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ABSTRACT

Results of calculations performed with MELCOR and HECTR in support of the 
NUREG-1150 study are presented in this report. The analyses examined a 
wide range of issues. The analyses included integral calculations 
covering an entire accident sequence, as well as calculations that 
addressed specific issues that could affect several accident sequences. 
The results of the analyses for Grand Gulf, Peach Bottom, LaSalle, and 
Sequoyah are described, and the major conclusions are summarized.

iii/iv





CONTENTS

Acknowledgements.....................................................xiii

Executive Summary.................................................... 1

1. Introduction..................................................... 1-1

2. Grand Gulf Analyses..............................................2-1

2.1 Brief Grand Gulf Description................................2-1

2.2 Integral Station Blackout Calculation.......................2-3

2.2.1 In-Vessel Melt Progression............................2-4
2.2.2 Early Containment Response............................2-13
2.2.3 Late Containment Response.............................2-13
2.2.4 Radionuclide Behavior.................................2-16
2.2.5 Effect of Early Burn..................................2-21

2.3 Drywell Flammability........................................2-25

2.3.1 Results of Integral Calculations......................2-25
2.3.2 Results of Containment-Only Calculations............. 2-29

2.4 Drywell Flooding............................................2-29

2.4.1 Results of Integral Calculations......................2-32
2.4.2 Results of Analyses Using STCP Releases.............. 2-32

2.5 Containment Loads from Burns and Subsequent Cooldown....... 2-35

2.6 Steam De-Inerting Following Spray Recovery................. 2-40

2.7 Stuck-Open Tailpipe Vacuum Breaker..........................2-45

2.8 Containment Response and Release Rates Following
Containment Failure......................................2-45

2.9 Pressure Relief During Burn in Failed Containment.......... 2-50

2.10 RPV Repressurization Following SRV Closure..................2-50

3. Peach Bottom Analyses............................................ 3-1

3.1 Brief Peach Bottom Description..............................3-1

3.2 MELCOR Model Description....................................3-1

3.3 Results of the Base Calculations............................3-5

Page

v



CONTENTS (Continued)

3.4 Station Blackout Sensitivity Studies....................... 3-9

3.4.1 Vent Downcomer Model Sensitivity Study.............. 3-9
3.4.2 Containment Heat Transfer Sensitivity Studies....... 3-10
3.4.3 Flashing of Residual Downcomer Water Sensitivity

Study.............................................3-13
3.4.4 Lower Head Break Area Sensitivity Study..............3-13
3.4.5 Reactor Vessel Gas Temperature Sensitivity Study....3-18
3.4.6 Suppression Pool Temperature Sensitivity Study........3-18
3.4.7 Bubble Relative Humidity Sensitivity Study.......... 3-27
3.4.8 Suppression Pool Bypass Sensitivity Study........... 3-27
3.4.9 In-Vessel Hydrogen Content Sensitivity Study........ 3-27
3.4.10 Melt Progression Sensitivity Study...................3-30

4. LaSalle Analyses.................................................4-1

4.1 Brief LaSalle Description...................................4-1

4.2 Steam Flooding of Reactor Building..........................4-4

4.3 Preliminary Station Blackout Analysis.......................4-14

4.3.1 Nodalization..........................................4-14
4.3.2 In-Vessel Response....................................4-16
4.3.3 Ex-Vessel Response....................................4-18
4.3.4 Summary of Insights...................................4-18

5. Sequoyah Analyses................................................5-1

5.1 Brief Sequoyah Description..................................5-1

5.2 Sump Boiloff Timing.........................................5-1

5.3 Ice Condenser Bypass Following Detonation...................5-3

6. References....................................................... 6-1

APPENDIX A - MELCOR NODALIZATIONS................................... A-l

Page

vi



LIST OF FIGURES

Figure Page

2-1 Grand Gulf Schematic......................................... 2-2

2-2 Grand Gulf Nodalization...................................... 2-5

2-3 Core State at 67 Minutes..................................... 2-7

2-4 Core State at 108 Minutes.................................... 2-9

2-5 Core State at 212 Minutes.................................... 2-10

2-6 Vessel Liquid Level.......................................... 2-11

2-7 Base Case Hydrogen Production................................ 2-12

2-8 Base Case Concrete Degassing................................. 2-14

2-9 Base Case Containment Hydrogen Mole Fraction................. 2-15

2-10 Base Case Flow Split through Leakage and Suppression Pool... 2-17

2-11 Base Case Radionuclide Release in Vessel..................... 2-18

2-12 Base Case Radionuclide Deposition in Vessel.................. 2-19

2-13 Base Case Radionuclide Distribution.......................... 2-20

2-14 Base Case Sr and Ba Release during Core-Concrete Attack...... 2-22

2-15 Base Case Ru, Ce and La Release during Core-Concrete Attack...2-23

2-16 Flow Split through Drywell Wall Leakage and Suppression
Pool with Large Drywell Hole.............................. 2-26

2-17 Effect of Burn on Containment Pressure during Station
Blackout...................................................2-27

2-18 Base Case Drywell Mole Fractions............................. 2-28

2-19 Drywell Mole Fractions for Station Blackout with Containment
Burns......................................................2-30

2-20 Drywell Hydrogen Mole Fractions for Various Containment
Burn Assumptions...........................................2-31

2-21 Suppression Pool Water Level................................. 2-33

2-22 Pedestal Water Mass.......................................... 2-34

vii



LIST OF FIGURES (Continued)

Figure Page

2-23 Mass of Water Overflowing Onto Drywell Floor................. 2-36

2-24 Wetwell Pressure Rise vs. Hydrogen Mole Fraction............. 2-38

2-25 Wetwell Temperature Rise vs. Hydrogen Mole Fraction..........2-39

2-26 Containment Depressurization Following Burns................. 2-41

2-27 Containment Steam Mole Fractions During Spray Injection...... 2-42

2-28 Containment Steam Mole Fractions During Spray Injection
with Increased Evaporation Rate........................... 2-43

2-29 HECTR Containment Steam Mole Fractions During Spray
Injection................................................. 2-44

2-30 Containment Pressure vs. Failure Area........................ 2-47

2-31 Energy Release vs. Containment Failure Area.................. 2-48

2-32 Drywell Wall Differential Pressure vs. Containment Failure
Area.......................................................2-49

2- 33 Effect of Suppression Pool Subcooling on Depressurization... 2-51

3- 1 Peach Bottom Schematic....................................... 3-2

3-2 Peach Bottom Nodalization..................................... 3-3

3-3 Station Blackout Drywell Pressure............................ 3-6

3-4 Station Blackout Drywell Atmosphere Temperature.............. 3-7

3-5 Sensitivity of Drywell Pressure to Model Changes............. 3-11

3-6 Sensitivity of Drywell Temperature to Model Changes.......... 3-12

3-7 Drywell Pressure Sensitivity to Breach Area.................. 3-14

3-8 Drywell Temperature Sensitivity to Breach Area............... 3-15

3-9 Drywell Peak Pressure Sensitivity to Breach Area...............3-16

3-10 Drywell Peak Temperature Sensitivity to Breach Area............ 3-17

3-11 Event Timing Sensitivity to Breach Area....................... 3-19

viii



LIST OF FIGURES (Continued)

Figure Page

3-12 Drywell Pressure Sensitivity to RV Gas Temperature............ 3-20

3-13 Drywell Temperature Sensitivity to RV Gas Temperature.........3-21

3-14 Drywell Peak Pressure Sensitivity to RV Gas Temperature.......3-22

3-15 Drywell Peak Temperature Sensitivity to RV Gas Temperature.... 3-23

3-16 Drywell Pressure Sensitivity to Suppression Pool
Temperature................................................3-24

3-17 Drywell Peak Pressure Sensitivity to Pool Temperature.........3-25

3-18 Drywell Peak Temperature Sensitivity to Pool Temperature......3-26

3-19 Drywell Peak Pressure Sensitivity to Bubble Relative
Humidity...................................................3-28

3-20 Drywell Pressure Sensitivity to Suppression Pool Bypass........3-29

3-21 Short Term Drywell Pressure Sensitivity to Core Melt
Models.....................................................3-31

3- 22 Short Term Drywell Temperature Sensitivity to Core Melt
Models.....................................................3-32

4- 1 LaSalle Containment Schematic................................. 4-2

4-2 LaSalle Reactor Building Schematic............................ 4-3

4-3 MELCOR Nodalization for LaSalle Reactor Building..............4-6

4-4 Reactor Building Pressures for 4" Drywell Leak................ 4-7

4-5 Reactor Building Temperatures for 4" Drywell Leak............. 4-8

4-6 Reactor Building Pressures for 7 ft2 Drywell Rupture.......... 4-10

4-7 Reactor Building Temperatures for 7 ft2 Drywell Rupture....... 4-11

4-8 Reactor Building Temperatures for 18" Wetwell Vent Case....... 4-13

4-9 MELCOR Nodalization for LaSalle Integral Calculation........... 4-15

4-10 Comparison of Hydrogen Production from MELCOR Calculations.... 4-19

ix



LIST OF FIGURES (Continued)

Figure Page

4-11 Vessel Structure Temperatures for Station Blackout............. 4-20

4-12 Containment Pressures for Station Blackout.................... 4-21

4- 13 Steam and Carbon Dioxide Generation from Degassing and
Core-Concrete Attack.......................................4-22

5- 1 Schematic of Sequoyah Containment............................ 5-2

x



LIST OF TABLES

Table Page

2-1 Event Sununary for Grand Gulf Station Blackout Calculation..... 2-6

2-2 Fractional Distribution of Radioactive Fission Products....... 2-24

2-3 Grand Gulf Outer Containment Burns............................ 2-37

2- 4 Pressure Relief from Containment Failure...................... 2-52

3- 1 MELCOR Station Blackout Results............................... 3-8

3- 2 Summary of Sensitivity Study Cases............................ 3-10

4- 1 Reactor Building Temperatures................................. 4-9

4-2 Event Summary for LaSalle Station Blackout Calculation........ 4-17

xi/xii





ACKNOWLEDGEMENTS

The authors would like to acknowledge several individuals who contributed 
significantly to this report. Chris Ryder and John Kelly provided 
valuable technical and editorial input through their reviews. F. Eric 
Haskin contributed significantly to the Peach Bottom evaluations. George 
Crane, the Commonwealth Edison Company representative, provided 
information for constructing the LaSalle input decks. We would also like 
to thank Josephine Graf, who prepared the document.

xiii/xiv



EXECUTIVE SUMMARY

Results of calculations performed with MELCOR and HECTR in support of the 
NUREG-1150 study (Ref. 1) are presented in this report. The analyses 
examined a wide range of issues. The analyses included integral 
calculations covering an entire accident sequence, as well as 
calculations that addressed specific issues that could affect several 
accident sequences. The results of the analyses for Grand Gulf, Peach 
Bottom, LaSalle, and Sequoyah are described, and the major conclusions 
are summarized. This report is intended for persons with a general 
familiarity of MELCOR capabilities and severe accident phenomena. 
Additional information on MELCOR capabilities and limitations is 
available in Reference 2.

Grand Gulf

Base Case Integral Calculation

Two integral MELCOR calculations were performed for a station blackout 
scenario at Grand Gulf. The base case was a station blackout with 
nominal leakage between the drywell and outer containment, and no outer- 
containment burns. The results provided information for quantification 
of the Grand Gulf accident progression event tree used in the NUREG-1150 
s tudy.

Suppression Pool Bypass

A variation of the base case calculation was performed in which a large 
outer-containment burn was assumed to occur before vessel breach, 
creating a large hole in the drywell wall. This calculation was 
performed to examine the effects of suppression pool bypass on the 
results calculated before and during vessel breach, particularly the 
effects on suppression pool bypass and containment pressure rise. It was 
found that, even with this large bypass, about 70% of the blowdown from 
the vessel passed through the suppression pool at vessel breach. Also, 
the hole did not significantly affect the size of the pressure rise at 
vessel breach.

Containment Flammability

Additional MELCOR calculations were performed using a simplified deck to 
examine the flammability in various regions of containment. This is a 
large concern at Grand Gulf because the unavailability of igniters during 
station blackout accidents causes these sequences to dominate risk. The 
MELCOR calculations showed that, although the outer containment would 
reach detonable levels, the drywell would be at most marginally flammable 
for most of the station blackout scenarios. The calculations predicted 
that insufficient hydrogen would accumulate in the drywell before vessel 
breach, and that lack of oxygen would prevent burning after vessel
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breach. Outer-containment burns and large holes in the drywell wall did 
not affect these conclusions. The only exception was a case in which a 
vacuum breaker on an SRV tailpipe was postulated to stick open during the 
period of peak in-vessel hydrogen production.

Containment Response to Burns

Numerous calculations were performed to characterize containment response 
to burns initiated over a wide range of containment conditions. Of 
interest were peak outer-containment pressures, peak outer-containment 
temperatures, peak differential pressure across the drywell wall, and the 
rate of containment depressurization after the burn terminated. The 
numerical values are reported in Section 2.5. In addition, bounding 
calculations were performed to determine if containment failure during a 
large burn would provide sufficient pressure relief to prevent the 
additional failure of the drywell wall. The MELCOR results showed that, 
for the large burns necessary to threaten the drywell wall, even a .65 m2 
(7 ft2) hole in the containment wall could not sufficiently mitigate the 
pressure rise in the outer-containment to prevent drywell wall failure.

Steam Inerting

MELCOR and HECTR calculations were performed to examine the effect of 
spray injection into a steam-filled containment. The results indicate 
that when sprays inject water into a containment that is saturated with 
steam by evaporation from a hot suppression pool, significant amounts of 
steam are removed. The calculations predicted that the steam would be 
removed relatively rapidly by the sprays, such that hydrogen burns in the 
outer containment would be likely. This implies that there is a 
potential for igniting hydrogen-rich mixtures in containment following 
power recovery when previous burning had been prevented by the high 
containment steam content.

Suppression Pool Backflow

The potential for pushing water over the weir wall onto the drywell floor 
was investigated. The amount of water on the drywell floor affects the 
likelihood of ex-vessel steam explosions and the amount of scrubbing by 
the overlying water pool during core-concrete attack. It was known from 
previous unpublished analyses and Reference 3 that suppression pool water 
backflow would be likely if a deflagration occurred in the outer 
containment. However, the potential for suppression pool backflow caused 
by hydrogen pressurization alone in the outer containment had not been 
well characterized. The MELCOR results showed that this is a highly 
uncertain phenomenon. It is affected by the rate and integral amount of 
hydrogen released to containment, the amount of leakage through the 
drywell wall, and the rate of concrete degassing in the drywell. It was 
found that varying these parameters within their uncertainty ranges would 
result in backflow in some cases, but no backflow in other equally valid
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cases. A more definitive answer on suppression pool backflow will not be 
possible until the uncertainty in in-vessel hydrogen generation is 
reduced.

Source Terms

The mass and energy releases from containment were estimated for the case 
with containment failure occurring because of a hydrogen burn. The 
results of these calculations provided guidance in quantifying the source 
term for Grand Gulf. The responses for both dry and saturated 
containment atmospheres were characterized and numerical values are 
reported in Section 2.8.

Peach Bottom

An analysis of the Peach Bottom containment response following vessel 
breach was performed using MELCOR. The analysis was performed to examine 
the potential for containment failure at vessel breach from the 
depressurization alone. Loads from direct heating and steam explosions 
were not considered because MELCOR did not contain models for these 
phenomena. Before these calculations were performed, it was not known 
whether or not depressurization alone was sufficient to fail the Peach 
Bottom containment at vessel breach. Long-term and short-term station 
blackout scenarios were examined, and sensitivity studies were performed 
on vent downcomer clearing, containment heat transfer, flashing of 
residual water in the vessel downcomer, vessel break area, in-vessel gas 
temperatures, suppression pool temperature, relative humidity of gas 
bubbles leaving the suppression pool, suppression pool bypass, and in­
vessel hydrogen content. The calculations indicated that containment 
failure at the time of lower head failure is unlikely for accidents at 
Peach Bottom in which direct heating and steam explosions do not 
contribute significantly to the containment response.

LaSalle

Reactor Building Response

The LaSalle reactor building response following wetwell venting or 
drywell failure was examined using MELCOR. The level of steam predicted 
in various regions and the environmental temperatures were provided to a 
NUREG-1150 expert panel for estimating the potential for equipment 
survival under these severe conditions. A relatively-detailed 
nodalization was used for these analyses to capture differences among the 
various regions in the reactor building. The numerical results are 
reported in Section 4.2.

Station Blackout Calculation

Results of an integral, shakedown calculation for a short term station 
blackout are discussed in the report. This calculation used a heavily
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noded deck which was found to give unsatisfactory results. The 
calculated results have mainly been used to provide guidance for 
subsequent analyses for LaSalle and other BWRs, and to identify 
limitations in MELCOR. A large number of modeling insights were gained 
through this calculation, and these are discussed in Section 4.3.

Sequoyah

A very limited analysis was performed to estimate the timing for boiling 
the reactor cavity dry for a case with a coolable debris bed submerged 
under 1125 m3 of water. This estimate was used to provide initial 
conditions for a separate analysis investigating the potential for a 
delayed core-concrete attack and its consequences. MELCOR calculated 
that a long time (39 hours) would be required to boil the water away.

Calculations were also performed using HECTR to estimate the response in 
the ice condenser at vessel breach if a detonation had previously voided 
the ice columns from a region of the ice bed and had created a hole in 
the containment wall. It was found that the amount of flow bypassing the 
ice condenser and escaping to the environment would be relatively low for 
the postulated level of damage.
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1. INTRODUCTION

The MELCOR computer code (Ref. 2) was developed at Sandia National 
Laboratories for the United States Nuclear Regulatory Commission as a 
tool for calculating realistic estimates of severe accident progressions 
and source terms. MELCOR has advanced to a state that it can now treat 
most major aspects of severe accidents. Models are included for in­
vessel and ex-vessel thermal-hydraulics, core degradation and relocation, 
radionuclide release and transport, core-concrete interactions, 
engineered safety features, and gas combustion. MELCOR provides an 
integrated treatment of these phenomena at a level of detail sufficient 
for source term calculations.

MELCOR was previously used to address specific issues for PRAs, but it 
has only recently reached the level of development necessary for its 
acceptance as the primary tool for calculating source terms. Because of 
this, MELCOR was not used to provide the source terms for the dominant 
sequences for NUREG-1150. However, MELCOR was used to help address many 
of the phenomenological questions in the accident progression event trees 
(APETs) and to provide guidance for the expert opinion panels. Often, 
these analyses required modeling capabilities that were only available in 
MELCOR.

The MELCOR analyses examined a range of issues. The analyses included 
integral calculations covering an entire accident sequence, as well as 
calculations that addressed specific issues that could affect several 
accident sequences. Analyses were performed for both the pressurized 
water reactor (PWR) plants and the boiling water reactor (BWR) plants.
The results of the analyses for Grand Gulf, Peach Bottom, LaSalle, and 
Sequoyah are described in Sections 2 through 5, respectively.

Unknown errors undoubtedly exist in MELCOR, which affect the results to 
an unknown extent. However, errors in MELCOR do not preclude its use.
The MELCOR estimated source terms are not used directly in the PRAs, but 
rather, judgment is used to account for known code errors and modeling 
weaknesses, as well as variations in possible plant conditions, and 
alternate accident progressions. If errors are known to exist when a 
calculation is performed, either alternate input is devised to correct 
the error, or the effect of the error on the results is considered when 
developing the actual input to the PRA. While some errors have been 
discovered since completing the MELCOR calculations discussed in this 
report, no errors have been found that would alter the conclusions drawn 
from the calculations.

At the time these calculations were performed, MELCOR did not include an 
ice condenser model. Thus, to address an issue related to ice condenser 
effectiveness, the HECTR computer code was used.

This report is intended for persons with a general familiarity of MELCOR 
capabilities and severe accident phenomena. Additional information on 
MELCOR capabilities and limitations is available in Reference 2.
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2. GRAND GULF ANALYSES

There were a large number of issues for NUREG-1150 concerning containment 
thermal-hydraulics in Grand Gulf that could not be adequately addressed 
with the source term code package (STCP) (Refs. 4,5) because of its 
limited thermal-hydraulic modeling. Most of the issues involved the 
likelihood of forming flammable or detonable mixtures in various regions 
of containment during both the early and late phases of station blackout 
sequences. A second large concern in the NUREG-1150 analyses was the 
likelihood of suppression pool water being forced back over the weir wall 
onto the drywell floor. If this were to occur, it would establish 
conditions for an ex-vessel steam explosion, which could fail the 
containment and lead to higher containment releases. However, the water 
would also provide the potential for beneficial effects by scrubbing 
releases from the molten pool during core-concrete attack, thus 
mitigating the fission product release to the drywell.

