MUST MELT

03 0.00 HleAD FUEL CHANN Tg CONT!OL !LADE HEAT TRANS. COEFF M0
04 00.00 HIE EILM BOILING MEAT OEEE. no
05 0.D0 EBLOCK FUEL CHANNEL ILOCKABE PARAH TER M0
*h 0=BLOCKAGE AT TZOOFF,1=NO BLOCKAGE M0
0 2300.D0  TZOOEF OXIDATIOM CUT-OFF IENPERA UR E "0
0 .300 EACPE  ERACTION OF COKE PLATE AREA THAT FAILS n0
08 35.D0 CUBPD  ELAME BUOYANCY DRAG COEFFICIENT IN THE PEDESTAL m0
09 S5.00 CDBOW  FLAME BUOYANCY DRAG COEEFICIENT IN THE DKYWELL no
10 3.00 CDBWW  ELAME BUOYANCY DRAG COEFFICIENT IN THE WETWELL Mo
11 .00 COBCA  FLAME BUOYANCY DRAG COEFFICIENT IN COMPARTHMENT A WO
12 5.00 CDBCB  FLAME BUOYANCY DRAG COEEFICIENT IN COMPARTMENT B W0
13 .1000 XCNREF  CORIUM REFERENCE THERMAL BOUNDARY LAYER THICKNESS MO
14 1.03 HICACR CORIUM-CRUST HEAT TRANSE. COEFF. USED IN DECOWP M0
iS 0.0500 XChX H{BAHUH Cill%’ BH{CKNESS O™ DRYWELL FLOOR AND PED “8

* FLOUR (MARK NLY)

16 0.01D0 XDCHSP PAKTICLE SIZE (DIAMETER) FOR CORIUM AS IT FALLS MO
hk INTO SUPPRESSION POOL (MARK II ONLY) no
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17 983.00  TICELAM CRITICAL ELAME TEMPERATURE M0
18 1.53D0  ECHTUR CHURN-TURBULENT CRITICAL FLOW PARAMETER "0
19 3.700 EDROP  DROPLET CRITICAL FLOW PARAMETER M0
20 3.00 FFLOOD FLOODING FLOW PARAMETER M0
5'83 535" PARAMETER FOR BOTTOM-SPARGED STEAM VOID FRACTION MO
33 . L rannnsrsn FOR VOLUME SOURCE vOID FRACTION MODEL ™0
23 Séb-l !;ENII IglNHENt EFFECTIVE EMPTYING TIME :o
. W "
Bosk B REMRGE i 3
3‘ 53330 Ego E }ggfvf;r os :ouxr ENT Ho
29 0.500 FOVER ERACTION OF CORE SPRAY FLOW ALLOWED TO BYPASS conzno

30 1.D0 NPE NUMBER OF PENETRATIONS FAILED IN LOWER WEAD

21 2.00 FCDCDW ?3:=§0?§a rsnxnsrsn PER METER EROM PEDESTAL DOOR ng
33 oiéqoo scss.K §?§‘§}°‘5“30£°' C?E"¥ORRELAIION IN PLSTM :o
N+ 30 E@n R NUMBE '?5 nULiﬁifr xuri?EL BEE E§§9§a10~ BY T0 n8
oy REPRESENT DIFFICULTY (GT 1.D0) OR EASE (LT 1.D0) MO
Ak FOR MATERIAL TO BE BLOWN OUT OF CAVITY 0
35 1.00 SCALU  SCALING EACTOR EOR ALL BURNING VELOCITIES #0
2: 1.00 SCALM sga¥xg? rgcron FOR WT COEFEICIENTS 10 PASSIVE :8
37 2.000 FUMIN  CLADDING SUREACE MULTIPLIER :3
aconcasrs rnorsnrx:s CN
0l  56.00 MOLECULAR WEIGHT OF CONCRETE CN
02 1743.D0 rcnnr MELTING TEMPERATURE OF CONCRETE CN
03 .806 LHRCN  REACTION ENERGY EOR concn:tz DECOMPOS IT 10N CN
04 65.80 gcs:g FREE WATER DENSITY IN CONCRETE CN
0S CCMCN COMBINED WATER DENSITY IN CONCRETE CN
83 5736 L”Ezcn C02 DENSITY IN CONCRETE CN
LATENT HEAT TO WELT CONCRETE CN

if ISSION PRODUCTS

£l
0l .028D0  EQP(1) PERCENT POWER IN EISSION PRODUCT GROUP 1 £l
4 93800 EAR(L) EEXCENT DOMER IN EISSION PRODUCT GROUP £l
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APPENDIX B
Supplemental Plots for the Base Accident Sequences
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