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Abstract

['his report documents the results from MELCOR calculaiions of the Long-Term Station Blackout Accicent

Sequence, with failure to depressurize the reactor vessel, ai the Peach Bottom (BWR Mark I) plant, and
source Term Code Package ralculations of the same sequence. STCP has

alculated the transientout t s after core unc weryv. Most of the MELCOR calculations presented

presents comparsons with S

have been carried out to between 15 and 16.7 hours after core uncovery. The results include the release of

ource terms the environment

[ several sensitivity calculations with MELCOR are also presented. These explore the impact of
varying user-input modeling anc ep control parameters on the accident progression and release of
1O the environment




Table of Contents

Page No
5T TN TS EX SRR s R TGS R e s B e o R R e R B R i
IO FURER ool o 2o Symmaris 5w 2P sh s 8 AR A el Teafurod shis i bl D 1y Al Ry vii
T T R RO R PLRA R DT W e e DR PR e ] o Pl e S N S e ix
EXOCWUIVE SUMBUMTY 5 ¢ 0 000 vkametnwnsans s s & Brarghon S e g S A A B ek ek N TR e xi
AEEDNISOIERIINE . FToTrs n. Lot i b o8 ke [ 05 St e o 0 - S I R Rl i -V Bl E RO Xiii
U RERECRINCEIOME, Lo Cos w5, AR e 5 i ALK B 18 5 5, i s o o yoam sl i Waploikie oA ST Th s 1
1.3 Backgrounid aad OBISCHVDE . . ..« vovovvisuns vosdninesinissosionsanstosseysiissossoessasss 1
Bl RN =0 1 L e i doarwelio o8 Fcbin-smen e dhnie s Somy andoraim it g oo on-ddeessl-mine-Sisenk dr i Tl Rt AL 1
20 AN BE TRRBEEL. o o i s s icin 8 6 £ A W5 20 5 PRS0 LS RN 56 A I 4 2
NI DRREE NN + . v s :0s o o 550w A W § G RO, GRS P00 S5V NE HANE A TR VT e B 3
ok, DURRTEOE TIIRIE - 200, 2.0 55 4 4400045 558 ATk 03 TR &SI T H Db N NS g Sl 3
i BT T T T B - P F BNEY ST N R TSP PR PR ITY I S L | o 7. 3
2.3 BeCONOREY CORMRINIOREL - 5.5 v vve v v s oaswy'am onn i xon v w8 vosis @rvones Box o € aaneeisnn o 30 mrons T, STHA 5 o0 2778 4
3 Long-Term Station Blackout Sequence . . . .........cviuiiiutiiimiomimiieiaiemiernneneineesns 10
B BERCUPIORE IR o, -5 o5 s s Sion o s i 1ok i, o el N AP N R T S W A Te 11
T N N Nt PN R U PRI S o e PR QL S T R 11
4.2 Some Features of SIMUIAtION . . . . ..ot uuiiii vttt ia et i an i 11
5 Results and Comparisonswith STCP . ... ... ..ottt i aianans 16
AN T T ey e et K TR SR T REFILPIRE Sy e e ey B 5 e 16
Dk BV IRREIGE . o600 7 o v, b 0 208 e R 48 ot s s o R el e T T e o W 16
53 EER-VoRBIBEBIVIO : . i o vvpivssssnisiossbinssanestihessnasenssiiansessisssssnetasssss 17
5.4 Fission Prcduct Transport and Release to Environment . .................coiiiiiiiiiiians 17
6 Sensitivity CalCUlations . . ... .....i.iuu it ey 46
DL IR DRI & o g T 5 S AT Wi o 0 oy 0 it 1 ok o £ A 3 e s 46
6.2 Refreezing Heat Transfer Coefficients . ... .........ooiuiiiniieriiiininieineneenernneananns 46
6.3 Debris Ejection Model .. ...t e e 47
TR R T T T R S O A A S R R O ) (A 47
6.5 Maximum Allowable TIMESIEP . ... ... .uuutiineititiitititiiariiia i iiiaiaienann 47
g v T U R EIY « U Mo CE Ll . PN S el 1y TR RO e YL r 61
S BN - 7. o o8 o8 M s NN 0 - o . B NS e e s oy e e e 64
Appendix A Comparison of Results with MELCOR 1.8BCand MELCOR18CZ .............. A-l
Appendix B Additional Calculations and Findings from MELCOR 1.8DNX .................. B-1
B.1  Impact of Maximum Allowable Timestep (At,,,) on Peach Bottom Station