Both the containment flammability and drywell flooding issues are 
important for Grand Gulf because they affect the likelihood of breaching 
the drywell wall and forming a direct flow path between the drywell and 
outer containment that would bypass the suppression pool. Unless the 
suppression pool is bypassed, the source terms following containment 
failure are calculated to be relatively low.

Two integral MELCOR calculations were performed to address these issues. 
The calculations modeled the accident progression following core 
uncovering, including radionuclide behavior. In addition, numerous 
calculations were performed to examine sensitivities and specific 
containment issues using a simplified deck that modeled only the 
containment. The results of the Grand Gulf calculations and a brief 
comparison to STCP fission product releases are presented in the 
following sections, following a summary description of the plant 
characteristics that are relevant to the analyses described in this 
report.

2.1 Brief Grand Gulf Description

The pertinent features of the Grand Gulf plant are described in this 
section. The significance of the specific features discussed will become 
obvious as the Grand Gulf issues are addressed in the remainder of 
Section 2.

Grand Gulf is a BWR/6 reactor with a Mark III containment. The 
containment, shown in Figure 2-1, is divided into 2 main regions, the 
drywell and the outer containment. The drywell is a cylindrical region 
that surrounds the reactor pressure vessel (RPV). The outer containment 
surrounds the drywell and is separated from it by the drywell wall. The 
two regions are further isolated by an annular suppression pool which is 
located at the base of containment. The suppression pool is contained 
between the outer containment wall and a shorter wall in the drywell 
called the weir wall. Besides leakage through the drywell wall, the only
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flow path between the two containment regions in a station blackout 
accident is through horizontal vents that are submerged in the 
suppression pool.

The weir wall containing the suppression pool is not high enough to 
prevent backflow of suppression pool water onto the drywell floor when 
the outer containment pressure exceeds the drywell pressure by a large 
enough margin to overcome the water head in the weir annulus. The water 
overflowing onto the drywell floor would then drain into the pedestal 
region beneath the vessel through floor drains.

The RPV vents through safety relief valves (SRVs) into the suppression 
pool. There are vacuum breakers in the piping between the SRVs and the 
suppression pool which open to avoid condensation-induced problems in the 
tailpipes following SRV reclosure. If these vacuum breakers in the SRV 
tailpipes fail to reclose, a portion of the subsequent flow through the 
SRVs would enter the drywell directly, and the remainder would continue 
to be discharged to the suppression pool.

The outer containment can be cooled by a spray system, with injection 
nozzles located in the upper dome. Because this system is ac-powered, it 
would not be available during a station blackout. However, if ac power 
was restored during a station blackout, the sprays would become 
available.

Grand Gulf is equipped with igniters in both the drywell and outer 
containment to provide controlled burning of hydrogen and carbon monoxide 
during accidents. Because of this, threats from containment burning are 
not important for many sequences. However, these igniters are ac- 
powered, so they would not be available during station blackout 
sequences.

2.2 Integral Station Blackout Calculation
Integral calculations were performed for two variations of a short term 
station blackout scenario. In both variations, ac and dc power were 
assumed to have failed, so the vessel could not be depressurized before 
vessel breach. Loss of ac power also prevented igniter operation, upper 
pool dump, and operation of the vacuum breakers in the drywell wall. In 
the base calculation, nominal leakage was modeled between the drywell and 
the outer containment, and containment burns were precluded. In a 
variation of the base calculation, the effect of containment burning was 
examined by initiating a large burn in the outer containment before 
vessel breach. This burn was assumed to create a .093 m2 (1 ft2) bypass 
hole in the drywell wall. The two calculations were performed to:

1. estimate steam and hydrogen release rates that would be used in 
addressing various containment issues,

2. examine the potential for backflow of suppression pool water onto 
the drywell floor when hydrogen is released to the containment 
through the safety relief valves (SRVs),
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3. estimate the flow between the drywell and outer containment 
through the suppression pool relative to the amount flowing 
through drywell leakage paths (both at vessel breach and during 
core-concrete attack), and

4. estimate drywell and outer containment conditions (pressure and 
flammability) throughout the transient to compare with STCP 
results.

The nodalization used for the calculations is shown in Figure 2-2. The 
input deck for MELCOR is a combination of a MELCOR containment-only 
section that will be described in Section 2.3 and a vessel section 
derived from the LaSalle deck which will be described in Section 4.2. 
Because of NUREG-1150 schedule constraints, the core input was generated 
by simply scaling the LaSalle input to Grand Gulf, and simplifying the 
LaSalle vessel nodalization. That is, core masses and powers were 
increased by the ratio of the number of fuel assemblies in Grand Gulf and 
LaSalle. The vessel was represented by six control volumes, the outer 
containment by five, and the drywell by three. The core was collapsed 
from the LaSalle nodalization to four radial rings and 13 axial levels. 
More details of the nodalization are included in Sections 2.3, 4.2, and 
Appendix A.

The results of the base case (without containment burns) will be 
discussed first, followed by a discussion of the differences that were 
predicted for the second case (with containment burns). The in-vessel 
melt progression is described in considerable detail to allow comparison 
with STCP results. Containment results are then described, followed by 
radionuclide results. The conclusions from these calculations regarding 
drywell flammability and drywell flooding are deferred until Sections 2.3 
and 2.4, respectively, because additional containment-only calculations 
were performed to support the analyses of those issues.

2.2.1 In-Vessel Melt Progression
Table 2-1 summarizes the predicted timing of key events, relative to the 
start of core uncovering. The initial phase of the sequence was not 
calculated with MELCOR because code modeling was not sufficient to 
examine the very early phase of the accident at the time this calculation 
was performed. Instead, the calculation was initiated when the water 
level had dropped to the top of active fuel (TAF). The conditions at 
this time were obtained from an existing calculation that had been 
performed with the LTAS code (Ref. 6) to provide timing information for 
the core damage frequency analysis in the NUREG-1150 study.

About 46 minutes after the core uncovered, MELCOR calculated that core 
material began melting and relocating down to lower elevations. Enough 
of this material was predicted to refreeze at the lower core elevations 
to form a complete blockage of the inner ring at about 63 minutes. 
Complete blockages were formed in rings 2 and 3 at 65 and 67 minutes, 
respectively.
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Table 2-1

Event Summary for Grand Gulf Station Blackout Calculations 
(Relative to Core Uncovering)

EVENT (min)

Water Reaches TAF 0

Start Oxidizing Zircaloy 27

Start Melting and Material 
Relocation

46

Complete Blockage of Inner Ring 63

Complete Blockage of Ring 2 65

Complete Blockage of Ring 3 67

Partial Core Plate Failure 
(Ring 3)

108

Partial Core Plate Failure 
(Ring 1)

206

Lower Head Failure 212

Begin Debris Ejection 287

A schematic of the core state just prior to blockage formation in ring 3 
is shown in Figure 2-3. Although the schematic does not show the 
morphology predicted by MELCOR, it does indicate the 
relative location of the core components (fuel, cladding, debris, 
canisters). Each shaded box in the figure indicates that a particular 
core component is present for that radial ring and core level. If a 
particular shaded box is absent from a radial ring / core level, none of 
that component is present at the noted time in the transient. As 
indicated on the figure, a blockage had formed in the second fueled node 
above the core plate for the central two rings. Debris beds existed 
above the blockages which consisted mostly of fuel pellets, with oxidized 
and unoxidized zirconium also present. A small amount of debris had also 
settled down to the core plate for both rings. Debris beds were also 
predicted on the bottom head, but they contained only steel fragments.
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The amount of fuel damage became progressively less for the outer rings. 
In fact, in the outer ring, no fuel relocation had been predicted at this 
time, but zirconium oxidation had begun.

At about 108 minutes, the core plate temperature for ring 3 exceeded the 
temperature that had been specified as the failure criterion. This 
triggered a partial core collapse of that ring, which dumped the core 
debris that had been held up by the core plate into the lower plenum.
The heat transfer from this hot debris rapidly boiled away a large 
fraction of the water residing in the lower plenum. A schematic of the 
core state after this collapse is shown in Figure 2-4. Because of the 
core plate failure, only canister walls and control blades were predicted 
to remain above the core plate in ring 3. The configuration of the inner 
two rings had not changed significantly from the configuration that 
existed when ring 3 initially blocked (shown previously in Figure 2-3), 
but the material temperatures were much higher. In addition, a larger 
amount of the zirconium below the blockage had been oxidized.
Significant melting and relocation had also been predicted for ring 4 at 
108 minutes but only incomplete blockages had been formed.

During the next 100 minutes, the blockage in ring 1 melted, relocated 
downward, then reformed at lower levels. During this process, the fuel 
debris bed that had been held up by the blockage relocated downward such 
that a debris bed was present in the 5 levels immediately above the core 
plate. At about 206 minutes, the core plate reached an assumed failure 
temperature, triggering a partial core collapse for this ring. This 
dumped enough core debris into the lower plenum to rapidly boil away the 
remaining water. With the water gone, the debris quickly heated up the 
lower head, and a lower head penetration failure was predicted to occur 
at about 212 minutes in ring 1. Failure in ring 3 was predicted shortly 
thereafter. A schematic of the core conditions at this time (vessel 
breach) is shown in Figure 2-5. Although there was fuel debris on the 
lower head in rings 1 and 3, the debris was not molten at the time the 
lower head penetration failed, so it was not ejected to the cavity. 
Thereafter, the debris continued to heat up in the lower head, and at 
about 287 minutes it began melting and pouring out onto the pedestal 
floor.

The collapsed water levels for the channel and lower plenum control 
volumes of the RPV are shown in Figure 2-6. Initially, the core boiloff 
rate was relatively rapid, and the core level fell quickly. As the level 
dropped and less of the core was covered, a smaller fraction of the core 
energy was transferred to the water, slowing the rate of level decrease. 
At about 70 minutes, the level crossed from the channel volume to the 
lower plenum. The two sharp level drops at 108 and 206 minutes were 
caused by the partial core plate failures in rings 3 and 1, respectively.

Figure 2-7 shows the in-vessel hydrogen generation for this calculation. 
The figure shows the integral mass of hydrogen generated during the 
transient as well as the fraction of the total zirconium oxidized. A
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relatively high amount of hydrogen generation was calculated and this 
resulted in high containment hydrogen concentrations as will be discussed 
in Section 2.2.2. Most of the hydrogen was generated during about a 60 
minute period, starting at about 40 minutes. Thereafter, the hydrogen 
production continued at a reduced rate until about 360 minutes, at which 
time most of the zirconium had melted out of the vessel.

2.2.2 Early Containment Response

The temperature rise was not very large in either the drywell or outer 
containment before vessel breach, but it was sufficiently large in the 
drywell to initiate concrete degassing by about 85 minutes. The total 
amount of steam released from the drywell structures by degassing is 
shown in Figure 2-8. The steam release after vessel breach was larger 
than the release before vessel breach, but the steam release before 
vessel breach was sufficiently large to affect the potential for backflow 
of suppression pool water onto the drywell floor. This will be discussed 
in Section 2.4.

The containment pressure increases were quite low before vessel breach 
because the suppression pool remained subcooled and was able to condense 
most of the steam released from the RPV. The slight pressurization 
resulted from hydrogen release to containment and from the relocation of 
some of the air in the drywell to the outer containment when concrete 
degassing began. At vessel breach, the remaining air was purged from the 
drywell, causing a rapid, but relatively small pressure increase (about 
35 kPa).

The large amount of in-vessel hydrogen generation resulted in high 
hydrogen concentrations in the outer containment as shown in Figure 2-9. 
These concentrations are well within the detonability range. The 
concentration was highest near the suppression pool where the hydrogen 
was released, and lowest in the dome. Small spikes in hydrogen 
concentration were generally predicted near the suppression pool as the 
SRVs opened, yielding short time periods with slight hydrogen 
concentration gradients in containment. However, the hydrogen rapidly 
mixed after the SRVs cycled closed, yielding a uniform hydrogen mixture 
in the outer containment. The large drop in hydrogen concentrations 
shown in Figure 2-9 for the lower containment levels at about 200 minutes 
occurred because a large steam release to containment, resulting from 
core plate failure and vessel breach, diluted the lower containment 
regions with steam. Hydrogen levels in containment were again well-mixed 
by about 260 minutes.

2.2.3 Late Containment Response

A core-concrete attack proceeded at a relatively low rate because of the 
large amount of in-vessel zirconium oxidation shown in Figure 2-7. With 
a reduced amount of zirconium remaining in the debris, the chemical 
reactions occurring during core-concrete attack were not as aggressive,
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so a smaller amount of gases were predicted than in previous, 
undocumented, MELCOR calculations. As a result, the containment 
pressurized relatively slowly. When the calculation was terminated at 
about 815 min, the containment pressure was only about 285 kPa.

The MELCOR results also provide estimates of containment flammability 
during core-concrete attack. During core-concrete attack, a large amount 
of carbon dioxide can be generated. If sufficient quantities are 
released to the drywell and carried to the outer containment, the outer 
containment could become inerted. This then would eliminate the threat 
from late containment burns. However, the slow containment 
pressurization calculated by MELCOR during core-concrete attack was 
accompanied by a low rate of carbon dioxide generation. Thus, the 
containment remained flammable throughout the calculation, rather than 
becoming inert by carbon dioxide addition.

Figure 2-10 shows the flow rates through the suppression pool and the 
leakage paths in the drywell wall. Early in this calculation, much of 
the suppression pool inventory had been pushed back onto the drywell 
floor. As a result, little pressure differential between drywell and 
outer containment was required to depress the suppression pool level 
below the top row of vents in the weir annulus. This in turn caused 
almost all of the flow to pass through the suppression pool. When the 
core-concrete attack was most active, about 40 times as much flow passed 
through the suppression pool vents as through leaks in the drywell wall, 
and by the end of the calculation, the relative flow through the vents 
had been reduced to about ten times the amount flowing through the 
drywell wall. This result is greatly affected by the suppression pool 
level. According to a previous, undocumented, MELCOR calculation, 
conditions were sufficiently different that none of the suppression pool 
water was pushed over the weir wall onto the drywell floor. In that 
calculation, the relative flow through the drywell leakage path was much 
larger; 7 times as much flow passed through the suppression pool vents as 
through the drywell wall leaks during active core-concrete attack and the 
ratio was reduced to about 2 by the end of that calculation.

2.2.4 Radionuclide Behavior

The masses of Cs, I, and Te released from the fuel while it was in the 
RPV are shown in Figure 2-11. The total mass of CsOH, Te, and Csl 
deposited on in-vessel structures is shown in Figure 2-12. The in-vessel 
retention was predicted to be quite high for all 3 classes, with most of 
the deposition occurring on the separators. Some revaporization was 
predicted for each class, but the in-vessel retention was still quite 
high at the end of the calculation.

The noble gases were predicted to be released early from the fuel and 
rapidly transported to the outer containment. There was little mixing 
between the outer containment and drywell, so most of the gases remained 
in the outer containment throughout the transient as shown in 
Figure 2-13.
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The total mass (radioactive plus non-radioactive) of Sr and Ba released 
during core-concrete attack is shown in Figure 2-14, and the masses of 
Ru, La, and Ce are shown in Figure 2-15. The releases of all of these 
classes are quite low because of the slow rate of core-concrete attack.
In addition, the releases are scrubbed by the overlying water pool in the 
pedestal, causing even smaller releases to the drywell.

The Te release is much higher than predicted by STCP (Refs. 4,5) for 
similar scenarios. This difference results from modeling of core melting 
phenomena. In both MELCOR and STCP, the Te release from the fuel is 
suppressed when the fuel is surrounded by unoxidized zirconium in the 
clad, so early releases of Te are low. However, as the accident 
proceeds, MELCOR melts and relocates the clad, leaving a fuel debris bed 
which can then release Te (because intact cladding is no longer present). 
STCP does not model clad relocation, so STCP predicts a much lower Te 
release than predicted by MELCOR.

As a summary, Table 2-2 lists the radioactive fractions of the fission 
product classes present in the RPV, and in the major containment regions 
both at the time of vessel breach and at the end of the calculation.
Also listed are the radioactive fractions of each class still residing in 
the fuel. The fractions presented in the table are only for the 
radioactive portion of the classes; the fractional distribution of total 
mass for classes with large non-radioactive release during core-concrete 
attack is quite different than the radioactive fractions shown in 
Table 2-2.

After these calculations were performed, it was discovered that large 
errors in mass conservation of aerosols were possible under certain 
conditions because of MELCOR coding errors. However, for the Grand Gulf 
calculations, we found that these errors resulted in a maximum mass 
conservation error of about 5%. In addition, a misunderstanding of code 
input led to a radionuclide inventory which was about 7% lower than the 
desired value. These errors are not expected to have a significant 
effect on the Grand Gulf calculations. The source of error has been 
located and will be corrected in release 1.8.1.

2.2.5 Effect of Early Bum

To examine the effect of an early deflagration in the outer containment 
on the results of the integral station blackout calculation, the base 
calculation was restarted after a large quantity of hydrogen had been 
released to the containment, and the hydrogen was allowed to burn. The 
containment was assumed to survive the burn, but the drywell wall was 
assumed to be damaged (a .093 mz (1 ft2) hole). This calculation was 
performed to determine the fraction of the flow that would bypass the 
suppression pool through such a hole and to investigate the effect of 
leakage through the hole on drywell flammability, outer containment 
conditions, and containment loads at vessel breach. The containment was 
assumed to remain intact to give a bounding case for the amount of 
hydrogen that could enter the drywell for such scenarios. If the 
containment had been assumed to fail, much of the hydrogen would have 
been released to the environment. The results regarding drywell
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Table 2-2

Fractional Distribution of Radioactive 
Fission Products

At Vessel Breach

Class
Fuel in 
Core

Fuel in 
Cavitv RPV

Pedestal
Water
Pool Drvwell

Suppress
Pool

Outer
Cont.

Xe .0154 0. .0044 0. .0224 0. .9580
Cs .0166 0. .8590 .0153 .0004 .0741 .0339
Ba .8590 0. .1290 .0013 0. .0105 0.
Te .0217 0. .9150 .0171 .0002 .0245 .0213
Ru 1. 0. 0. 0. 0. 0. 0.
Mo 1. 0. 0. 0. 0. 0. 0.
Ce 1. 0. 0. 0. 0. 0. 0.
La 1. 0. 0. 0. 0. 0. 0.
U .9980 0. .0018 0. 0. .0002 0.
Cd 1. 0. 0. 0. 0. 0. 0.
Sn .4910 0. .4740 .0040 0. .0310 0.
Csl 0. 0. .8640 .0149 .0006 .0616 .0584

At End of Calculation

Class
Fuel in
Core

Fuel in 
Cavitv RPV

Pedestal
Water
Pool Drvwell

Suppress
Pool

Outer
Cont.

Xe 0. 0. 0. 0. 0. 0. 1.
Cs 0. 0. .8140 .0166 .0115 .1300 .0280
Ba 0. .6860 .1300 .1612 .0008 .0219 .0004
Te 0. .0023 .7460 .0273 .0234 .1772 .0238
Ru 0. 1. 0. 0. 0. 0. 0.
Mo 0. .9900 0. .0094 .0001 .0006 0.
Ce 0. 1. 0. 0. 0. 0. 0.
La 0. .9980 0. .0021 0. .0001 0.
U 0. .9980 .0018 0. 0. .0002 0.
Cd 0. 1. 0. 0. 0. 0. 0.
Sn 0. .4810 .4750 .0046 .0021 .0366 .0007
Csl 0. 0. .5070 .0299 .1001 .3074 .0556
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flammability will be discussed in Section 2.3, and the results for the 
other issues will be discussed in this section.

The amount of flow that bypassed the suppression pool for this case is 
shown in Figure 2-16. During most of the calculation, all of the flow 
bypassed the suppression pool, because there was not sufficient drywell 
pressurization to depress the suppression pool level below the top row of 
vents. However, the vessel blowdown loads were sufficiently large to 
force about 70% of the flow through the suppression pool for about a 
3 minute period following vessel breach.

The pressure in the outer containment is compared to the base case 
pressure in Figure 2-17. The peak pressure during the burn was very high 
(above the predicted failure threshold) because of the large amount of 
hydrogen burned. As seen in Figure 2-17, the additional leakage through 
the drywell wall for the case with a containment burn did not
significantly affect the size of the pressure rise at vessel breach. The
pressure rise was about the same as for the base case because of two 
factors. First, the containment had fewer moles after the burn, since
one mole of hydrogen and 1/2 mole of oxygen combine to give only one mole
of steam. Second, more noncondensibles had been pushed from the drywell 
to the outer containment during the burn cooldown, so the pressurization 
from addition of drywell gases to outer containment gases at vessel 
breach was lower than in the base calculation.

2.3 Drywell Flammability
An important issue in Grand Gulf is hydrogen burning within various 
containment regions because the burning can cause the drywell wall to 
fail, leading to a bypass of the suppression pool. In addition, the 
hydrogen content in the drywell at vessel breach can greatly affect the 
pressurization for scenarios with direct containment heating (Ref. 7).
The results of the integral station blackout calculations (discussed in 
Section 2.2) were combined with additional containment-only calculations 
to examine the potential for forming flammable mixtures in the drywell 
during a station blackout. The effects of drywell leakage area and 
burning in the outer containment on the amount of hydrogen in the drywell 
before vessel breach were examined.

2.3.1 Results of Integral Calculations

The results of the integral MELCOR station blackout calculations support 
previous conclusions from undocumented calculations that were performed 
with the HECTR code (Ref. 8) which indicate that the amount of hydrogen 
flowing from the outer containment to the drywell was small enough to 
yield at most a marginally flammable mixture (4% hydrogen) before vessel 
breach. At vessel breach, the oxygen was predicted to be swept from the 
drywell, leaving an inert steam/hydrogen mixture. Gas generation during 
core-concrete attack kept the drywell pressurized, preventing the oxygen 
from reentering the drywell. Thus the drywell was never more than 
marginally flammable in either the MELCOR or HECTR calculations. The 
drywell concentrations calculated by MELCOR are shown in Figure 2-18.
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The second integral MELCOR calculation (with burns allowed in the outer 
containment) also showed inflammable conditions in the drywell before 
vessel breach. Neither the larger hole created by the burn nor the 
larger flows from containment to drywell during the burns caused a 
flammable mixture to form. The drywell concentrations for this second 
case are shown in Figure 2-19.

2.3.2 Results of Containment-Only Calculations

The containment-only deck described in Appendix A was used to perform 
additional studies of drywell flammability. The model was driven by RPV 
steam and hydrogen releases from the integral MELCOR calculation 
discussed in Section 2.2. The containment deck was modified for these 
calculations to include concrete degassing in the drywell as well as heat 
sources that modeled RPV heat losses and fission product heating of the 
drywell and outer containment atmosphere.

A base case was run to insure the containment-only deck would give 
equivalent results to the integral calculation. Two cases were run to 
examine the effect of containment burning and drywell wall leakage on the 
drywell conditions. In the first case, burns were allowed in the 
containment based on an ignition limit of 10% hydrogen and assuming the 
burns created a large (.093 m2 (1 ft2)) breach of the drywell. The 
second case was similar, but only a single burn was allowed. These two 
variations on ignition timing were examined because the igniters do not 
operate in station blackouts, so a reliable ignition source is not 
available, and ignition is thus random. As expected, the case with 
multiple burns had more depletion of the oxygen in the drywell and 
containment and a lower containment pressure at vessel breach because of 
condensation of the steam produced during the burns. The case with only 
a single burn had drywell conditions similar to those in the base case, 
where there were no burns and nominal drywell wall leakage. In both 
cases, the large drywell wall leakage did not allow enough hydrogen to 
enter the drywell to exceed marginally flammable limits. The drywell 
hydrogen concentrations for these calculations are shown in Figure 2-20.

2.4 Drywell Flooding

Water on the drywell floor creates the conditions for ex-vessel steam 
explosions, the potential for debris coolability, and the potential for 
scrubbing gas and aerosol releases to containment during core-concrete 
attack. Water can be present on the drywell floor if the outer 
containment pressure exceeds the drywell pressure by a large enough 
margin to push the water in the suppression pool over the weir wall and 
onto the drywell floor. In fact, this backflow would begin well before 
the suppression pool level was pushed down below the top row of vents. 
Previous unpublished analyses and Reference 3 have shown that relatively 
small deflagrations in the outer containment would sufficiently 
pressurize the outer containment to cause such a backflow. The potential
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also exists for drywell flooding early in station blackout scena/rios, 
even without burning. Calculations performed to examine this potential 
are discussed in this section.

During a station blackout scenario, the vacuum breakers in the drywell 
wall would be closed at Grand Gulf, so pressurization of the outer 
containment (relative to the drywell) could only be relieved through 
drywell wall leakage or flow through the suppression pool vents. The 
suppression pool water would be pushed over the weir wall before the 
suppression pool level on the wetwell side fell below the vents, so the 
outer containment pressurization would have to be relieved through 
drywell wall leakage to prevent suppression pool backflow. Before vessel 
breach, the drywell and outer containment would each be pressurized, but 
at different rates and by different phenomena. The drywell would be 
pressurized by concrete degassing and vessel heat losses; the outer 
containment would be pressurized by hydrogen addition and pool 
evaporation. The potential for drywell flooding during this time was 
examined using the integral MELCOR station blackout calculation and 
additional containment-only calculations. The containment-only 
calculations were driven by steam and hydrogen releases to the 
suppression pool that had been predicted by STCP (Ref. 4).

2.4.1 Results of Integral Calculations

The integral MELCOR calculations showed that the potential for drywell 
flooding is very sensitive to competing phenomena. The suppression pool 
was always pushed to near the top of the weir wall, but in some cases, 
concrete degassing in the drywell would increase sufficiently to prevent 
water from spilling into the drywell. Figures 2-21 and 2-22 show the 
suppression pool level and the mass of water on the drywell floor for the 
station blackout calculation described in Section 2.2 and for a 
preliminary calculation, in which somewhat less hydrogen generation had 
been predicted. The differences in timing and rate of hydrogen release 
relative to the onset of significant concrete degassing determined 
whether or not overflow occurred.

2.4.2 Results of Analyses Using STCP Releases

Two cases that had previously been analyzed in the NUREG-1150 study using 
the HECTR code (Ref. 8) to examine the potential for drywell flooding 
were re-examined using MELCOR because a coding error in HECTR that was 
discovered after that analysis was completed made the previous 
conclusions questionable. MELCOR calculations were performed using the 
containment-only deck described in Appendix A and were driven by hydrogen 
and steam sources predicted by STCP for the TQUV sequence reported in 
Reference 4. The first case used a .00642 m2 leak area between the 
drywell and outer containment, and the second case used a reduced area of 
.0013 m2 as well as a reduced hydrogen injection rate. The leakage area 
had been varied in the HECTR calculations to bound the potential leakage 
range. Currently, the best estimate of leakage area is .001579 m2.
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MELCOR predicted that water would flow from the suppression pool onto the 
drywell floor for both cases, but that only a small amount would be 
pushed over for the first case. In both cases, the water was only pushed 
over during the peak hydrogen release, and the amount of water pushed 
over the weir wall was found to be very sensitive to modeling 
assumptions. This sensitivity is consistent with the previous 
conclusions from the HECTR calculations. The water masses on the drywell 
floor for the two MELCOR calculations are shown in Figure 2-23.

2.5 Containment Loads from Burns and Subsequent Cooldown

Calculations of containment loads from outer containment hydrogen burns 
were performed to address the possible loadings during a station 
blackout. Since ignition is not predictable in a station blackout, a 
wide range of conditions was examined to estimate the possible loads.
The hydrogen concentration was varied from 5% (near the lower 
flammability limit) to 12% (near detonability and high enough that 
containment failure pressure is exceeded). The steam concentration was 
varied from 50% relative humidity (relatively dry) to 55% on a molar 
basis (steam inerting limit). The flame speed and completeness were 
varied over the ranges observed in experiments at VGES (Ref. 9), FITS 
(Ref. 10), and NTS (Ref. 11).

Experiments at the Quarter Scale Test Facility (Ref. 12) indicated that 
good mixing of hydrogen will occur in the outer containment region. 
Therefore, the 5 volumes used to model the outer containment in the 
MELCOR containment-only deck were collapsed into a single volume, and no 
attempt was made to estimate the effect of stratified mixtures. The 
drywell and suppression pool were retained in the model to account for 
their pressure suppression capability. Leakage between the drywell and 
containment was included, but the vacuum breakers were assumed to be 
closed because the scenario was station blackout where power is 
unavailable to operate the vacuum breakers. All of the containment heat 
sinks from the containment-only deck were included in the model. Both 
containment sprays and upper pool dump were assumed unavailable because 
of the station blackout.

Table 2-3 summarizes the cases run and the resulting loads. The results 
are also presented graphically in Figures 2-24 and 2-25. The results 
characterize the containment response during deflagrations.

A set of MELCOR calculations was also run to estimate the rate of 
containment depressurization during the cooldown from outer containment 
burns. These runs provided estimates for new baseline pressures after 
burn effects subside for the Grand Gulf accident progression event tree. 
Bounding calculations were performed with high hydrogen concentration 
(18% hydrogen and 18 m/s flame speed) and low hydrogen concentration (6% 
hydrogen, 60% complete burn, 5 m/s flame speed). Two sets of 
calculations were done, one set without radiative heat transfer modeled,
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Table 2-3

Grand Gulf Outer Containment Burns

Initial Conditions Maximum after Burn

Flame* % ww WW WW/DW
p T Speed Com- p T DP Pmax/

kPa K XH2 XH20 m/s nlete kPa K kPa Pinit

Low Steam Cases:

101 300 0.05 50% RH 0.5 30 148 451 31 1.46
1.5 40 166 514 44 1.64
6.5 40 171 521 61 1.69

0.06 0.5 30 157 481 35 1.55
1.5 70 213 720 63 2.10
7.5 70 240 748 122 2.37

0.08 1.0 100 270 1033 70 2.66
3.5 100 286 1074 143 2.82
9.0 100 343 1120 220 3.39

0.10 1.0 100 293 1190 80 2.89
4.0 100 319 1253 175 3.15
10.0 100 393 1308 269 3.88

0.12 2.0 100 334 1403 129 3.30
4.5 100 353 1433 230 3.48
11.0 100 439 1490 317 4.33

High Steam Cases:

187 373.6 0.05 0.55 0.5 30 246 515 32 1.32
1.5 40 269 565 44 1.44
6.5 40 276 568 68 1.48

190 374.1 0.08 1.0 100 392 1041 71 2.06
3.5 100 415 1060 159 2.18
9.0 100 501 1090 269 2.63

192 374.4 0.10 1.0 100 420 1183 81 2.18
4.0 100 458 1214 196 2.38
10.0 100 574 1248 340 2.98

194 374.7 0.12 2.0 100 473 1352 143 2.43
4.5 100 501 1367 243 2.58
11.0 100 637 1406 401 3.28

* Burn duration = Burn length / Flame speed. A 25 m burn length was
used in all of these calculations
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and the other set with radiative heat transfer. The containment 
pressures during the tail of the burn for the 4 calculations are plotted 
in Figure 2-26.

2.6 Steam De-Inerting Following Spray Recovery

Following power recovery late in a station blackout sequence, the 
containment may contain a rich hydrogen mixture that avoided burning 
because of a high steam concentration. If containment sprays are 
initiated following power recovery, the steam might condense, leaving a 
flammable mixture with high hydrogen and carbon monoxide content. 
Alternatively, it is possible that the containment would remain at high 
steam concentration even if sprays are activated because of steaming from 
the hot suppression pool. To provide insight into this issue, MELCOR 
calculations were performed.

The MELCOR containment-only deck described in Appendix A was used for 
this analysis. The containment atmosphere was assumed to be at 
saturation corresponding to 55% steam mole fraction, giving an initial 
pressure of about 273 kPa and temperature of 383 K. The suppression pool 
was assumed to be in equilibrium with the atmosphere such that its 
temperature was also 383 K; thus, it was subcooled. A single train of 
sprays was assumed to draw from the suppression pool and pass through the 
heat exchangers. The temperature drop in the heat exchangers was 
estimated using rated conditions from the Grand Gulf FSAR and assuming 
the service water temperature was 305 K (90 F). This gave a spray 
injection temperature of 344 K (160 F). These assumptions give a lower 
bound on the amount of steam condensation from the atmosphere.

Figure 2-27 shows the calculated steam concentrations in the wetwell and 
dome control volumes. Although there is stratification predicted, the 
steam concentrations drop nearly 10% in all of the control volumes in 
about 10 minutes. This supports the contention that spray injection will 
act to de-inert the containment.

The results are affected by the rate of evaporation of suppression pool 
water. Therefore, a sensitivity calculation was run with the evaporation 
rate multiplied by 10. The results, shown in Figure 2-28, still indicate 
relatively rapid steam condensation.

To confirm the findings, the base case was again examined, this time 
using the HECTR code. The pool evaporation model in HECTR is somewhat 
different from MELCOR's, but the steam concentrations predicted by the 
two codes are very similar, giving further support to MELCOR's prediction 
of de-inerting. The HECTR steam concentrations are shown in Figure 2-29.
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2.7 Stuck-Qpen Tailpipe Vacuum Breaker

A flammable mixture might form in the drywell if an SRV tailpipe vacuum 
breaker were to stick open during a transient. The tailpipe vacuum 
breakers open to relieve the vacuum created by condensation of steam in 
the tailpipe after the SRVs cycle. If a vacuum breaker sticks open 
during this process, some of the hydrogen being vented from the vessel 
will be discharged directly into the drywell. This can then create the 
potential for high drywell hydrogen concentrations.

To determine the conditions in the drywell with a stuck-open tailpipe 
vacuum breaker, MELCOR calculations were performed using the containment- 
only deck and the RPV steam and hydrogen releases calculated for the TQUV 
sequence in Reference 4. The MELCOR calculations examined the drywell 
response when the vacuum breakers were assumed to stick open at three 
different times during the accident: 1) at the beginning of the 
transient, 2) when hydrogen release from the vessel began, and 3) near 
the peak hydrogen release rate. MELCOR indicated that the drywell would 
quickly become steam inerted for Cases 1 and 2. For Case 3, the drywell 
was predicted to be flammable for about 20 minutes before becoming steam 
inert.

A fourth calculation was run to examine the effect of burning during the 
time that the drywell atmosphere was flammable in Case 3. Since the 
hydrogen would be entering containment at a high temperature, it would 
likely burn continuously as a jet anchored to the vacuum breaker, rather 
than accumulating and then burning as a deflagration. To model jet 
burning, a case was run with the vacuum breaker assumed to stick open 
near the time that the hydrogen release rate peaked (same time as 
Case 3), and MELCOR input parameters were chosen such that the hydrogen 
was effectively allowed to burn continuously as it entered the drywell. 
The hydrogen began burning immediately after the vacuum breaker stuck 
open. However, the oxygen was depleted about 8 minutes later, and the 
burning ceased. The drywell pressure and temperature increases were both 
relatively low. The peak drywell gas temperature during this burning was 
only about 470 K. Although local temperatures near the flame would be 
much higher, there does not appear to be a global drywell threat to 
equipment from such burning. The peak outer containment pressure was 
actually less with drywell burning than without burning. This occurred 
because the greatest outer containment pressure rise for both cases was 
caused by hydrogen pressurization, so burning the hydrogen in the drywell 
and allowing the resultant steam to condense in the suppression pool 
yielded a lower pressure rise.

2.8 Containment Response and Release Rates Following Containment Failure

Mass and energy releases from containment following containment failure 
caused by a hydrogen burn were predicted. This information was needed to 
guide input for the Grand Gulf consequence calculations. The Grand Gulf
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containment-only deck was used for this analysis, using steam and 
hydrogen sources calculated for the short term blackout discussed in 
Section 2.2. Calculations were performed for three break sizes: .0093, 
.093, and .65 m2 (.1, 1, and 7 ft2). For each calculation, the 
containment was assumed to fail during a burn that initiated when the 
dome reached 12% hydrogen. The results provide timing information for 
consequence calculations and information on peak differential pressures 
across the drywell wall during a containment burn.

The containment pressure for the 3 break sizes is shown in Figure 2-30. 
The integral energy release, relative to the energy at ambient 
conditions, is shown in Figure 2-31 and the peak differential pressure 
across the drywell is shown in Figure 2-32. The results predict a 
differential pressure that is below the failure value for all of the 
cases that were considered. However, higher drywell wall differential 
pressures would be calculated for burns with higher hydrogen content.

An unexpected result of the calculations was that outside air was drawn 
back into containment as the containment cooled down following the 
completion of the burns (even though hydrogen injection was continuing). 
This occurred for the small hole size as well as the larger sizes. The 
result could be affected by the modeling of burns. It is possible that 
the initial burn in containment would yield enough ignition sources that 
subsequent burns would occur more frequently and at a lower hydrogen 
concentration than the initial burn. This could result in a continuous 
outflow of gases instead of the periodic outflow/inflow calculated for 
the multiple deflagration cases. To examine this possibility, two 
additional calculations were performed. In these, a single large burn 
was modeled to fail the containment, then the hydrogen ignition limit was 
reset to a very low value to approximate "continuous burning." The 
pressurization from the continuous burning was not large enough to 
prevent the inflow for the large break size. For the small break size, 
continuous burning resulted in sustained outflow from the containment 
until the oxygen in containment was consumed. Thereafter, the 
containment cooled down and outside air was drawn back into containment.

This phenomenon probably does not pose any additional threat to 
containment. It mainly affects the amount of oxygen available for 
burning, and could delay containment inerting. It could also allow 
burning of additional hydrogen after the original oxygen content is 
depleted, but this would probably occur at a relatively slow rate as an 
"inverted diffusion flame". Since containment surfaces would be hot from 
previous burns, oxygen would probably not be able to accumulate to levels 
that would support detonations, because it would be burning as it entered 
containment.

During the consequence analyses performed for the NUREG-1150 study it was 
noted that the depressurization times predicted by MELCOR were 
significantly shorter than those predicted by STCP (Ref. 5) for a long­
term station blackout for the same containment break size (2 vs 10 min).
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It was felt that this difference was caused by the different suppression 
pool conditions (subcooled vs saturated), and to confirm this, an 
additional MELCOR calculation was performed with a saturated pool. The 
containment took much longer to depressurize for this case as shown in 
Figure 2-33.

2.9 Pressure Relief During Burn in Failed Containment
In the Grand Gulf accident progression analysis for the NUREG-1150 work, 
it was assumed that containment failure during a burn would not 
significantly affect the pressure rise resulting from the burn. As a 
result, containment failure did not preclude drywell wall failure for 
burns occurring at high hydrogen concentrations. MELCOR calculations 
were performed to determine if this approximation was reasonable.

Five calculations were performed to estimate the pressure relief that 
would occur through a hole in containment during a hydrogen burn at 18% 
mole fraction. Calculations were performed both with and without 
containment failure modeled, so that the amount of pressure relief from 
flow through the containment hole could be determined. To determine the 
maximum effect of the containment hole, a large (.65 m2 (7 ft2)) hole was 
modeled, and it was opened at the beginning of the burn (rather than 
waiting until the pressure had reached failure levels). The effects of 
radiative heat transfer and burn duration on the results were also 
examined. Most of the calculations were of a relatively long burn 
duration for the particular hydrogen mole fraction being examined.

The cases examined and results of each are summarized in Table 2-4. The 
containment pressurization was not significantly affected by the .65 m2 
(7 ft2) hole for the large burns examined. In fact, including radiative 
heat transfer effects had a larger impact on the results than including 
the containment hole. These results indicate that the assumptions made 
for the Grand Gulf accident progression are reasonable.

2.10 RPV Repressurization Following SRV Closure
In a long-term station blackout with early ADS followed by reclosure of 
the valves after battery depletion, the vessel could repressurize. In 
such a scenario, the vessel would initially be at low pressure, but could 
then be repressurized (after SRV reclosure) to a level that would cause a 
greater containment load at vessel breach. The vessel would repressurize 
because of vaporization of any water remaining in the vessel, heating 
gases by heat transfer from hot structures in the vessel, and from 
zirconium oxidation. If the SRVs were to reclose early in the accident, 
the vessel water inventory would be larger than if the SRVs were to 
reclose late. Thus, early reclosure would give a greater potential for 
repressurizing the vessel. The precise timing of SRV reclosure because 
of battery depletion was not available from the front-end analysis, but 
it appeared unlikely to us that a long enough time would exist to prevent 
the vessel from repressurizing. Thus, rather than performing a detailed

2-50



CONTAINMENT FAILURE STUDIES

550.0-

150.0-

Time After Rupture (min)

■S— 7 ftS Hole, Saturated Pool 
©— 7 fU Hole, Subcooled Pool

Figure 2-33. Effect of Suppression Pool Subcooling 
on Depressurization

2-51



analysis, a bounding calculation was performed to investigate the 
potential for repressurization. In this calculation, only the 
pressurization from vaporizing water in the lower head was considered; 
all other sources of pressurization were neglected.

The results showed that the pressure could be increased from 1.4 to 8 MPa 
if about 30 m3 of liquid water were boiled. This is less than one-third 
of the volume of the lower plenum. If the SRVs were to reclose with at 
least this much water present, the vessel would repressurize from steam 
generation alone. This indicates that power recovery would have to occur 
within a fairly short time, between the times that the lower plenum 
inventory dropped below 30 m3 and vessel breach, to prevent the vessel 
from repressurizing. If the other pressurization mechanisms which had 
been neglected in this estimate were included, the results would indicate 
an even greater likelihood of the vessel being repressurized by the time 
vessel breach occurred.