Blackout Calculations Using MELCOR 1.8DNX ... .............ooonnn. B-1
B2  Examunationof Lower Plenum Dryout Times as Calculated by MELCOR, Version
B AT e I T et e R S S e e B-7

B.3  Effect of Operating System Math Run Time Library Routines on MELCOR
. O e S P U e e s B-11

v NUREG/CR-5850



Table of Contents (Cont'd)

from MELCOR 1.8.2
C.1 Impact of Maximum Allowable Timestep on Peach Bottom Station Blackout
ations Using MELCOR 1.8.2

Velocity in the New Debr

Statior Blackout Calculat wns Using MELCX R 1.8.2
|

Additional Calculations and Findings

15

( Impact of Debris Fal Quench Model on Peacl

RNI [.ower Plenum Debn Be d (BH Model

NUREG/CR-585!




List of Figures

Figure No. Page No.
2.1 R RCEOT Y I, B RS e e R e o o e T oo el b o BT st g AT SHO i e e 4 7
2.2 MK T Drywell/Torus Arrangement .. ....... ...oiiiiiis iiiniuiiamiinneeniiniaeianes 8
2 Schematic of the Containment Design for the Peach Bottoru Plant .. ....................... 9
4.1 Peach Bottom Plant Nodalization for MELCOR . ... it 14
42 T g L T e et e LM 3 B B RS R s A e e S 16
5.1 Total and Steam Partial Pressures in the RPV Separaior and Dryer Regions Calculated by
BEEILICEIIR 2 30 e i e e e s B A S e 3 K o i I a8 e Rl o e b 21
5.2 Vessel Water Level Calculatedby MELCOR ....c..vivienernmnsriiaasassrsnsansnsanns 22
5.3 MELCOR-Calculated Cumulative Steam Flow Through the SRV Lme ................... 23
54 MELCOR-Calculated Cumulative Hydrogen Flow Through the SRV Line ................. 24
5.5 Zircaloy Massin Core Cells 107 - 111 (Active Core) .. :cvivvivineasiissisesneansnasnns 25
56 Zircaloy Mass in Core Cells 101 - 106 (Lower Plenum) .. ...................oiiiiiiann. 26
5.7 Fuel Mass in Core Cells 107 - 111 (Active Core) ................. el Bl S e 27
5.8 Fuel Mass in Core Cells 101 - 106 (Lower Plenum) ........... O T e 2. 28
5.9 Cumulative Hydrogen Production Calculatedby MELCOR .. ... ... ... . ... ..o 29
5.10 Total and Steam Partial Pressure Historyinthe Drywell .................... . ............ 30
5.11 Temperatureof Atmospherein Drywell ........ ... .. ... ... . . . i 31
5.12 Temperature Response of the Upper and Lower Reactor Pedestal ........................ 32
5.13 Temperature Response of the Drywell Lineand Floor ................ ... i 33
5.14 Total and Steam Partial Pressure History in the Wetwell . . ............................... 34
5.15 Temperature Response of the Wetwell Pooland Liner .................................. 35
5.16 Pressure History of Hydrogeninthe Drywell ..........ccooviiiiiiieiiicnnsnisvnvniesis 36
5.17 Pressure Response of the Torus Room and RefuelingBay ............................... 37
5.18 Temperature Response of the Torus Room and RefuelingBay ........................... 38
5.19 Accumuiated Masses of Metallic, Heavy, and Light Oxidic Debrisin the Cavity . ............. 39
5.20 Temperature History of Debris and Water Layersinthe Cavity .. ......................... 40
5.21 Cumulative Mass of Non-Condensible Gases Released from Core-Concrete Interaction ... ... 41
5.22 Cumulative In-Vessel Released and Deposited Mass of Radioactive Fission Products .. ...... 42
5.23 Cumulative In-Vessel Released Mass of CsOH, Te,and Csl . ............... ...t 43
5.24 Cumulative Ex-Vessel Released Mass of CsOH, Te,and CsI ............................. -
5.25 Location History of Decay Heat In-Vessel and Ex-Vessel .. .............................. 45
B.1 Material Ejected to CAV as Calculatedby MELCOR, At = 10S................... ... B-3
B2 Material Ejected to CAV as Calculatedby MELCOR, A, =5S5........................ B-4
B3 Material Ejected to CAV as Calculatedby MELCOR, At =38 . ... ..ooiiiiiiiiinnins B-5
B4 LOwer Plonum Waler Mo Ve TIR . . ..o cvcnivaiaiiriniisinssisnssansnssinpeibaned B-9
BS Lower Plenum Water Mass Vs. Time; Magnifying the Debris Quench Time Scale .. ........ B-10
B6 Pressure History of Hydrogen in the Drywell, VAX/VMS VS4-1A .. .................... B-13
B.7 Pressure History of Hydrogen in the Drywell, VAX/VMS V531 ....................... B-14
BS8 Total and Steam Partial Pressure History in the Drywell, VAX/VMS VS 4-1A ... .......... B-15§
B9 Total and Steam Partial History in the Drywell, VAX'VMS VS3-1 ................o0ue B-16
C.1 Pressure in the Reactor Pressure Vessel (RPV) . ... .o it iiiiiiiiiiinins C-5
£3 Hydrogen Pressure in the Reactor Pressure Vessel (RPV) ...... ... ... ... ............. C-6
C3 Downcomer Level in the Reacior Pressure Vessel (RPV) ... ... ..oiiiiiiiin. C-7