Table 2-4

Pressure Relief from Containment Failure

Initial Conditions

Drywell Wetwell

Pressure (kPa) 125 125
Temperature (K) 310 310
H2 Mole Fraction 0. .18
Steam Mole Fraction .04 .04

Wetwell
Failure Radiation

Results of Calculations

Burn Peak Wetwell
Duration (s) P Rise CkPa)

Peak Drywell 
Wall DP (kPa)

no no 2 618 561
yes no 2 606 552
no yes 2 590 535
yes yes 2 575 520
no yes .1 649 625
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3. PEACH BOTTOM ANALYSES

In the NUREG-1150 study a spectrum of containment failure mechanisms were 
considered for the Peach Bottom Mark I containment, including over­
pressure following vessel depressurization at vessel breach. Previous 
studies (Refs 13-19) indicated that loads sufficient to fail the Peach 
Bottom Mark I containment could arise for station blackout accidents in 
which the vessel is not depressurized before vessel breach, even without 
considering direct containment heating or steam explosions.

To investigate the response of the containment following vessel 
depressurization and to examine the potential for containment failure 
because of vessel depressurization, the MELCOR computer code was used to 
perform a detailed study of this issue. Both long-term and short-term 
station blackout scenarios were analyzed and a series of sensitivity 
studies was performed to investigate modeling uncertainties.

3.1 Brief Peach Bottom Description

Peach Bottom is a BWR/4 reactor with a Mark I containment. The 
containment, shown in Figure 3-1, consists of 2 main regions, a light- 
bulb-shaped drywell and a torroidal-shaped wetwell. The wetwell region 
contains a suppression pool designed to limit containment pressurization 
by condensing steam from reactor pressure vessel (RPV) releases. The RPV 
is housed in the drywell, but vents to the suppression pool through the 
safety relief valves (SRVs). Releases through RPV breaks enter the 
drywell first, then pass through downcomers into the suppression pool. 
Vacuum breakers allow gas flow from the wetwell to the drywell to relieve 
any pressure differential that may develop.

The Peach Bottom Mark I containment failure is expected to occur in the 
upper portion of the torus shell. This conclusion is based on a Chicago 
Bridge and Iron (CBI) study (Ref. 20). It was estimated that a breach of 
containment is not likely until the internal pressure reaches or exceeds
1.2 MPa (174 psia). The CBI study also estimated that leakage through 
the drywell head seals for Peach Bottom will be initiated at an internal 
pressure of 0.97 MPa (140 psia).

3.2 MELCOR Model Description

The MELCOR nodalization shown in Figure 3-2 was used for the long-term 
and short-term station blackout analyses. The reactor vessel was modeled 
with six control volumes representing the lower plenum, the core fuel rod 
flow channels, the core bypass flow channels, the downcomer annulus, the 
shroud dome, and steam dome. The core and lower plenum were nodalized 
into three radial rings; five axial segments were used in the core region 
and six segments were used in the lower plenum. The containment was 
modeled with three control volumes representing the drywell, the vent 
downcomers, and the wetwell. To perform more economical sensitivity 
studies, the core and radionuclide input were replaced with energy
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Figure 3-2. Peach Bottom Nodalization
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sources to the channel, bypass and lower plenum control volumes that 
matched the energy transferred in the base case. More details on the 
model are provided in Appendix A.

The MELCOR calculations were initialized at the time of uncovering of the 
active fuel (based on the collapsed liquid level) using results of 
calculations that were performed with the BWR-LTAS code (Ref. 5) to 
obtain timing information for the core damage frequency analysis for the 
NUREG-1150 effort. Then, based on the particular scenario being 
investigated, MELCOR calculated the subsequent boil-off and melt 
progression to a point well beyond vessel failure. In the base 
calculations the vessel failure is assumed to be through a penetration 
with a diameter of 0.1 m. It was assumed that the drywell floor was dry 
at the time of vessel failure, and hence there was no ex-vessel fuel 
quenching. Direct heating of the containment by the ejected debris and 
suppression pool bypass were not modeled.

Since the analyses were focused on the containment response following 
vessel depressurization at vessel breach, all cases assumed that the ADS 
had failed. This assumption resulted in the vessel remaining at high 
pressure until vessel failure occurred. The other key assumption in the 
analyses was related to the availability of the dc power which directly 
affects the timing of the accident sequence. For the long-term station 
blackout scenario, the loss of all off-site and on-site ac power leads to 
the loss of all active engineered safety features except the steam 
powered emergency core cooling systems. Loss of dc power because of 
battery depletion at six hours after accident initiation is assumed to 
result in the loss of controls for the turbine-driven Reactor Core 
Isolation Cooling (RCIC) system and a total loss of injection to the 
primary system. In the short-term station blackout scenario, the dc 
power and all injection systems are lost at the beginning of the 
accident.

Both a long-term and short-term station blackout scenario were simulated. 
These two calculations are referred to as the base calculations. To 
investigate areas of uncertainty in the base calculations, sensitivity 
studies were performed, principally for the long-term station blackout 
scenario. The sensitivity studies for the long-term station blackout 
scenario investigated the effects of the following parameters and models:

vent downcomer clearing,

containment heat transfer,

flashing of residual water in the vessel downcomer,

vessel break area,

in-vessel gas temperatures,
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suppression pool temperature,

relative humidity of gas bubbles leaving the suppression pool, 

suppression pool bypass, and 

in-vessel hydrogen content.

For the short-term station blackout case, the sensitivity of the results 
to the core melt progression modeling was investigated by running a case 
with an increased core relocation temperature relative to the base case.

3.3 Results of the Base Calculations
The principal parameters of interest in this study were the peak pressure 
and temperature in the drywell following vessel depressurization. The 
drywell pressure and temperature histories for the station blackout base 
calculations are shown in Figures 3-3 and 3-4, respectively. The peak 
drywell pressure in the short-term station blackout case is 0.59 MPa and 
in the long-term station blackout case it is 0.89 MPa. In both cases 
these values are significantly below the estimated containment failure 
pressure of 1.2 MPa. The peak drywell temperatures are 726 K in the 
short-term station blackout case and 710 K in the long-term station 
blackout case.

Table 3-1 provides additional information regarding the timing of key 
events and the containment response. The MELCOR calculations were 
initiated at the time when the collapsed liquid level reached the top of 
the active fuel, which occurred at 28 minutes in the short-term station 
blackout case and at 470 minutes in the long-term station blackout case. 
The timing of key events in Table 3-1 includes the time at which core 
relocation begins (indicated by the movement of the center uppermost core 
node), the time at which the center of the core plate fails, the time at 
which the lower plenum water dries out (some water still exists in the 
downcomer annulus), and the time at which a penetration in the lower head 
fails causing vessel depressurization. The failure of the reactor vessel 
occurred at 278 minutes for the short-term station blackout case and at 
807 minutes for the long-term station blackout case.

The blowdown gases flowing from the drywell to the wetwell pass through 
the downcomer volume and exit under water in the suppression pool. At 
the time of vessel failure, the water level in the downcomers was nearly 
the same as that in the wetwell. The increased drywell pressure from the 
reactor vessel depressurization pushed the water from the downcomers into 
the wetwell. The blowdown gases then passed through the downcomer and 
exited into the pool. In the long-term scenario the downcomers were 
cleared of water 8 seconds after lower head failure. For this case, the 
peak drywell pressure occurred at 210 seconds, the downcomers started to 
refill with water at 358 seconds, and the reactor vessel depressurization 
was complete at about 700 seconds after vessel head failure.
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In the long-term scenario, a higher peak pressure and a higher pressure 
increase were calculated than in the short-term scenario for two basic 
reasons. First, the drywell pressure was higher at lower head failure 
for the long-term scenario because more steam had been released to the 
containment. Second, the suppression pool temperature was higher and, 
hence, the suppression pool was less effective for condensing steam. The 
suppression pool condensed 2700 kg of steam for the long-term scenario 
compared to 4100 kg for the short-term scenario. An additional 
difference concerned leakages from the RPV. Between the times that the 
long-term and short-term station blackout calculations were performed, it 
was learned that leakage from the pump and control rod drive seals could 
be important. Leakage of about 4 gpm was thus added for the short-term 
station blackout calculation. If this leakage had been included in the 
long-term station blackout calculation, the containment pressures would 
have been slightly higher.

Table 3-1

MELCOR Station Blackout Results

Short-Term Long-Term

Event Timing (minutes)
Core Uncovering 28 470
Core Uncovering to First Relocation 72 108
First Relocation to Core Plate Failure 1 12
Core Plate Failure to Lower Plenum Dryout 147 179
Lower Plenum Dryout to Lower Head Failure 30 38
Lower Head Failure 278 807

Conditions at Lower Head Failure
Volume Averaged In-Vessel
Gas Temperature (K) 1140 1070
Total Hydrogen Produced (kg) 609 569
DW Pressure (MPa) 0.297 0.478
DW Temperature (K) 415 447
Suppression Pool Temperature (K) 352 399

Containment Response to Depressurization
DW Peak Pressure (MPa) 0.594 0.888
DW Pressure Increase (MPa) 0.297 0.410
DW Peak Temperature (K) 726 710
DW Temperature Increase (K) 312 263
S.P. Temperature Increase (K) 0.69 0.59
S.P. Mass Increase (kg) 4100 2700
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In the short-term station blackout scenario, a higher peak temperature 
and a higher temperature increase were calculated than in the long-term 
station blackout scenario. This difference was due to the difference in 
the in-vessel gas temperatures at the time of lower head failure. The 
volume averaged in-vessel gas temperatures at head failure were 1144 K 
and 1073 K for the short-term station blackout and long-term station 
blackout scenarios, respectively.

3.4 Station Blackout Sensitivity Studies

The sensitivity of the station blackout calculations to variations in 
some of the modeling assumptions was investigated. As shown in 
Table 3-2, a variety of geometrical and phenomenological changes were 
examined. Cases 1 through 9 were all performed using the long-term 
station blackout case as the base case. Case 10 used the short-term 
station blackout case as the base case.

3.4.1 Vent Downcomer Model Sensitivity Study

As the drywell pressurizes, the gases in the drywell are forced through 
the vent downcomer into the suppression pool. Since there will be water 
in the vent downcomer, the water must be cleared from it before the gases 
can be relieved into the suppression pool. Hence, modeling of the 
downcomer clearing could have a direct effect on pressure response. In 
many previous MELCOR calculations, the downcomer clearing was not 
modeled, and in some calculations performed with other codes the 
hydrostatic head associated with injecting these gas flows under water 
was not treated.

To investigate the sensitivity of the results to downcomer clearing, a 
calculation was performed in which the vent downcomer was removed. In 
that case, the gases simply flowed into the suppression pool and the 
effects of vent clearing were ignored. Note, however, that the gases 
entered the suppression pool at the correct depth so that the effect of 
the hydrostatic head was properly treated.

As shown in Figure 3-5, realistic modeling of the vent downcomer has the 
effect of increasing the peak pressure from 0.83 to 0.89 MPa (6.6%). The 
peak temperature increased only slightly, as shown in Figure 3-6. With 
the vent downcomer modeled, the flow of gases from the drywell to the 
wetwell was delayed at the time when the flow rate from the vessel was 
highest. The calculated time required to clear the vent downcomers in 
the base case was 8s. In the case without the vent downcomer modeled, 
only 2 s were required to overcome the pool hydrostatic head and begin 
flowing gases through the vents. The mass of steam condensed by the 
suppression pool was 2700 kg when the vent downcomer was modeled and 
3700 kg when it was not modeled.
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Table 3-2

Summary of Sensitivity Study Cases

CASE DESCRIPTION

1. Vent Downcomer Clearing

2. Containment Heat Transfer

3. Flashing of Residual Water 
In the Vessel Downcomer

4. Vessel Break Area

5. In-Vessel Gas Temperatures

6. Suppression Pool Temperature

7. Relative Humidity of Gas Bubbles 
Leaving the Suppression Pool

8. Suppression Pool Bypass

9. In-Vessel Hydrogen Content

10. Core Melt Progression Modeling

Cases with and without the vent 
downcomer modeled.
Cases with and without radiation 
heat transfer and cases with and 
without structures modeled.
Cases with and without flashing 
of the residual water modeled.
Cases with break areas of .005, 
.0079, .01, .02, .05, .10, .25, 
and 1.0 m2.
Cases with gas temperatures of 
-200, -400, 200, 400, and 600 K 
relative to the base case.
Cases with suppression pool 
temperatures of 310, 335, 360,
380, 399, and 410 K.
Cases with bubble relative 
humidities of 0., .25, .5, .75, 
and 1.
Case in which suppression pool 
bypass occurred.
Cases with in-vessel hydrogen 
content of 0 and twice the base 
case value.
Case with an increased core 
relocation temperature relative to 
the base case.

3.4.2 Containment Heat Transfer Sensitivity Studies

The effect of containment heat transfer on the containment response 
during a high pressure reactor vessel depressurization is an area of 
uncertainty in the base calculation. While a complete assessment of the 
influence of heat transfer is not practical, its influence was examined 
in part through two sensitivity study cases. In the first case the 
containment radiative heat transfer input was removed and in the second 
case the containment heat structure input was entirely removed.
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The results from these cases are also shown in Figures 3-5 and 3-6. 
Radiative heat transfer modeling reduced the peak pressure spike by 0.03 
MPa (6.7%) and reduced the peak temperature spike by 51 K. These changes 
are significant and show that the radiative heat transfer within the 
containment should be included in severe accident calculations.

In the calculation in which the heat structures were not modeled, the 
containment response was markedly different from any of the other cases, 
as shown in Figures 3-5 and 3-6. This comparison clearly demonstrates 
the importance of heat transfer to both the peak pressure and long-term 
pressure response.

3.4.3 Flashing of Residual Downcomer Water Sensitivity Study

The effect of water remaining in the reactor vessel downcomer annulus 
flashing to steam was examined by removing that water and the volume 
occupied by that water from the base case at the time of lower head 
failure. Many previous calculations (Refs. 4, 5) lacked the models to 
calculate heat transfer to the water trapped in the downcomer annulus. 
Hence, the water remained subcooled and did not contribute to the 
depressurization. The removal of this water reduced the peak pressure 
spike by 0.044 MPa (5%) and the peak temperature spike by 9 K as shown in 
Figures 3-5 and 3-6.

3.4.4 Lower Head Break Area Sensitivity Study

The sensitivity of the pressure response following a high pressure 
blowdown to the break area in the lower head was investigated by 
performing calculations with break areas of 0.005, 0.0079, 0.01, 0.02, 
0.05, 0.10, 0.25, and 1.0 m2. The base case used an area of 0.0079 m2, 
which corresponds to an effective hole diameter of 0.1 m. The drywell 
pressures and temperatures for these calculations are shown in 
Figures 3-7 and 3-8. The peak pressures and peak temperatures are shown 
as a function of the break area in Figures 3-9 and 3-10.

The peak pressure increased with the break area up to break areas of 
approximately 0.1 m2. For break areas larger than this value, the peak 
pressure was nearly independent of break size. For the case with an area 
of 1 m2, the peak pressure occurred before the vent downcomers cleared of 
water and increased the peak pressure about 10% over that of the base 
case. The highest peak pressure calculated for this sensitivity study 
was 0.98 MPa for the 1.0 m2 case.

The peak temperatures increase with area up to about 755 K at an area of 
0.1 m2 can then decrease slightly. The highest peak temperature was 
about 45 K higher than the base case. This occurred because more heat 
can be transferred to the containment heat structures for the smaller 
break areas during the longer depressurization times. For the largest 
break areas, the peak temperature decreases sightly because of reduced 
time for fluid heating in the vessel until the time of peak temperature. 
The long-term temperature is an increasing function of break size.
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The sensitivity of the timing of key events during the depressurization 
to the break area is shown in Figure 3-11. In this figure, the vent 
clearing time, the time of peak pressure, the vent closure time, and the 
approximate end time of reactor vessel depressurization are shown as a 
function break area. The vent downcomers reflooded with water after the 
peak pressures are reached, but before the end of the depressurization.

3.4.5 Reactor Vessel Gas Temperature Sensitivity Study

A sensitivity study was performed in which the volume averaged in-vessel 
gas temperature at the time of vessel head failure was decreased by 200 K 
and 400 K and increased by 200 K, 400 K, and 600 K relative to the base 
case values. The drywell pressure and temperature for these calculations 
are compared in Figures 3-12 and 3-13. The peak pressures and 
temperatures are shown as a function of the change in the in-vessel gas 
temperature in Figures 3-14 and 3-15. The peak pressures and temperatures 
for a study using the 1.0 m2 break area are also shown.

The peak pressures were not strongly dependent upon the in-vessel gas 
temperature. In these cases, the reactor vessel pressure at lower head 
failure was a constant. This means that the mass of gases in-vessel 
decreased as the in-vessel gas temperatures were increased. The smaller 
mass counteracted the higher in-vessel gas temperature so that the 
drywell peak pressures remained relatively constant.

The peak drywell temperatures on the other hand were strongly dependent 
upon the in-vessel gas temperatures as shown in Figure 3-15. The large 
break cases showed a stronger dependence than did the small break cases. 
The slope of the curves at the base case value (0 K change in RPV gas 
temperature) varies between 0.3 and 0.4 K-Drywell/K-In-Vessel for the 
small and large break cases.

3.4.6 Suppression Pool Temperature Sensitivity Study

The capability of the suppression pool to condense steam, and hence, 
suppress containment pressure is dependent upon the temperature of the 
pool. The temperature of the suppression pool at the time of lower head 
failure was varied to determine the sensitivity of the containment 
response to this temperature. The pool temperature in the base case was 
399 K at the time of lower head failure. In the sensitivity study, it 
was varied from 310 to 410 K where it was approaching the saturation 
temperature.

The drywell pressures for these cases are shown in Figure 3-16. The peak 
drywell pressures and temperatures are shown as a function of the 
suppression pool temperature in Figures 3-17 and 3-18. The sensitivities 
of the drywell peak pressure and peak temperature to the suppression pool 
temperature at the base case suppression pool temperature are 3690 Pa/K 
and 0.42 K/K, respectively. Variations in the suppression pool 
temperature could be important in calculations where the pressure is 
close to the containment failure pressure.
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3.4.7 Bubble Relative Humidity Sensitivity Study

The MELCOR model for the interactions of bubbles rising in a pool allows 
the user to specify the relative humidity of vapor within the bubbles as 
the bubbles leave the pool. This parameter directly affects the amount 
of steam condensed by the pool. Since the gases are being cooled by the 
pool and steam is condensing, the actual humidity would be expected to be 
near saturation. Consequently, the MELCOR default value for the relative 
humidity is 99%. In many previous calculations with other codes (e.g., 
Refs. 4, 5), it was assumed that the steam within the bubbles was 
completely condensed and only dry noncondensible gases would be added to 
the wetwell atmosphere. Hence, in view of the importance of this 
parameter, the sensitivity of the containment response to variations in 
the bubble relative humidity was investigated.

The peak drywell pressures are shown as a function of the relative 
humidity in Figure 3-19. The base case used a relative humidity of 99% 
and a suppression pool temperature of 399 K. The relative humidity was 
varied from 0 to 99%. The assumption that the steam was completely 
condensed (0% relative humidity) resulted in a lower prediction of the 
peak pressure by 6.4% The peak temperature was relatively insensitive to 
the humidity.

The sensitivity of the containment response was also investigated at a 
lower suppression pool temperature of 310 K. As expected, the 
sensitivity to the relative humidity was much less significant for the 
colder pool temperature because the colder pool was more effective in 
condensing steam, giving lower pressure rises even with a higher relative 
humidity. The peak pressure change was only 0.5%.

3.4.8 Suppression Pool Bypass Sensitivity Study

The effectiveness of the suppression pool in reducing the pressure spike 
at vessel failure was investigated by using an option in MELCOR that 
prevents any interaction between the bubbles and the pool, effectively 
resulting in a complete bypass of the pool. The base case with a break 
area of 0.0079 m2 and the case with a 1.0 m2 break area were studied.

The peak drywell pressure for the 0.0079 m2 break area calculation 
increased 14% from 0.89 to 1.02 MPa. The peak pressure for the 
calculation with the 1.0m2 area increased 20% from 0.98 to 1.18 MPa.
The 1.0 m2 break area pressures are compared in Figure 3-20. If a 
partial bypass were to occur, the result should be bounded by these two 
calculations.

3.4.9 In-Vessel Hydrogen Content Sensitivity Study

The effect of the in-vessel hydrogen content on the reactor vessel 
depressurization and containment response was studied using a calculation 
with no in-vessel hydrogen and one with 22 kg, which is double the base
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calculation hydrogen. The peak pressures of the zero and double hydrogen 
cases differed by only 2810 Pa and the peak temperatures by only 0.07 K. 
The hydrogen content had very little effect. At the time of lower head 
failure, the base calculation had predicted 569 kg, but only 11 kg of 
this remained in the vessel because the hydrogen was generated much 
earlier than the time of vessel failure.

3.4.10 Melt Progression Sensitivity Study

The containment response is very dependent upon the core oxidation, 
melting, and relocation processes. These processes determine the amount 
of hydrogen produced, the in-vessel gas temperatures, and the conditions 
within the containment before lower head failure. Currently there are 
significant uncertainties in the core melt progression processes. Since 
the models are complex and not easily changed by means of user input, an 
exhaustive sensitivity study is not practical at this time. Only a 
limited sensitivity study was performed for the short-term station 
blackout scenario.

The sensitivity calculation differed from the base short-term station 
blackout calculation in that the melting temperature for the zircaloy 
cladding and structures was increased from the default value of 2098 K to 
2700 K. (The zircaloy equation of state was adjusted accordingly.) These 
changes effectively maintained the core in intact geometry for a longer 
period of time and thereby increased the quantity of hydrogen produced.

The drywell pressure and temperature for this calculation are compared to 
those of the base calculation in Figures 3-21 and 3-22. The hydrogen 
produced in this calculation was 1092 kg compared to the base calculation 
of 609 kg which increased the containment pressure at lower head failure 
from 0.30 to 0.41 MPa. The peak pressure was 0.75 MPa compared to 0.59 
MPa for the base calculation.
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4. LaSALLE ANALYSES

The thermal environment in the LaSalle reactor building resulting from 
steam blowdown from the containment was determined to assess the 
likelihood of equipment surviving during venting or following containment 
failure. In addition, scoping calculations of a station blackout 
scenario were performed to provide guidance for future LaSalle 
calculations and for other modeling.

4.1 Brief LaSalle Description

LaSalle is a BWR/4 reactor with a Mark II containment. The LaSalle 
containment, shown in Figure 4-1, consists of a drywell region 
surrounding the RPV and a wetwell region that is directly below the 
drywell. The wetwell region contains a suppression pool designed to 
limit containment pressurization by condensing steam from RPV releases. 
RPV releases that pass through the SRVs exhaust directly to the 
suppression pool. Releases through RPV breaks enter the drywell first, 
then pass through vertical downcomers in the drywell floor, and finally 
exhaust into the suppression pool. Vacuum breakers allow gas flow from 
the wetwell to the drywell to relieve any pressure differential that may 
develop.

The pedestal geometries for the existing Mark II containments are all 
quite different and these differences can have a significant impact on 
the accident progression after vessel breach. All of the Mark II 
containments have an upper pedestal region in the drywell that is 
separated from a lower pedestal region in the wetwell by the drywell 
floor. In the LaSalle plant, there are drain lines in the floor of the 
upper pedestal that pass through the lower pedestal to carry water 
collected in sumps in the upper pedestal during normal operation out of 
containment for reprocessing. As will be discussed in Section 4.3, these 
drain lines are an important consideration for the accident progression 
analysis at LaSalle because they allow molten debris to be relocated from 
the upper pedestal to the lower pedestal shortly after the debris is 
ejected onto the drywell pedestal floor.

A schematic of the LaSalle reactor building and associated regions is 
shown in Figure 4-2. The upper levels of the reactor building are 
relatively open, but the lower levels are divided into smaller rooms.
The two basement levels of the reactor building house most of the safety- 
related equipment. Each basement level consists of an annular raceway 
region surrounding the wetwell and four corner rooms separated from the 
raceway by normally-closed doors and smaller openings. One of the corner 
rooms houses the high pressure core spray (HPCS) and control rod drive 
(CRD) systems, a second corner room houses the low pressure core spray 
(LPCS) and reactor core isolation cooling (RCIC) systems, and the 
remaining two rooms house the low pressure coolant injection (LPCI) 
system. HVAC systems are provided for all four corner rooms.
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Figure 4-2. 
LaSalle Reactor Building Schematic
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The raceway vents to a steam tunnel through check valves on the upper 
basement level. The steam tunnel extends up the full height of the 
auxiliary building and exhausts to the environment through a blowout 
panel located on top of the auxiliary building roof.

The two LPCI corner basement rooms are separated from the upper reactor 
building levels by doors, while the other two corner rooms have open 
stairwells up to the ground level floor. The raceway is only connected 
to the upper levels through relatively small openings, and as mentioned 
previously, the corner rooms and raceway are connected by normally-closed 
doors and small openings. If all of these doors remained intact during a 
blowdown to the reactor building, the basement rooms would be fairly well 
isolated from the upper regions, with some flow entering the dead-ended 
corner rooms with open stairwells. If enough doors open to allow 
circulation through a corner room, to the raceway, and out to the steam 
tunnel, a much more severe environment could occur in that region.

The upper levels of the reactor building are fairly open, with the 
exception of various dead-ended rooms at each level. Most of the flow 
between the levels occurs through stairways and equipment hatches located 
at two opposite corners of the reactor building.

The reactor building is separated from the refueling floor above it by a 
covered equipment hatch and a normally-closed door. The reactor building 
connects to the reactor building of the second unit at LaSalle through 
normally-closed doors at almost all of the upper reactor building levels. 
The refueling floor extends across both reactor buildings.

The LaSalle containment can be vented through either 2 inch or 18 inch 
diameter lines from either the drywell or wetwell. However, only the 
18 inch lines are sufficiently large to relieve containment 
pressurization in scenarios with loss of containment heat removal. The 
18 inch lines from the drywell and wetwell combine into a single 18 inch 
diameter line which then exhausts into the standby gas treatment system 
(SGTS). However, connections between the venting system piping and SGTS 
fan would not be expected to withstand this venting load, so the vented 
flow would be discharged into the upper region of the reactor building.

4.2 Steam Flooding of Reactor Building

Steam flooding of the reactor building is of concern in several types of 
sequences that have been identified for LaSalle. In some of the accident 
progressions, core cooling is initially available but containment heat 
removal has failed. For these scenarios, the containment pressurizes 
because of decay heat until either the operator vents the containment (at 
515 kPa (75 psia)) or the containment fails from over-pressure (currently 
predicted at about 1450 kPa (210 psia)). Because of the weaknesses in 
the venting system discussed in Section 4.1, vented steam would be 
released into the top floor of the reactor building, just under the 
refueling floor. Containment failure in the wetwell or drywell would
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also release steam to any of a number of locations in the reactor 
building. Because many of the components of the core cooling systems are 
located in the lower levels of the reactor building, the systems might 
fail because of the severe environments, and core damage ensue.

A detailed MELCOR model was constructed for the reactor building for 
analyzing the thermal-hydraulic conditions during steam blowdown. A 
description of the model is included in Appendix A and the nodalization 
is shown in Figure 4-3. Sufficiently-detailed nodalization was used to 
capture the characteristics of the building that will determine the flow 
patterns for areas where important equipment is located. Also, adequate 
representation of doors and blowout panels was necessary because the flow 
patterns can be greatly affected if normally-closed flow paths are opened 
during the transient. Slight differences in opening pressure 
differentials will determine the exact configuration of flow paths for 
the various scenarios analyzed.

Venting containment through a .46 m (18") line from the wetwell to the 
top of the reactor building and through 2 sizes of drywell breaks 
(.10 m (4") diameter and .65 m2 (7 ft2)) were studied. Modeling 
sensitivities were studied with four variations of the venting 
calculation: (1) with 5 times the nominal equipment mass, (2) with twice 
the rated heat removal rate for the room coolers, (3) with the vent area 
reduced to half its base value, and (4) with a blowout panel modeled from 
the refueling floor to the environment.

The reactor building pressure for the .10 m (4") drywell break is shown 
in Figure 4-4. The early pressurization opened one of the doors to 
Unit 1 and the door to the refueling floor, but the blowdown was not 
large enough to open paths to the environment by either failing the walls 
of the refueling floor or opening the blowout panel at the top of the 
steam tunnel. The pressurization was relieved through leakage paths, the 
SGTS, and condensation on structures. Since the flow was not being 
forced through the steam tunnel, little steam was drawn down into the 
EGGS rooms in the basement. The reactor building heatup was relatively 
gradual as shown by the temperatures plotted in Figure 4-5 and listed in 
Table 4-1.

Because of the larger blowdown, the pressurization was much more severe 
for the .65 m2 (7 ft2) drywell break than for the 0.10 m break, as shown 
in Figure 4-6. All doors and blowout panels were forced open except for 
three of the doors between the raceway and corner rooms in the basement. 
With the refueling floor failed, most of the blowdown was carried upward 
through the reactor building rather than being pushed down through the 
basement and out through the steam tunnel. However, there was sufficient 
flow down into the basement rooms to cause considerable heatup as shown 
in Figure 4-7 and Table 4-1.

For the .46 m (18") wetwell vent case, the steam entered near the top of 
the reactor building at the failure point in the SGTS. Since the release
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Table 4-1

Reactor Building Temperatures

Base Cases Temperatures (K)

.10i m (4 ") . 46 m (18") .65 m2 (7 ft2)
Leak Vent Rupture

Control
Volume Peak Average Peak Average Peak Average

301 309 309 310 305 320 305
302 309 305 390 390 415 415
303 320 315 375 380 355 345
304 330 325 395 390 380 375
305 309 309 315 308 325 308
306 313 310 390 390 420 420
307 305 297 400 390 373 373
308 365 365 415 390 430 415
309 405 400 420 390 430 415
310 365 365 395 390 430 415
311 395 390 390 390 430 415
313 435 420 410 395 435 410
317 420 415 410 395 435 410
321 400 390 410 395 410 410
324 345 340 415 395 410 410
325 390 390 420 395 400 400
331 305 299 390 390 420 420

Sensitivity Cases Temperatures (K)

5 * 2 * Rated Fan .5 * Vent Refuel Floor
Steel Mass Cooler Q Area Blowout

Control
Volume Peak Avg Peak Avg Peak Avg Peak Avg

301 310 305 310 305 310 305 310 305
302 390 390 390 390 385 385 385 385
303 375 375 370 370 355 355 370 370
304 395 395 380 380 375 375 390 390
305 310 310 310 300 310 310 310 310
306 385 385 380 380 380 380 360 360
307 400 395 390 385 310 300 310 300
308 420 390 415 395 350 350 395 395
309 420 390 420 395 390 390 410 395
310 390 390 395 395 380 380 375 375
311 385 385 385 385 380 380 365 365
313 415 395 415 400 400 400 405 400
317 410 395 410 400 415 400 400 400
321 410 395 410 400 415 400 400 400
324 420 395 415 400 415 400 415 400
325 425 395 420 400 425 400 420 400
331 385 385 385 385 310 300 310 300
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point was higher than in the cases with drywell breaks, the potential 
existed for a less severe environment in the lower reactor building 
levels which house most of the safety-related equipment. The 
pressurization from the blowdown opened three of the upper doors to 
Unit 1, the door to the refueling floor, and the steam tunnel blowout 
panel, but the walls of the refueling floor were not predicted to fail. 
Thus, the majority of the steam was drawn down through the basement, then 
into the steam tunnel before exhausting to the environment. As a result 
relatively high temperatures were predicted in the basement rooms, as 
shown in Figure 4-8 and Table 4-1, even though the steam release point 
was high in the reactor building.

Only minor differences from the base case results were calculated for two 
variations of the .46 m (18") vent case. A variation with increased 
steel surface area was virtually identical to the base case, with 
pressures and temperatures being only slightly reduced. Using twice the 
rated heat removal for the room coolers also had negligible effect on the 
pressures and on the temperatures in all rooms except those directly 
connected to the room coolers. As seen in Table 4-1, the peak and 
average temperatures in those rooms were reduced on the order of 5-10 K.

For the case using half the blowdown rate, the peak pressure was reduced 
by about 5 kPa (3/4 psig) at the top of the reactor building and 
decreased back to atmospheric pressure at about twice the rate of the 
base case. The smaller blowdown caused a much slower heatup of most of 
the reactor building, but by the end of the calculation, the temperatures 
were approaching the same level as in the base case. The largest 
differences were seen in the LPCI room response. With the lower blowdown 
rate, the doors to this room did not blow open, giving a more restricted 
path for steam flow into the room. Therefore, the temperatures remained 
nominal in the room.

In another sensitivity case, the blowout panel from the refueling floor 
to the environment opened almost immediately. This additional opening 
relieved the pressure more quickly than in the base case, resulting in 
about a 5 kPa (3/4 psig) reduction in peak pressure and a more rapid 
return to atmospheric pressure. About 2/3 of the steam went out through 
the refueling floor level, reducing the amount of steam being drawn down 
to lower levels and out the steam tunnel. Therefore, the response in the 
lower portions of the building resembled the response for the case with 
reduced vent flow area. However, the venting of steam through the 
refueling floor opening resulted in a change in the flow patterns such 
that flow was mainly directed down through the equipment hatch with less 
circulation around each level. This can be observed by examining the 
room temperatures in Table 4-1.

For all of the cases examined, the upper regions of the reactor building 
were relatively well-mixed. For the .10 m (4") drywell leak case, the 
blowout panel in the steam tunnel did not open, so the basement rooms 
were buffered from the blowdown and remained relatively cool. For the
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.46 m (18") vent case, the steam tunnel blowout panel opened, but the 
walls of the refueling floor did not fail. As a result, steam was drawn 
down into the basement rooms, giving higher temperatures. For the .65 m2 
(7 ft2) rupture case, the steam tunnel blowout panel was opened and the 
walls of the refueling floor failed. Although this allowed some of the 
steam to flow up through the reactor building, a substantial amount was 
still drawn down into the basement rooms, resulting in relatively high 
temperatures. Sensitivity calculations for the .46 m (18") vent case 
showed that heat transfer uncertainties were much less significant than 
uncertainties regarding possible flow path configurations.

4.3 Preliminary Station Blackout Analysis

A station blackout calculation was performed to give preliminary 
estimates of the core melt progression and to examine various modeling 
options. The model used for the calculation and the modeling insights 
gained from it are discussed in this section. A detailed description of 
the deck is included in Appendix A; a brief description is given here.

4.3.1 Nodalization

The nodalization for the LaSalle station blackout calculation is shown in 
Figure 4-9. The RPV was modeled in detail for both the core and thermal- 
hydraulic calculations to represent axial and radial variations within 
the core region that were expected to significantly affect core heat 
transfer, blockage, and oxidation. The core region was divided into 
twelve control volumes, consisting of six channel and six bypass volumes. 
Four additional control volumes were used to model the rest of the RPV. 
The core itself was modeled by six radial rings and thirteen axial 
levels. Fine axial divisions were used near the core plate for modeling 
core inlet blockage and core plate response. Separate nodes were used 
for the non-fueled regions above and below the active fuel region.

The containment was modeled using 5 control volumes: drywell, upper 
pedestal, lower pedestal, downcomers, and wetwell. The reactor building 
model used for the calculations discussed in Section 4.2 was collapsed 
down because the results of those calculations showed that the upper 
regions of the reactor building were well-mixed, justifying a simpler 
nodalization. Six volumes were used: Unit 2 upper reactor building,
Unit 2 basement rooms, Unit 2 steam tunnel, Unit 1 reactor building,
Unit 1 steam tunnel, and refueling floor.

The modeling related to core-concrete attack was quite different from 
previous analyses performed for other plants because of the unusual 
geometry at LaSalle. For this plant, the core debris would initially 
fall onto the drywell pedestal floor following vessel breach. However, 
the molten debris could flow into the sump drain lines, and shortly 
thereafter the melt could fail the lines, flowing out onto the wetwell 
pedestal floor. This would move the location of the core-concrete attack
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and would open a direct path between the drywell and wetwell. Because of 
the short time expected before failure of the drain lines (20 minutes or 
less), the initial core-concrete attack in the drywell pedestal was 
neglected and the corium was moved directly into the wetwell pedestal 
cavity. Flow path input was selected to direct the gases generated by 
core-concrete attack to the drywell during this period, however. The 
area of the flow path between the lower and upper pedestals was set to 
the full cross-sectional area and the area of the flow path between the 
lower pedestal and the wetwell was set to 0. At 20 minutes, when the 
drain lines were expected to fail, the flow area between the lower and 
upper pedestals was reduced to represent 2 failed drain lines and the 
flow area between the lower pedestal and wetwell was set to the area of 
the opening in the pedestal.

An additional cavity modeling concern arose because initial LaSalle 
calculations predicted temperatures above melting for the drywell 
pedestal steel liner. This steel, as well as the steel in the sump tank 
and gratings would be expected to melt, flow down to the cavity, and mix 
with the debris attacking the concrete. The additional steel would 
affect the progression of the core-concrete attack. Since MELCOR does 
not include modeling for melting heat structures, the effect was 
approximated by including all of this steel in the wetwell pedestal 
cavity, in the core-concrete attack modeling, from the beginning of the 
calculation.

4.3.2 In-Vessel Response

Table 4-2 summarizes the predicted timing of key events for the LaSalle 
station blackout calculation. The calculation began with the water level 
at TAP using initial conditions from an existing calculation that had 
been performed with the LTAS code to obtain timing information for the 
LaSalle core damage frequency analysis for RMIEP. About 35 minutes 
later, core material consisting mainly of zircaloy and steel began 
melting and relocating down to lower elevations. Most of the material 
was predicted to refreeze on structures above the core plate, reducing 
the inlet flow areas for the core channel control volumes. The inlet to 
the inner channel became completely blocked at about 62 minutes, and by 
about 128 minutes, the inlets to the four inner channels were all 
completely blocked.

The LaSalle nodalization allowed a fairly detailed calculation of core 
inlet flow blockage caused by refrozen metals that candled down from 
above. This blockage has the effect of limiting the steam supply for 
zirconium oxidation of the fuel rod cladding and the canister inner 
surfaces and of reducing convective heat transfer inside the fuel rod 
bundles. Although flow blockage was calculated in individual channels, 
the oxidation process was not completely stopped for the affected 
channels because steam entered the core region from the upper plenum as 
the pressure relief valves opened and closed.
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Table 4-2

Event Sununary for LaSalle Station Blackout Calculation

Event Time after Uncovering (min)*

Gap Release from Ring 1 37
Gap Release from Ring 2 37
Gap Release from Ring 3 40
Gap Release from Ring 4 50
Channel 1 Blocked 62
Channel 2 Blocked 70
Gap Release from Ring 5 71
Gap Release from Ring 6 83
Channel 3 Blocked 105
Channel 4 Blocked 128
Core Support Plate Failure in Ring 1 245
Core Support Plate Failure in Ring 2 245
Core Support Plate Failure in Ring 3 245
Lower Head Penetration Failure in Ring 2 392
Lower Head Penetration Failure in Ring 3 399
Lower Head Penetration Failure in Ring 1 401
Core-Concrete Interactions Begin 417
Core Support Plate Failure in Ring 4 419
Lower Head Penetration Failure in Ring 4 420
Core Support Plate Failure in Ring 5 445
Core Support Plate Failure in Ring 6 446
Lower Head Penetration Failure in Ring 5 447
Lower Head Penetration Failure in Ring 6 851

* Core uncovering was predicted at 36 minutes after accident initiation 
by the LTAS code.

Following clad relocation from the nodes, the fuel collapsed and settled 
downward, forming a debris bed above the blockages formed by refrozen 
material on the core plate. Since the blockages were mainly steel and 
zircaloy, there was little decay heat in them. In addition, MELCOR 1.7.1 
did not model conduction heat transfer between debris and intact 
components. As a result, the core plate temperature was calculated to 
remain low enough that it could continue to support the debris resting on 
it. Although the possibility that the core plate could continue to 
support core debris could not be discounted, the core plate was 
artificially failed at 245 minutes for this calculation so that later 
phases of the accident could be investigated.

The nodalization used for the core region allowed natural circulation to 
be calculated. However, the effect of this natural circulation is not 
fully included in the core modeling for axial fluid temperature 
variation. Thus, it is recommended that future calculations use a

4-17



simplified model with a single volume for the channel region and a single 
volume for the bypass region until the MELCOR treatment of in-vessel 
natural circulation is improved.

The relatively long in-vessel debris holdup yielded a higher hydrogen 
production before vessel breach and higher in-vessel structure 
temperatures than had been seen in previous calculations (Ref. 21). In 
Figure 4-10, the hydrogen production for this calculation is compared to 
the results from a previous analysis for the same sequence which used a 
simpler nodalization and an earlier version of MELCOR. Shroud and vessel 
wall temperatures are plotted in Figure 4-11. The high temperatures 
indicate that failure of vessel structures may need to be included in 
future modeling.

A large portion of the water in the lower head was predicted to be boiled 
away as the debris fell through the core plate and quenched in the water 
pool. The remaining water was boiled away within the next 100 minutes, 
and about 45 minutes thereafter, lower head penetrations were predicted 
to heat sufficiently to fail. The lower head debris began melting and 
pouring out onto the pedestal floor about 25 minutes after lower head 
failure.

4.3.3 Ex-Vessel Response

The containment pressure is shown in Figure 4-12. Before vessel breach, 
the pressures increased steadily because of steam and hydrogen addition 
from RPV releases as well as degassing from the hot concrete structures 
in the containment. The pressure rise that was calculated at vessel 
breach is relatively small for the LaSalle containment, which is 
predicted to fail at 1.4 MPa. After vessel breach the containment 
pressure continued to climb because of gases generated from core-concrete 
attack and from continued degassing of the concrete structures. When the 
calculation was stopped at 1170 min, the containment pressure was still 
below the failure point.

Degassing of the concrete in containment had a significant impact on this 
calculation. Figure 4-13 shows the total amount of water and carbon 
dioxide generated by degassing compared to the amounts generated by core­
concrete attack. This large amount of degassing added considerably to 
the containment pressurization. Since the LaSalle containment failure 
pressure is relatively high, containment failure was not predicted.

4.3.4 Summary of Insights

The MELCOR results for the LaSalle station blackout sequence indicate 
that modeling of non-fueled core cells, in-core natural circulation, and 
core plate heat transfer and failure can be very important. In 
particular, the results raise the possibility that the core plate may not 
fail by the normally assumed and modeled mechanism, that the transport of 
debris to the lower plenum could occur considerably later in time, and 
that heat transfer to (and possible failure of) the in-vessel heat 
structures and the reactor vessel could be important.
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5. SEQUOYAH ANALYSES

A scoping calculation was performed to determine the time needed to boil 
away the water in the reactor cavity when it is flooded with water and 
the extent of ice condenser bypass following a detonation that damages 
the ice condenser. The features of Sequoyah relevant for these issues 
are briefly discussed in the following section. The results of the 
MELCOR and HECTR calculations are described in the subsequent sections.

5.1 Brief Sequoyah Description

Sequoyah is a pressurized water reactor with a four-loop Westinghouse 
nuclear steam supply system rated at 3423 MWt and an ice-condenser 
containment. A schematic of the Sequoyah containment is shown in 
Figure 5-1. The containment consists of three main regions: the lower 
compartment, upper compartment, and ice condenser. The reactor coolant 
system (RCS) is located in the lower compartment. During an accident the 
RCS will blow down into the lower compartment, then flow through the ice 
condenser, before entering the upper compartment. The heat transfer and 
condensation occurring in the ice condenser greatly reduce the 
containment pressurization. Water from melting ice in the ice condenser 
will drain back down into the lower compartment, and this water will 
spill over into the reactor cavity after sufficient inventory has 
accumulated.

The ice condenser is located in a 300 degree arc along the outer 
containment wall. It is approximately 24 m high, and contains perforated 
metal baskets filled with ice. Because of this geometry, development of 
asymmetries within the ice condenser during an accident is of concern.

5.2 Sump Boiloff Timing

MELCOR was used to estimate the time needed to boil away the water from 
an initially coolable debris bed in the Sequoyah reactor cavity when 
completely flooded with water. This timing information was needed to 
establish initial conditions for a separate analysis investigating the 
potential for a delayed core-concrete attack and its consequences.

A two-volume MELCOR deck was used for the analysis. One control volume 
was used for the reactor cavity and lower compartment, and it exhausted 
into a second, very large control volume modeling the remainder of 
containment and the environment. The lower compartment control volume 
contained 1125 m3 of water, which is the amount which would overflow from 
the lower compartment into the reactor cavity if the inventory of the 
primary system, accumulators, refueling water storage tank, and the water 
from melting all ice from the ice condensers were added to the lower 
compartment. The pool was assumed to be saturated, which provides a 
lower bound on the time needed to boil the inventory. Decay heat for the 
entire core was added to this water as an energy source, assuming the
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entire core had been ejected from the vessel, and assuming that vessel 
breach occurred 410 minutes after scram. MELCOR calculated that it would 
take 2340 minutes to boil off the water.

5.3 Ice Condenser Bypass Following Detonation

Calculations were performed to examine the response in the ice condenser 
at vessel breach, assuming a detonation had occurred previously. The 
detonation was postulated to fail the ice baskets in a region of the ice 
condenser, leaving no ice in that region. The calculations were 
performed to estimate the amount of steam that could bypass the ice 
condenser through the voided region.

MELCOR did not have an ice-condenser model at the time these calculations 
were performed, so HECTR was used to perform the calculations. HECTR is 
a lumped-volume containment analysis computer program, whose main purpose 
is to analyze nuclear reactor accidents involving the transport and 
combustion of hydrogen. HECTR includes an ice-condenser model which can 
be divided into vertical and azimuthal sub-regions; thus, the effects of 
ice basket failure could be examined with it. However, HECTR had to be 
modified because it automatically divides the ice condenser 
circumferentially into stacks of ice volumes, but divides them equally. 
There is no option to override this feature. For this analysis, a case 
in which only a small fraction of the ice baskets were damaged by a 
detonation was being examined. Existing HECTR limitations would have 
forced the ice bed to be divided into 50 or 100 stacks of ice, with 4 
volumes in each column. This would not have been reasonable, so the code 
was modified to allow asymmetric input for geometry and initial 
conditions.

Two ice-condenser nodalizations were examined. In the first, the ice bed 
was divided circumferentially into 4 equal-sized stacks of compartments, 
with 4 compartments per stack (16 total). In the second, the relative 
sizes of the stacks were adjusted such that one stack modeled about 2% of 
the ice columns and the remaining 3 stacks represented the other 98%.
The steam and hydrogen blowdown sources that were used with both 
nodalizations approximated those that had been calculated with MARCON for 
the TMLB' sequence for the Containment Loads Working Group (Ref. 22). 
Compartment conditions and ice masses at vessel breach were obtained from 
previous HECTR calculations that were performed using the MARCON sources 
(calculations to examine detonability in the ice bed and upper plenum) 
(Ref. 23). The input deck used in Reference 23 was used for these 
calculations, but with changes to the ice bed to examine five cases:

Cases using nodalization 1:

1) a base case with ice remaining in all 4 columns,

2) ice removed from 1 of the 4 columns, and cross flow allowed 
between columns,
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3) ice removed from 1 of the 4 columns, with no cross flow 
allowed, the upper doors assumed to be blown off for that 
column, and all upward flow loss coefficients set to very 
small values,

4) ice removed from all 4 columns.

Case using nodalization 2:

5) ice removed from the small ice stack, with no cross flow 
allowed, the upper doors assumed to be blown off for that 
stack, all upward flow loss coefficients set to very small 
values, and a 1 ft2 breach to the environment modeled in the 
small ice stack.

The pressure rises for cases 1 through 4, respectively were 145, 200,
270, and 465 kPa. These results indicate that even with l/4th of the ice 
bed modeled as ineffective, there is still considerable pressure 
suppression relative to the case with no ice present.

In case 5, the fraction of the ice bed assumed to be destroyed by the 
detonation was changed from 25% to 2%. This change resulted in a much 
longer run time, so the calculation was stopped before the vessel breach 
blowdown was complete. It was continued long enough to indicate that 
only about 7% of the total steam blowdown entered the voided region of 
the ice bed. This further supports the previous results indicating that 
there would not be excessive ice condenser bypass following a detonation 
in the ice bed.
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The MELCOR input decks used for the LaSalle, Grand Gulf and Peach Bottom 
analyses reported in this document are described in this appendix. Decks 
for calculating full accident scenarios were constructed for both the 
LaSalle and Grand Gulf plants, and included input for the thermal- 
hydraulics of the reactor pressure vessel (RPV) and containment, core 
melting and relocation phenomena, radionuclide behavior, and core- 
concrete attack. In addition, separate decks were constructed to analyze 
specific phenomena in more detail. For Grand Gulf, a containment-only 
deck was generated from the integral deck to allow more efficient 
calculation of numerous sensitivity cases. For LaSalle, a detailed deck 
was constructed to examine the thermal response during steam blowdown to 
the reactor building. For Peach Bottom a deck was constructed to 
calculate the thermal-hydraulic response during vessel blowdown.

A.1 LaSalle Nodalizations

A detailed deck for the reactor building was used to study steam 
flooding. An integral deck was used to study a station blackout.

A.1.1 LaSalle Reactor Building Model

The LaSalle reactor building model was used to analyze the thermal 
response in regions housing important equipment for scenarios that 
involved steam release to the reactor building from either containment 
venting or containment failure. A relatively detailed deck was 
constructed because large variations in conditions would be expected for 
the various regions of the reactor building.

The model was constructed using information from the plant drawings, the 
Final Safety Analysis Report (Ref. A-l), and two models developed by the 
Architect Engineer for LaSalle, Sargent and Lundy. One of the Sargent 
and Lundy models had been used to calculate gas flow between rooms and 
provided detailed calculations of flow path areas and resistances. The 
other model had been used for room environment calculations after high 
energy line breaks and provided detailed calculations of room volumes and 
surface areas. Neither model provided calculations of equipment masses 
or surface areas; reasonable estimates were made using information 
provided by the Risk Methods Integration and Evaluation Program (RMIEP)*. 
This information consisted of an identification of the equipment present 
in each room of the reactor building.

The reactor building was divided into 27 volumes as shown in Figure A-l. 
The main concern being addressed with the model was equipment survival in 
the lower levels of the reactor building, so more detailed noding was 
used in these regions. The raceway, HPCS and LPCS rooms were each 
divided into two volumes to represent the upper and lower levels. The 
LPCI rooms were modeled with single volumes because room coolers 
circulate air between the upper and lower levels, resulting in well-mixed

* Payne, A. C., et al., Analysis of the LaSalle Unit 2 Nuclear Power 
Plant: Risk Methods Integration and Evaluation Program (RMIEP).
NUREG/CR-4832, SAND87-7157, October 1990 (unpublished).
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regions. Levels 710, 740, 761 and 786.5 were each divided into four 
quadrants to allow the main circulation paths to be calculated. The East 
portions of levels 807 and 820 were each divided into two volumes and the 
more dead-ended regions at the West end of the two levels were lumped 
into a single volume. Single volumes were used to model the steam 
tunnel, refueling floor, and the unit 1 reactor building. A summary of 
the MELCOR input for the geometry of the control volumes is provided in 
Table A-l.

Before describing the MELCOR flow paths, the dominant flow patterns in 
the reactor building will be summarized. Normally, the corner rooms in 
the basement of the reactor building are fairly isolated from the other 
regions, but circulation is increased if doors are blown open during a 
transient. Unlike the basement where the levels are subdivided into 
rooms that restrict flow, the floors are essentially wide open at levels 
710' and above. Also, there are reasonably large flow areas between the 
upper levels through stairways and an equipment hatch. Initially, the 
reactor building is isolated from the refueling floor, but paths can be 
opened if a door is blown open or concrete slabs are lifted from over the 
equipment hatch. The reactor building can also vent to the unit 1 
reactor building if pressure increases sufficiently to blow open the 
doors between the two units. In addition, the reactor building can vent 
from the upper level of the raceway into the steam tunnel if a very small 
pressure differential is exceeded. The flow is then exhausted to the 
environment through a blowout panel at the top of the steam tunnel.

The flow paths for the MELCOR model are shown in Figure A-l and described 
in Table A-2. All of the major flow paths described in the preceding 
paragraph are included. Doors and blowout panels are modeled to be 
closed initially but are opened if sufficient pressure differential 
builds during the transient. In addition, the walls of the refueling 
floor level are assumed to fail at 14 kPa (2 psig), opening a 7 m (23 ft) 
diameter hole to the environment. All leakage/infiltration paths between 
the reactor building and environment are lumped into flow paths at the 
710 level. Flow paths were included for gas flow from the reactor 
buildings to the environment through the standby gas treatment system. A 
constant flow rate of 2000 cfm was used for each unit. Failure of the 
fans because of the harsh environment was not considered.

Heat structures are included in all reactor building volumes to model 
heat transfer to walls, ceilings, floors, and equipment. The MELCOR heat 
structure input is summarized in Table A-3. Heat loads from pumps and 
heat removal by the room coolers in the basement corner rooms were also 
modeled, using the parameters listed in Table A-4.

A simplified nodalization for the containment and RPV is used to provide 
blowdown sources to this detailed reactor building model. The RPV is 
modeled by a single volume, and 3 volumes are used for containment. The 
containment gases are exhausted to the reactor building at level 820' 
(volume 324) for cases examining venting, and to level 740' (volume 313) 
for cases examining containment failure. The control volume, flow path, 
and heat structure input for the RPV and containment is summarized in 
Tables A-l, A-2, and A-3, respectively.
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Table A-l

LaSalle Reactor Building Model Control Volume Input

mtrol
ilume

Brief
Descrintion

Bottom
Elevation

(m)

Top
Elevation

(m)
Volume
(m3)

100 Reactor Vessel 0. 21.9 603.2
200 Wetwell -25.5 -7.2 8264.
201 Downcomers -21.1 -6.1 412.1
205 Drywell -9.1 23.8 5778.3
301 Bottom of Raceway -25.7 -19.2 2413.
302 Top of Raceway -19.2 -14.4 2119.
303 NE Basement Room -25.7 -19.2 917.6
304 NE Basement Room -19.2 -14.4 478.5
305 SW Basement Room -25.7 -19.2 578.9
306 SW Basement Room -19.2 -14.4 438.1
307 NW Basement Room -25.7 -5.4 1525.4
331 SE Basement Room -25.7 -5.4 1598.6
308 NW Quadrant - 710 -14.4 -5.4 1395.9
309 NE Quadrant - 710 -14.4 -5.4 1820.5
310 SE Quadrant - 710 -14.4 -5.4 1332.7
311 SW Quadrant - 710 -14.4 -5.4 1820.5
312 NW Quadrant - 740 -5.4 1.0 1032.0
313 NE Quadrant - 740 -5.4 1.0 1313.0
314 SE Quadrant - 740 -5.4 1.0 1032.0
315 SW Quadrant - 740 -5.4 1.0 1313.0
316 NW Quadrant - 761 1.0 8.8 1794.1
317 NE Quadrant - 761 1.0 8.8 1931.3
318 SE Quadrant - 761 1.0 8.8 1931.3
319 SW Quadrant - 761 1.0 8.8 1931.3
320 NW Quadrant - 786 8.8 15.0 918.5
321 NE Quadrant - 786 8.8 19.2 2920.5
322 SE Quadrant - 786 8.8 19.2 2920.5
323 SW Quadrant - 786 8.8 15.0 918.5
324 SE Quadrant - 820 19.2 26.2 1496.2
325 NE Quadrant - 820 19.2 26.2 1496.2
326 West Half - 807 15.0 26.2 2092.0
329 Refueling Floor 14.1 41.6 58770.0
330 Steam Tunnel + Turb Bldg -21.5 29.3 7267.2
340 Unit 1 -25.7 29.3 41489.
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Flow
Path

21
24
25
26

401
402
301
302
303
304
305
306
307
308
309
310
311
319
366
367
368
369
312
313
314
315
316
317
318
320
321
322
323
324
325
326
327
328
329
330

Table A-2

LaSalle Reactor Building Model Flow Path Input

From From To To Area Loss Further
CV Elev ifm) CV Elev i(m) (m2 Coef f Details

100 16 .5 200 -24 .9 1 .1 3..5 SRV Path
205 -6 .1 201 -6 .1 27 .4 5,.2
201 -21 .1 200 -21 .1 27,.4 1.

200 -7 .2 205 -6 .2 1 1, WW-DW VB
200 -8 324 22 .7 .16 1. WW Vent
205 -4 313 -4 .65 1, DW Failure
301 -19 .3 302 -19 .3 146,.5 1,.65
302 -14 .4 309 -14 .4 1,.78 6..58
303 -19 .3 304 -19 .3 7,.24 3,.3
304 -14 .4 309 -14 .4 5,.92 2,.9
305 -19 .3 306 -19 .3 2,.0 3..89
306 -14 .4 311 -14 .4 4,.47 5,.49
307 -13 .3 308 -13 .3 2,.02 5,.57 Door
331 -13 .3 310 -13 .3 1,.9 5..29 Door
302 -18 .2 304 -18 .2 2..1 2,.73 Door
302 -18 .2 306 -18 .2 2..1 2..73 Door
302 -18 .2 307 -18 .2 2..1 3,.33 Door
302 -18 .2 331 -18 .2 2,.1 4.,34 Door
302 -18 .2 304 -18 .2 .581 1,,5
302 -18 .2 331 -18 .2 .581 1.,5
302 -18 .2 306 -18 .2 1,.548 1.,5
302 -18 .2 307 -18 .2 .581 1.,5
308 -9 .9 309 -9,,9 74, 1.

309 -9 .9 310 -9,,9 42, 1.

310 -9 .9 311 -9,.9 74. 1.
311 -9 .9 308 -9,.9 42, 1.

309 -13 .3 313 -4,.3 1.,78 8.,2
309 -5 .4 313 -5,.4 18,,5 3. 36 Equip Hatch
311 -5,.4 315 -5,,4 5.,91 5. 8 Stair
312 -2,.2 313 -2,,2 51. 1.

313 -2,.2 314 -2,.2 29. 1.

314 -2,.2 315 -2,,2 51. 1.

313 1,,0 317 1,.0 38.,0 4. 26 Equip Hatch
315 1,.0 319 1,.0 4.,63 4. 1 Stair
316 4.,9 317 4..9 63. 1.

317 4.,9 318 4..9 36. 1.

318 4.,9 319 4,,9 63. 1.

317 8..8 321 8.,8 37. 1 3. 35 Equip Hatch
319 8,.8 323 8.,8 5. 47 5. 8 Stair
320 11,.9 321 11,,9 48. 5 1.
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Flow
Path

331
332
338
333
334
335
336
337
341

342
343
344
345
346
347
348
349
350
352
353
361
362
363
364
365
371
372

Table A-2 (cont.)

From
CV

From 
Elev Cm')

To
CV

To
Elev Cm)

Area
Cm2)

Loss 
Coef f

Further
Details

321 11.9 322 11.9 49. 1.
322 11.9 323 11.9 48.5 1.
323 11.9 320 11.9 3.95 3.3
321 19.2 325 19.2 37.5 3.64 Equip Hatch
324 22.7 325 22.7 77. 1.
325 20.3 326 20.3 2.34 5.
323 15.0 326 15.0 3.6 4.
320 15.0 326 15.0 4.5 4.
325 26.2 329 26.2 33.1 1. Covered Equip 

Hatch
325 26.2 329 26.2 3.08 2.9 Door at Stair
302 -18.4 330 -18.4 3.01 2.8 Check Valve
323 9.9 340 9.9 2.1 1. , Door
318 2.1 340 2.1 2.1 1. Door
319 2.1 340 2.1 2.1 1. Door
314 -4.3 340 -4.3 4.2 1. Door
310 -13.3 340 -13.3 4.2 1. Door
324 21.3 340 21.3 2.1 1. Door
326 21.3 340 21.3 2.1 1. Door
330 28.8 400 28.8 3.53 1. Blowout Panel
329 33.9 400 33.9 40. 1. Refuel Fail
400 -9.9 308 -9.9 .023 1. Infiltration
400 -9.9 309 -9.9 .023 1. Infiltration
400 -9.9 310 -9.9 .023 1. Infiltration
400 -9.9 311 -9.9 .023 1. Infiltration
400 -9.9 340 -9.9 .092 1. Infiltration
324 22.7 400 22.7 .164 1. SGTS
340 22.7 400 22.7 .164 1. SGTS
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Table A-3

LaSalle Reactor Building Model Heat Structure Input

Heat Left Right Surface Thickness
Structure CV CV Area fm2) Material fm) Descrintion

10001 100 205 33.14 Steel .118 Lower Head
10306 100 205 48.14 Steel .179 Vessel Top
10402 100 205 50.59 Steel .108 Upper Head
10502 100 205 48.65 Steel .197 Vessel Wall
20001 200 Ins. 1525. Stl/Conc .610 Wetwell Wall
20002 200 Ins. 482.7 Stl/Conc 7.006 Base Slab
20003 200 Ins. 62.31 Stl/Conc .540 Support Cols
20004 200 Ins. 682.4 Stl/Conc .743 WW Pedestal
20005 200 Ins. 24.71 Stainless .019 WW Steel
20006 200 Ins. 31.19 Stainless .019 SP Steel
20101 201 200 28.17 Stainless .308 Downcomers
20401 205 Ins. 110.3 Concrete 1.473 Cav Pedestal
20501 200 205 83.8 Stl/Conc .921 DW Floor
20502 205 205 365.0 Stl/Conc .568 Reac Shield
20503 205 Ins. 2100. Stl/Conc 1.219 DW Wall
20505 200 205 29.92 Stl/Conc 1.149 Cav Floor
20506 205 Ins. 181.0 Stl/Air/

Cone
4.439 DW Head

20507 205 Ins. 31.96 Steel .008 DW Steel
20508 205 Ins. 31.96 Steel .008 DW Steel
30101 301 Ins. 560.9 Concrete 2.438 673 Floor
30102 301 302 560.9 Concrete .610 673 Ceiling
30103 301 Ins. 585.3 Concrete .610 673 Wall
30104 301 330 51.19 Concrete .914 673 Wall
30105 301 400 51.19 Concrete .914 673 Wall
30106 301 307 118.7 Concrete .396 673 Wall
30107 301 303 199.9 Concrete .396 673 Wall
30108 301 Ins. 102.4 Concrete 2.438 673 Wall
30109 301 340 48.2 Concrete .914 673 Wall
30110 301 305 148.6 Concrete .396 673 Wall
30111 301 301 2.79 Steel .006 673 Equip
30112 301 331 118.7 Concrete .396 673 Wall
30201 303 302 86.54 Concrete .610 694 Wall
30202 302 308 161.9 Concrete .610 694 Ceiling
30203 302 309 161.9 Concrete .610 694 Ceiling
30204 302 310 161.9 Concrete .610 694 Ceiling
30205 302 311 161.9 Concrete .610 694 Ceiling
30206 302 Ins. 386.5 Concrete .610 694 Wall
30207 303 330 67.63 Concrete .914 694 Wall
30208 302 307 49.10 Concrete .396 694 Wall
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Table A-3 (cont.)

Heat Left Right Surface Thickness
Structure CV CV Area (m2) Material (m) Descrintion

30209 302 Ins . 99.50 Concrete 2.438 694 Wall
30210 302 304 98.20 Concrete .396 694 Wall
30211 302 340 31.87 Concrete .914 694 Wall
30212 302 306 98.20 Concrete .396 694 Wall
30213 302 302 2.79 Steel .006 694 Equip
30214 302 331 49.10 Concrete .396 694 Wall
30301 303 Ins. 218.3 Concrete 2.438 673 Floor
30302 303 304 131.7 Concrete .619 673 Ceiling
30303 303 307 60.11 Concrete .396 673 Wall
30304 303 Ins. 258.4 Concrete 2.438 673 Wall
30305 303 303 121.1 Concrete .396 673 Wall
30306 303 303 28.99 Steel .340 673 Equip
30401 304 309 131.7 Concrete .610 694 Ceiling
30402 304 Ins. 138.7 Concrete 2.438 694 Wall
30501 305 Ins. 131.7 Concrete 2.438 673 Floor
30502 305 306 131.7 Concrete .610 673 Ceiling
30503 305 400 99.50 Concrete .610 673 Wall
30504 305 340 110.7 Concrete .610 673 Wall
30505 305 305 47.29 Concrete .396 673 Wall
30506 305 305 28.99 Steel .400 673 Equip
30601 306 311 131.7 Concrete .610 694 Ceiling
30602 306 400 65.68 Concrete .610 694 Wall
30603 306 340 73.02 Concrete .610 694 Wall
30701 307 Ins. 65.87 Concrete 2.438 673 Floor
30702 307 400 369.6 Concrete .610 673 Wall
30703 307 Ins. 138.8 Concrete 2.438 673 Wall
30706 307 312 69.49 Concrete .610 673 Ceiling
30708 307 308 62.24 Concrete .610 673 Ceiling
30709 307 308 139.7 Concrete .396 673 Wall
30712 307 307 201.3 Concrete .610 673 Floor
30713 307 307 14.5 Steel .400 673 Equip
33101 331 Ins. 65.87 Concrete 2.438 673 Floor
33103 331 Ins. 174.5 Concrete 2.438 673 Wall
33104 331 340 274.6 Concrete .610 673 Wall
33105 331 400 61.32 Concrete .610 673 Wall
33107 331 314 70.23 Concrete .610 673 Ceiling
33110 331 310 61.50 Concrete .610 673 Ceiling
33111 331 310 141.8 Concrete .396 673 Wall
33112 331 310 403. Concrete .610 673 Floor
33113 331 331 14.5 Steel .400 673 Equip
30801 308 312 186.7 Concrete .610 710 Ceiling
30802 308 330 37.44 Concrete 1.219 710 Ceiling
30803 308 Ins. 189.8 Concrete .610 710 Wall
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Table A-3 (cont.)

Heat Left Right Surface
Structure CV CV Area (m2)

30804 308 330 46.82
30805 308 400 137.2
30806 308 400 35.77
30807 308 308 2.32
30901 309 313 293.7
30902 309 Ins. 189.8
30903 309 400 359.6
30904 309 309 2.32
31001 310 314 223.4
31002 310 Ins. 189.8
31003 310 400 133.5
31004 310 340 84.36
31005 310 310 2.32
31101 311 315 256.2
31102 311 330 37.44
31103 311 Ins. 147.6
31104 311 340 164.8
31105 311 400 148.0
31106 311 330 46.82
31107 311 Ins. 160.8
31108 311 311 2.32
31201 312 316 182.3
31202 312 Ins. 100.3
31203 312 400 102.2
31204 312 400 113.9
31205 312 Ins. 103.5
31206 312 330 38.8
31207 312 312 2.32
31301 313 317 320.1
31302 313 Ins. 143.4
31303 313 400 248.4
31304 313 313 152.9
31305 313 313 2.32
31401 314 318 286.6
31402 314 Ins. 111.5
31403 314 400 134.6
31404 314 340 113.9
31405 314 Ins. 67.08
31406 314 314 2.32
31501 315 319 238.4
31502 315 Ins. 87.61
31503 315 400 102.2
31504 315 330 38.83

Thickness
Material (ml Description

Concrete .914 710 Wall
Concrete .610 710 Wall
Concrete .396 710 Wall
Steel .014 710 Equip
Concrete .610 710 Ceiling
Concrete .610 710 Wall
Concrete .396 710 Wall
Steel .014 710 Equip
Concrete .610 710 Ceiling
Concrete .610 710 Wall
Concrete .396 710 Wall
Concrete .610 710 Wall
Steel .014 710 Equip
Concrete .610 710 Ceiling
Concrete 1.219 710 Ceiling
Concrete .610 710 Wall
Concrete .610 710 Wall
Concrete .610 710 Wall
Concrete .914 710 Wall
Concrete .396 710 Wall
Steel .014 710 Equip
Concrete .610 740 Ceiling
Concrete .610 740 Ceiling
Concrete .610 740 Wall
Concrete .396 740 Wall
Concrete .610 740 Wall
Concrete 1.219 740 Wall
Steel .014 740 Equip
Concrete .610 740 Ceiling
Concrete .610 740 Wall
Concrete .396 740 Wall
Concrete .610 740 Wall
Steel .014 740 Equip
Concrete .610 740 Ceiling
Concrete .610 740 Wall
Concrete .396 740 Wall
Concrete .610 740 Wall
Concrete .610 740 Wall
Steel .014 740 Equip
Concrete .610 740 Ceiling
Concrete .610 740 Wall
Concrete .610 740 Wall
Concrete 1.219 740 Wall
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Table A-3 (cont.)

Heat Left Right Surface Thickness
Structure CV CV Area (m2) Material (m) Description

31505 315 340 113.9
31506 315 Ins. 113.0
31507 315 315 2.32
31601 316 320 217.6
31602 316 Ins. 85.56
31603 316 400 64.01
31604 316 400 152.8
31605 316 Ins. 123.2
31606 316 316 2.32
31701 317 321 355.4
31702 317 Ins. 154.1
31703 317 400 333.4
31704 317 317 2.32
31801 318 322 355.4
31802 318 Ins. 154.1
31803 318 400 180.0
31804 318 340 152.8
31805 318 318 2.32
31901 319 330 74.97
31902 319 323 260.0
31903 319 Ins. 132.8
31904 319 Ins. 205.4
31905 319 340 152.8
31906 319 400 224.1
31907 319 319 2.32
32001 320 326 146.6
32002 320 Ins. 53.60
32003 320 400 145.2
32004 320 400 122.8
32005 320 Ins. 231.4
32006 320 320 2.32
32101 321 325 338.7
32102 321 329 172.1
32103 321 Ins. 160.8
32104 321 400 467.7
32105 321 321 2.32
32201 322 324 255.0
32202 322 329 234.1
32203 322 Ins. 107.2
32204 322 400 237.3
32205 322 340 166.3
32206 322 322 2.32
32301 323 326 135.8

Concrete .610 740 Wall
Concrete .610 740 Wall
Steel .014 740 Equip
Concrete .610 761 Ceiling
Concrete .610 761 Wall
Concrete .610 761 Wall
Concrete .396 761 Wall
Concrete .610 761 Wall
Steel .014 761 Equip
Concrete .610 761 Ceiling
Concrete .610 761 Wall
Concrete .396 761 Wall
Steel .014 761 Equip
Concrete .610 761 Ceiling
Concrete .610 761 Wall
Concrete .396 761 Wall
Concrete .610 761 Wall
Steel .014 761 Equip
Concrete 1.218 761 Floor
Concrete .610 761 Ceiling
Concrete .610 761 Ceiling
Concrete .610 761 Wall
Concrete .610 761 Wall
Concrete .914 761 Wall
Steel .014 761 Equip
Concrete .610 786 Ceiling
Concrete .610 786 Wall
Concrete .610 786 Wall
Concrete .396 786 Wall
Concrete .396 786 Wall
Steel .014 786 Equip
Concrete .610 786 Ceiling
Concrete 1.219 786 Ceiling
Concrete .610 786 Wall
Concrete .396 786 Wall
Steel .014 786 Equip
Concrete .610 786 Ceiling
Concrete 1.829 786 Ceiling
Concrete .610 786 Wall
Concrete .396 786 Wall
Concrete .610 786 Wall
Steel .014 786 Equip
Concrete .610 786 Ceiling
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Table A-3 (cont.)

Heat Left Right Surface Thickness
Structure CV CV Area (m2) Material (m) Descrintion

32302 323 329 144.7 Concrete 1.829 786 Ceiling
32303 323 Ins. 53.60 Concrete .610 786 Wall
32304 323 340 122.8 Concrete .610 786 Wall
32305 323 400 173.5 Concrete .610 786 Wall
32306 323 Ins. 213.0 Concrete .610 786 Wall
32307 323 323 2.32 Steel .014 786 Equip
32401 324 329 255.0 Concrete .610 820 Ceiling
32402 324 329 163.0 Concrete 1.829 820 Wall
32403 324 400 163.0 Concrete .396 820 Wall
32404 324 340 76.92 Concrete .610 820 Wall
32405 324 324 2.32 Steel .014 820 Equip
32501 325 329 321.1 Concrete .610 820 Ceiling
32502 325 329 184.3 Concrete 1.829 820 Wall
32503 325 400 300.7 Concrete .396 820 Wall
32504 325 325 2.32 Steel .014 820 Equip
32601 326 Ins. 126.0 Concrete .610 807 Floor
32602 326 329 321.8 Concrete .610 807 Ceiling
32603 326 400 240.8 Concrete .610 807 Wall
32604 326 400 122.1 Concrete .396 807 Wall
32605 326 329 517.1 Concrete 1.829 807 Wall
32606 326 340 122.1 Concrete .610 807 Wall
32607 326 Ins. 1133. Concrete .396 807 Wall
32608 326 326 2.32 Steel .014 807 Equip
32901 329 Ins. 490.2 Concrete .610 843 Floor
32902 329 340 1828. Concrete .610 843 Floor
32903 329 400 3656. Steel .003 843 Ceiling
32904 329 400 4016. Steel .003 843 Wall
32905 329 329 2.32 Steel .014 843 Equip
33001 330 Ins. 83.70 Concrete .610 687 Wall
33002 330 400 412.7 Concrete 1.829 687 Floor
33003 330 400 412.7 Concrete 1.829 687 Ceiling
33004 330 400 1154. Concrete 1.829 687 Wall
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Table A-4

LaSalle Reactor Building Model Heat Loads and Fan Cooler Input

Heat Loads

Control Volume

305
303
307
331

Heat Load (MW)

.188

.115

.0417

.0833

Fan Cooler Parameters

From CV To CV

Rated Heat 
Removal 
Rate (MW)

Rated Temp 
(K)

Flow
Rate
(ke/s)

Seconder;
Inlet 

Temn CK)

HPCS 305 305 .2194 337.6 8.5 288.7
LPCS 304 303 .3487 337.6 13.5 288.7
LPCI 307 307 .2194 337.6 8.5 288.7
LPCI 331 331 .3223 337.6 12.5 288.7

A.1.2 Integral LaSalle Model

The integral LaSalle model was developed by collapsing the reactor 
building model described in Section A.1.1 and adding a more-detailed 
model for the RPV and containment. The reactor building was collapsed 
because the results of the steam flooding calculations indicated that the 
upper levels would be well-mixed. The RPV and containment input was 
developed using values from an existing RELAP5 deck that had been used 
for analyses in the RMIEP program, the LaSalle Final Safety Analysis 
Report (Ref. A-l), and miscellaneous information provided by the 
Commonwealth Edison contact.

The nodalization for the LaSalle deck is shown in Figure A-2. The RPV 
had many nodes for both the core and thermal-hydraulic calculations to 
represent axial and radial variations within the core region that were 
expected to significantly affect core heat transfer, blockage, and 
oxidation. The core region was divided into twelve control volumes, six 
for the channel and six for the bypass. Four additional control volumes 
were used to model the upper plenum/steam separator region, dryer/steam 
dome region, downcomer, and lower plenum. The containment was modeled 
using 5 control volumes: drywell, upper pedestal, lower pedestal, 
downcomers, and wetwell. The reactor building model described in Section
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VolumeRefueling Floor

ft Turbine
Lower

Rooms

Figure A-2. Nodalization for LaSalle Integral Calculation
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A.1.1 was collapsed to six volumes: unit 2 upper reactor building, unit 
2 basement rooms, unit 2 steam tunnel, unit 1 reactor building, unit 1 
steam tunnel, and refueling floor. The control volume input is 
summarized in Table A-5.

The locations of the flow paths between control volumes are indicated in 
Figure A-2, and the characteristics of each are listed in Table A-6.
Most of the flow paths are maintained at a constant area throughout the 
transient. However, flow paths with variable area are included for 
vacuum breakers and check valves, as well as for paths modeling 
structural failure.

The heat structures used to model structures and equipment are summarized 
in Table A-7. Included are RPV walls and internals, containment walls 
and equipment, and reactor building walls and equipment.

The core was modeled by six radial rings and thirteen axial levels. Fine 
axial divisions were used near the core plate for modeling core inlet 
blockage and core plate response. Separate nodes were used for the non- 
fueled regions above and below the active fuel region. The core input is 
summarized in Table A-8.

The cavity modeling for calculating core-concrete attack was different 
from previous analyses of other plants because of the unusual geometry at 
LaSalle. The core debris would initially fall onto the drywell pedestal 
floor following vessel breach at LaSalle. However, the molten debris 
could flow into the sump drain lines. Shortly thereafter, melt could 
fail the lines, and flow out onto the wetwell pedestal floor. This would 
move the location of the core-concrete attack and would open a direct 
path between the drywell and wetwell. Because of the short time expected 
before failure of the drain lines, the initial core-concrete attack in 
the drywell pedestal was neglected and the corium was moved directly into 
the wetwell pedestal cavity. A flow path between the wetwell and drywell 
through the pedestal floor was also opened for gas flow through the 
failed drain line. An additional cavity modeling concern arose because 
initial LaSalle calculations predicted temperatures above melting for the 
drywell pedestal steel liner. This steel would then be expected to melt 
and flow down to the cavity. The additional steel would affect the 
progression of the core-concrete attack. Since MELCOR does not include 
modeling for melting heat structures, the effect was approximated by 
including the steel in the wetwell pedestal cavity from the beginning of 
the calculation instead of modeling it as a heat structure. The input 
for the MELCOR cavity package is summarized in Table A-9.
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Table A-5

LaSalle Integral Calculation Control Volume Input

Bottom Top
Contro 1 Brief Elevation Elevation Volume
Volume Description Cm) (m) (m3)

100 Lower Plenum 0. 5.28 100.13
103 Upper Plen / Separators 9.66 15.43 65.10
104 Dryers / Steam Dome 15.43 22.23 191.44
105 Downcomer 3.34 15.43 228.16
111 Channel 5.28 9.66 2.60
112 Channel 5.28 9.66 10.64
113 Channel 5.28 9.66 9.84
114 Channel 5.28 9.66 6.20
115 Channe1 5.28 9.66 4.40
116 Channel 5.28 9.66 4.59
121 Bypass 5.28 9.66 0.78
122 Bypass 5.28 9.66 3.19
123 Bypass 5.28 9.66 2.95
124 Bypass 5.28 9.66 1.86
125 Bypass 5.28 9.66 1.32
126 Bypass 5.28 9.66 15.22
200 Wetwell -25.53 -7.15 8049.5
201 Downcomers -21.11 -6.08 412.06
203 Lower Reactor Cavity -17.45 -10.29 214.34
204 Upper Reactor Cavity -9.15 2.5 255.66
205 Drywell -6.24 23.84 5933.2
401 Lower Unit 2 Rctr Bldg -19.25 -14.37 3035.6
402 Upper Unit 2 Rctr Bldg -25.53 26.17 31410.
403 Refueling Floor 14.13 41.56 58770.
404 Unit 2 Stm Tun + Turb Bldg -21.5 29.3 7267.2
405 Unit 1 Reactor Building -19.25 26.17 34445.6
406 Unit 1 Stm Tun + Turb Bldg -21.5 29.3 7267.2
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Table A-6

LaSalle Integral Calculation Flow Path Input

Flow From To Kiev Area Loss Additional
Path CV CV (m) im£l Coeff Information

51 100 111 5.28 .53 12./15. Can Block by Core Melt
52 100 112 5.28 2.19 12./15. Can Block by Core Melt
53 100 113 5.28 2.02 12./15. Can Block by Core Melt
54 100 114 5.28 1.27 12./15. Can Block by Core Melt
55 100 115 5.28 0.90 12./15. Can Block by Core Melt
56 100 116 5.28 0.94 12./15. Can Block by Core Melt
61 100 121 5.28 0.16 102./128. Can Block by Core Melt
62 100 122 5.28 0.66 102./128. Can Block by Core Melt
63 100 123 5.28 0.61 102./128. Can Block by Core Melt
64 100 124 5.28 0.38 102./128. Can Block by Core Melt
65 100 125 5.28 0.27 102./128. Can Block by Core Melt
66 100 126 5.28 3.44 102./128. Can Block by Core Melt
71 111 103 9.66 0.53 12./15.
72 112 103 9.66 2.19 12./15.
73 113 103 9.66 2.02 12./15.
74 114 103 9.66 1.27 12./15.
75 115 103 9.66 0.90 12./15.
76 116 103 9.66 0.94 12./15.
81 121 103 9.66 0.16 102./128.
82 122 103 9.66 0.66 102./128.
83 123 103 9.66 0.61 102./128.
84 124 103 9.66 0.38 102./128.
85 125 103 9.66 0.27 102./128.
86 126 103 9.66 3.44 102./128.
57 121 122 7.47 1.86 42.
58 122 123 7.47 4.18 33.
59 123 124 7.47 5.34 24.
60 124 125 7.47 6.27 12.
67 125 126 7.47 6.73 12.
15 103 104 15.43 4.19 9.1/2.8
16 104 105 15.43 13.9 .11
18 105 100 8.25/3.26 .33 .16/18. Jet Pump Suction
21 104 200 16.46/-24.85 1.11 3.5 SRVs

370 105 205 6.84 3.E-IS 1. Pump Leakage
371 100 204 .1 3.E-I5 1. CRD Leakage
31 100 204 0. .1 1. Vessel Breach
24 205 201 -6.08 27.42 5.2

** Vent & Leak paths from Containment were included in the deck, 
but not shown here since they were never opened.
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26
27
28
29
40
41

401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418

Table A-6 (cont.)

From To Elev Area Loss Additional
CV CV (m) (m2) Coeff Information

201 200--21.11 27.42 1.
200 205 -7.15 1. 1. Vacuum Breakers
204 205 -4.5 2.46 2.
205 204 -6.24 .065 2.5 Drywell Drain Lines
205 200 14.9/ .001 8. N2 Line
203 204-■10.3 29.9 1. Pedestal Drain Lines
203 200-■15.1 4.57 1.
402 401--14.2 12.2 4.
402 403 26.2 33.1 1. Blowout to Refuel Floor
402 403 26.2 3.08 2.9 Blowout to Refuel Floor
401 404-•18.4 3.01 2.8 Dampers to Stm Tunnel
402 405 4. 18.9 1. Doors between Units 1 & 2
404 Env 28.8 3.53 1. Blowout at Stm Tunnel Top
403 Env 33.9 40. 1. Failure at Refuel Floor
402 Env -9.88 .092 1. Infiltration
405 Env -9.88 .092 1. Infiltration
402 Env 22.7 .164 1. SGTS
405 Env 22.7 .164 1. SGTS
405 403 26.2 33.1 1. Blowout to Refuel Floor
405 403 26.2 3.08 2.9 Blowout to Refuel Floor
405 406- 18.4 3.01 2.8 Dampers to Stm Tunnel
406 Env 28.8 3.53 1. Blowout at Stm Tunnel Top
403 Env 14.1 .01 10. Minor Leakage Paths
404 Env- 14.3 .01 10. Minor Leakage Paths
406 Env- 14.3 .01 10. Minor Leakage Paths
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Table A-7

Heat
Structure

10402
10403 
10501 
10401
10303 
10302 
10301
10304 
12613 
12612 
12611 
12610 
12609 
12608 
12607 
12606 
10005 
10004 
10014 
10003 
10002 
10001 
20001 
20002
20003
20004
20005
20006
20007
20008 
20101 
20301
20501
20502
20503
20504
20505
20506
20507

LaSalle Integral Calculation Heat Structure Input

Inside
Left Right Surface Thickness
CV CV Area Material (m)

104 205 63.8 Steel .178
104 205 72.2 Steel .178
105 205 242. Steel .178
104 104 697. Stainless .0066
103 105 520. Stainless .0158
103 105 21.6 Stainless .0508
103 105 14. Stainless .0508
103 Ins. 114. Stainless .0058
126 105 5.82 Stainless .0508
126 105 10.3 Stainless .0508
126 105 10.3 Stainless .0508
126 105 10.3 Stainless .0508
126 105 10.3 Stainless .0508
126 105 10.3 Stainless .0508
126 105 10.2 Stainless .0508
126 105 3.39 Stainless .0508
100 105 1.13 Stainless .0508
100 105 0.25 Stainless .0508
100 105 30.1 Stainless .0508
100 205 28.2 Steel .0778
100 205 8.71 Steel .0778
100 205 8.71 Steel .0778
200 402 1525. Stainless/Conc 1.219
200 Ins. 483. Stainless/Conc 7.01
200 Ins. 62.3 Stainless/Conc .540
200 204 58.6 Stainless/Conc 1.48
200 203 160.8 Stainless/Conc 1.49
200 Ins. 215.4 Stainless/Conc 1.48
200 Ins. 24.7 Stainless .0190
200 Ins. 31.2 Stainless .0190
201 200 28.2 Stainless .308
203 204 29.9 Concrete 1.143
200 205 83.8 Stainless/Conc .921
205 205 365. Steel/Conc 4.56
205 402 2100. Steel/Conc 1.83
205 204 147.6 Concrete 1.47
205 Ins. 181. Steel/Air/Conc 7.66
205 Ins. 74.55 Steel .0058
205 Ins. 74.55 Steel .0058
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Table A-7 (cont.)

Inside
Heat Left Right Surface Thickness
Structure CV CV Area Material (in)

40101 401 Ins. 227.7 Concrete .406
40102 401 Ins. 22.3 Concrete .523
40103 401 402 151.8 Concrete .610
40104 401 404 67.6 Concrete .914
40105 401 405 17.5 Concrete .702
40106 401 Ins. 2.79 Steel .0031
40201 402 Ins. 174.5 Concrete .320
40202 402 Ins. 52.6 Concrete .501
40203 402 Ins. 2.32 Steel .0071
40204 402 403 289.7 Concrete 1.0
40205 402 403 86.4 Concrete 1.83
40206 402 404 50.0 Concrete 1.22
40207 402 404 42.8 Concrete 1.05
40208 402 405 63.5 Concrete .610
40209 402 Env. 63.5 Concrete .476
40301 403 Ins. 490.2 Concrete .610
40302 403 Ins. 2.32 Steel .0071
40303 403 Ins. 3656. Steel .0032
40304 403 Env 4016. Steel .0032
40401 404 Ins. 33.7 Concrete .610
40402 404 Env 391.6 Concrete 1.83
40403 404 Env 412.7 Concrete 1.83
40501 405 Ins. 286.5 Concrete .325
40502 405 Ins. 37.8 Concrete .506
40503 405 Ins. 2.34 Steel .0069
40504 405 403 289.7 Concrete 1.0
40505 405 403 86.4 Concrete 1.83
40506 405 406 50.0 Concrete 1.22
40507 405 406 39.8 Concrete 1.01
40508 405 Env 63.5 Concrete .476
40601 406 Ins. 33.7 Concrete .61
40602 406 Env 391.6 Concrete 1.83
40603 406 Env 412.7 Concrete 1.83
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Table A-8

LaSalle Integral Calculation Core Input

Number of Radial Rings - 6
Number of Axial Levels — 13 (5 in lower plenum)

Level Bottom Elev (nO 
1 0.

2 .64
3 1.28
4 5.20
5 5.21
6 5.28
7 5.49
8 6.13
9 6.76

10 7.40
11 8.03
12 8.67
13 9.30

1 1.208
2 4.923
3 4.552
4 2.880
5 2.044
6 2.137

Total of All 6 Ring Masses for Level
Level U02 Zr-Clad St Steel B4C Zr--Can
13 0. 3445. 1389. 0. 2429
12 26453. 6282. 1646. 146. 4294
11 26453. 6282. 1646. 146. 4294
10 26453. 6282. 1646. 146. 4294
9 26453. 6282. 1646. 146. 4294
8 26453. 6282. 1646. 146. 4294
7 26453. 6282. 1646. 146. 4294
6 0. 863. 6248. 0. 551
5 0. 0. 10659. 0. 0
4 0. 0. 2394. 0. 0
3 0. 0. 22194. 0. 0
2 0. 0. 2923. 0. 0
1 0. 0. 3949. 0. 0

A- 22



Table A-8 (cont.)

Total of All 6 Ring Surface Areas for Level
Level U02 Zr-Clad St Steel Zr-Can
13 0. 537.7 61.65 147.
12 984. 1420. 115. 260.
11 984. 1420. 115. 260.
10 984. 1420. 115. 260.
9 984. 1420. 115. 260.
8 984. 1420. 115. 260.
7 984. 1420. 115. 260.
6 0. 27.9 131. 5.2
5 0. 0. 9.72 0.
4 0. 0. 6.97 0.
3 0. 0. 603. 0.
2 0. 0. 54.2 0.
1 0. 0. 55.9 0.

Table A-9

LaSalle Integral Calculation Cavity Input

Initially, 15452 kg of stainless steel added to account for sump tank, 
gratings, liners, pipes, and supports that would be melted by corium

Concrete Composition:
Material Fraction Other Input
SI02 .368 Cavity Radius = 3.086 m
MNO 5.E-5 Concrete Density = 2340.
CAO .2226 Solidus Temperature = 1420.
K20 .0015 Liquidus Temperature = 1670
AL203 .0090 Ablation Temperature = 1503
C02 .2017
TI02 1.3E-4
MGO .0921
NA20 5.9E-4
FE203 .0021
CR203 2.E-5
H20EVAP .0255
FE .0560
H20CHEM .0189
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A.2 Grand Gulf Nodalizations

Two MELCOR input decks were used for the Grand Gulf analyses, a deck 
modeling only the containment for addressing specific issues regarding 
containment phenomena and loading, and an integral deck for the station 
blackout calculation.

A.2.1 Containment-Only Model

The MELCOR model of the Grand Gulf containment was based on an existing 
HECTR deck that had been used to examine hydrogen mixing and igniter 
performance [A-2]. Most of the HECTR input was translated directly to 
MELCOR input, but some modifications were needed because of differences 
in modeling approaches in the two codes and to include input for 
phenomena not addressed in the HECTR analyses.

The MELCOR nodalization for the containment-only deck is shown in 
Figure A-3. Five control volumes were used to model the outer 
containment: dome, wetwell, equipment hatch, and the upper and lower
portions of the remaining region between the wetwell and dome. Three 
control volumes were used for the drywell. The drywell pedestal and weir 
annulus were modeled as separate control volumes and the remainder of the 
drywell was modeled by the third control volume. The weir annulus was 
modeled as a separate control volume to properly track the motion of the 
suppression pool surface. The control volume input is summarized in 
Table A-10.

The flow paths between the containment control volumes are listed in 
Table A-11. Note that leakage between the drywell and outer containment 
is included and that flow through the suppression pool vents is modeled 
using three separate flow paths for the three vent row elevations.

The heat structure input is summarized in Table A-12. The radiative heat 
transfer input for the outer containment surfaces was only used in 
calculations analyzing burns in the outer containment.

The spray input used to analyze de-inerting a steam-filled containment is 
summarized in Table A-13. The spray model was not used in any pf the 
other analyses. The input corresponds to a single spray train operating 
in the recirculation mode with water being drawn from a saturated 
suppression pool.
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Figure A-3. Nodalization for Grand Gulf Containment-Only Calculations
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Table A-10

Grand Gulf Containment Model Control Volume Input

Control
Volume

Brief
Description

Bottom
Elevation

(m)

Top
Elevation

(nO
Volume
Cm3)

201 Drywell -6.73 24.36 6554.
202 Weir Annulus -9.09 12.56 1462.5
204 Reactor Pedestal -8.64 3.34 244.5
301 Dome 13.61 53.92 25463.
302 Equipment Hatch 3.71 26.26 1654.
303 Upper Annular Region 11.63 26.26 4480.
304 Lower Annular Region 3.71 11.63 3278.
305 Wetwell / Suppres Pool -9.09 3.71 7783.

Table A-11

Grand Gulf Containment Model Flow Path Input

Flow From To Elev Area Loss
Path CV CV (nO Im£l Coeff Variable Onen Fraction

202 302 201 7.56 .0929 1. Leak - Fraction Varied
203 201 202 -1.68 51.4 .1
204 201 202 8.32 51.4 .5
205 201 204 -4.65 1.95 1.
206 201 204 -6.73 5. .5
211 202 305 -5.64 17.9 4.
212 202 305 -6.91 17.9 4.
213 202 305 -8.18 17.9 4.
301 301 302 26.26 74.3 .75
302 301 303 26.26 152.1 1.5
303 302 303 18.95 135.64 1.5
304 302 304 7.67 157. 1.5
305 302 305 3.71 62.4 .75
306 303 304 11.63 228.8 1.5
307 304 305 3.71 144.4 1.5
100 301 400 40. 10. 1. Cont Fail - Only

Opened when Fails
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Table A-12

Grand Gulf Containment Model Heat Structure Input

Heat Left Right Surface Thickness
Structure CV CV Area (m2) Material (m) Description

30101 301 Ins. 297.3 Concrete .1534 Floor
30102 301 Ins. 555. Stainless .0085 Up Pool Walls
30103 301 Ins. 1188. Stainless .216 Crane
30104 301 Ins. 3291. SS/Conc 1.70 Cont Wall
30201 302 Ins. 393.4 SS/Conc 1.70 Cont Wall
30301 303 Ins. 950.0 SS/Conc 1.70 Cont Wall
30302 303 Ins. 202.0 Concrete .763 DW Wall
30303 303 Ins. 2103. Concrete .1534 Walls/Floors
30304 303 303 1980. Stainless .018 Equipment
30401 304 Ins. 702. SS/Conc 1.70 Cont Wall
30402 304 Ins. 487. Concrete .763 DW Wall
30403 304 Ins. 396. Concrete .1534 Walls/Floors
30404 304 304 1040. Stainless .0238 Equipment
30501 305 Ins. 832.0 SS/Conc 1.70 Cont Wall
30502 305 Ins. 557. Concrete .763 DW Wall
30503 305 Ins. 308. Concrete .1534 Walls/Floors
30504 305 305 1127. Stainless .0103 Equipment
20101 201 Ins. 465. SS/Conc .317 Shield Wall
20102 201 Ins. 589. Concrete .229 Weir Wall
20103 201 201 2154. Stainless .0092 Equipment
20104 201 Ins. 235.0 Concrete .9144 DW Floor
20105 201 Ins. 235.0 SS/Conc .9144 DW Wall & Top
20401 204 201 166.3 Conc/SS 1.771 Pedestal
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Table A-13

Grand Gulf Containment Model Spray Input

Flow Rate - .356 m3/s 
Injection Temperature - 330 K

Drop Size Distribution:

Fraction Diameter ('nO 
.95 3.09E-4
.05 8.10E-4

Carryover Between Compartments:

From CV To CV 
301 302
301 303

Carryover Fraction
.1
.2

A.2.2 Integral Grand Gulf Model

The integral Grand Gulf deck is a combination of the MELCOR containment- 
only deck that was described in Section A.2.1 and vessel input that was 
derived from the MELCOR LaSalle deck which was described in Section 
A. 1.2. A nodalization of the Grand Gulf integral model is shown in 
Figure A-4.

Based on a thorough review of results calculated for the LaSalle station 
blackout, the vessel model was heavily modified for Grand Gulf. The 
twelve volumes used to model the channel and bypass were collapsed to two 
volumes because we felt that the potential for natural circulation needed 
to be examined more thoroughly before running with such detailed noding. 
In addition, a valve was added to close the jet pump flow path when the 
RPV level fell below the bottom of the shroud. This was done to halt 
natural circulation, which appeared to be contributing to the effects 
that were excessively cooling the core in the LaSalle station blackout 
calculation.

The three center radial rings in the core model were collapsed to a 
single ring because the power profile is reasonably flat in that region. 
The noding near the core plate was also modified, based on experience 
gained through the LaSalle analysis. Those results indicated that the
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combined use of a small axial node below the core plate and a large node 
below it were causing excessive axial conduction through the support 
structures in the lower plenum. Therefore, for the Grand Gulf model, the 
small axial node was extended downward to include a larger portion of the 
lower plenum. The LaSalle results also predicted that the upper core 
support, which had been modeled as a heat structure, would reach melting 
temperatures. Therefore, for the Grand Gulf model, the upper core 
support was included as part of the structure modeled in the core 
package, rather than a heat structure. Several other minor changes were 
made to correct errors. The core masses and surface areas were then 
increased to account for the larger number of fuel assemblies in Grand 
Gulf relative to LaSalle. Table A-14 summarizes these revisions to the 
core input for the Grand Gulf integral model.

Table A-14

Grand Gulf Integral Calculation Core Input

Number of Radial Rings 
Number of Axial Levels

4
13 (5 in lower plenum)

Level Bottom Elev (m)

1
2
3
4
5
6
7
8 
9

10
11
12
13

0.
.64

1.28
4.58
5.21
5.28
5.49
6.13
6.76
7.40
8.03
8.67
9.30

Ring X-C Area (m2)

1
2
3
4

10.683
2.880
2.044
2.137
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Table A-14 (cont.)

Total of All 4 Ring Masses for Level
Level U02 Zr-Clad St Steel B4C Zr--Can
13 0. 3607. 6985. 0. 2543
12 27700. 6578. 1724. 153. 4497
11 27700. 6578. 1724. 153. 4497
10 27700. 6578. 1724. 153. 4497
9 27700. 6578. 1724. 153. 4497
8 27700. 6578. 1724. 153. 4497
7 27700. 6578. 1724. 153. 4497
6 0. 903. 6542. 0. 577
5 0. 0. 11162. 0. 0
4 0. 0. 6287. 0. 0
3 0. 0. 19460. 0. 0
2 0. 0. 3061. 0. 0
1 0. 0. 4135. 0. 0

Total of All 4 Ring Surface Areas for Level
Level U02 Zr-Clad St Steel Zr-Can
13 0. 563. 184. 154.
12 1030. 1487. 120. 272.
11 1030. 1487. 120. 272.
10 1030. 1487. 120. 272.
9 1030. 1487. 120. 272.
8 1030. 1487. 120. 272.
7 1030. 1487. 120. 272.
6 0. 29.2 137. 5.4
5 0. 0. 102. 0.
4 0. 0. 110. 0.
3 0. 0. 529. 0.
2 0. 0. 56.7 0.
1 0. 0. 58.5 0.

A.3 Peach Bottom Nodalization

The MELCOR nodalization for the Peach Bottom plant is shown in 
Figure A-5. The reactor vessel was modeled with six control volumes 
representing the lower plenum, the core fuel rod flow channels, the core 
bypass flow channels, the downcomer annulus, the shroud dome, and steam 
dome. The containment was modeled with three control volumes 
representing the drywell, the vent downcomers, and the wetwell. The 
control volume input is summarized in Table A-15 and the flow paths 
between the control volumes are listed in Table A-16.
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The heat structure input is summarized in Table A-17. Seven heat 
structures were used to model structures and equipment in the containment 
and 13 structures were used to model structures and equipment in the RPV.

Table A-15

Peach Bottom Control Volume Input

Control
Volume

Brief
Description

Bottom
Elevation

(m)
Height
(m)

Volume
(m3)

100 Drywell -9.1 32.6 4315.
150 Vent/Downcomer -13.8 7.2 565.
200 Wetwell -16.4 9.6 7027.
310 RPV Downcomer 3.1 12.3 183.8
320 RPV Lower Plenum 0. 5.5 98.6
330 Core Bypass 5.5 4.2 25.6
340 Core Channel 5.5 4.2 37.5
350 Shroud Dome 9.7 5.7 44.9
360 Steam Dome 15.4 6.8 218.6
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Table A-16

Peach Bottom Flow Path Input

Flow From To Elev Area Loss
Path CV CV (nO Cm*) Coeff Variable Onen Fraction

DC Inlet 100 150 -7.3 26.6 6.7
DC Exit 150 200 -13.8 26.6 1.
Vessel Breach 320 100 0./ .00785 1. Opened at time of vessel

WW-DW Vacuum 200 100
-.23
-10.1/ 1.86 1.

breach
Closed until Wetwell P

Breakers
DC to LP 310 320

-6.6
8.08/ .678 .079/

exceeds Drywell pressure

Bypass In 320 330
3.09
5.49 6. .15

17.
.52/ Open Fraction = .013

Channel In 320 340 5.49 7.94
5.0
10.2/ Open Fraction = .617

Channel Out 340 350 9.67 6.15
13.3
50./

Bypass Out 330 350 9.67 7.94
. D
5.7 Open Fraction = .676

Shroud - Dome 350 360 15.43 4.78 12.6/

Dome - DC 360 310 15.43 26.1
J .
.11
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Table A-17

Peach Bottom Heat Structure Input

Left
CV

Right
CV

Surface 
Area (m2)

100 Ins. 1736.
100 Ins. 132.
100 Ins. 767.
100 Ins. 337.
100 Ins. 801.
200 Ins. 1584.
200 Ins. 4189.
310 100 317.
320 100 33.1
350 310 472.
360 Ins. 2945.
360 100 63.8
320 310 18.6
320 310 15.9
320 310 4.5
330 310 12.4
330 310 12.4
330 310 12.4
330 310 12.4
330 310 12.4

Thickness
Material (m)

Steel .029
Concrete 1.44
Concrete .349
Concrete .533
Steel .017
Steel .016
Steel .017
Steel .156
Steel .119
Stainless .019
Stainless .0018
Steel .102
Stainless .02
Stainless .02
Stainless .02
Stainless .02
Stainless .02
Stainless .02
Stainless .02
Stainless .02

Description

Drywell Liner
Drywell Floor
Upper Reactor Pedestal
Lower Reactor Pedestal
Drywell Steel
Wetwell Liner
Wetwell Steel
RPV Walls
RPV Lower Head
Separators
Dryers
RPV Upper Head 
Lower Plenum Shroud 
Lower Plenum Shroud 
Lower Plenum Shroud 
Core Shroud 
Core Shroud 
Core Shroud 
Core Shroud 
Core Shroud
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6413 T. D. Brown
6413 G. S. Rightley
6413 F. T. Harper
6415 W. R. Cramond
6418 E. A. Boucheron
6418 M. K. Carmel
6418 R. K. Cole, Jr.
6418 A. A. Elsbernd
6418 R. J. Gross
6418 L. N. Kmetyk
6418 R. S. Longenbaugh
6418 K. J. Maloney
6418 G. M. Martinez
6418 R. J. Pryor
6418 D. S. Stuart
6418 R. M. Summers
6418 S. L. Thompson
6420 W. B. Gauster
6422 D. A. Powers
6423 K. 0. Reil
6424 K. D. Bergeron
6424 J. J. Gregory
6429 K. E. Washington
6460 J. V. Walker
6463 M. Berman
6471 L. D. Bustard
6573 W. A. von Rieseman
8524 J. A. Wackerly
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