vii NUREG/CR-5850



List of Figures (Cont'd)

Figure No. Page No.
C4 Temperature of Atmosphere in the Reactor Pressure Vessel (RPV) ...................... C-8
. Temperatureof Atmosphereis RPV UpperPlenum ... ... cvvnvsiideiiavasavassrcassns C-9
C.6 RV Dyl COMPOTIIRIIE .« <1 % o vciias sion sa Bk s naln o wam s NS ddnh o 5,58 S el C-10
C7 Core Plate Tomperatureia Ring 1 ..., covviiivisiniiaiinisviarsisssasnsassssinns C-11
C8 Tkl FNROann Phusluiiam S0 0 o ovils n Vs A3 i MR AR et S A S S A e sk s C-12
C9 Intagral Seeam FIow MroUBh SRVE ...« .ocommavasnnnsohassoansssaonsssssiransssgas C-13
C.10 T g T e R SRS R S [ e C-14
Cal Deywalll BRVCOREN PORMIII . oo viianinn oo wtio & Sk 5is 4o s WU 010 Ssa bonce s 410 80 4% n venne EolS
C.12 Temperstureof Atmospherein Drywell ... .....cccivvmvasninssvrsnaressssitnansanas C-16
C.13 DIIYRON TRMPOIEERE . 5. v ica s voisioalss snsssd ¥saauibn iy ssens s kuiensssssgsnsse C-17
C.14 Wetwell Temperature . . ... ...oivcivvroneerses SRR E - S W R C-18
C.15 Pressure RefuelingBay ................. OATRTY PURI Ny 1 R Fop NY S X R e C-19
C.16 Temperature of Atmosphere in RefuelingBay ............... . it C-20
C.17 Radioactive Mass Depositedon RPV Separators .. ..........oovviiiiiineniannnraann, C-21

NUREG/CR-5850 viii



Table No.

4.1

5.1
52
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

6.9

6.10
6.11
6.12

Al
A2
B.1
B.2
B3

B4

Cl1
2
C3
C4

CS

List of Tables

Page No.
Domestic BWR Mark I Design Parameters . .. ........ouiiiiiiiiiiiiiieinneinnneennnen 6
Material Classes in MELCOR . .. .. oot i as 13
MELCOR and STCP-Predicted Timingof Key Events .. .....................oooiiia., 19
Fractional Distribution of Fission Products by Group in Plant and Environment .. ........... 20
Impact of Fuel Release Model on Predicted Timingof KeyEvents ........................ 49
Impact of Fuel Release Model on Predicted Environmental Relzases of R2dionuclides .. .. ... 50
Impact of Refreezing Heat Transfer Coefficient on Predicted Timing of Key Events ......... 51
Impact of Refreezing Heat Transfer on Predicted Environmental Releases of Radionuclides .. 52
Impact of Debris Ejection Model on Predicted Timingof KeyEvents . . .................... 53
Impact of Debris Ejection Model on Predicted Environmental Releases of Radionuclides . . . . . 54
Impact of Combination of Fuel Release Model and Debris Ejection Model Selection on
T s e e 55
Impact of Combination of Fuel Release Model and Debris Ejection on Predicted Environmental
Releasesof Radionuclides . . ..., ... .. it 56
Impact of Burn Propagation Parameter, T, on Predicted Timing of Key Events . ........... 57
Impact of Burn Propagation Parameter, T, on Predicted Environmental Releases
of Radionuchides . . . ... ... i e 58
Impact of Maximum Allowable Timestep Size on Predicted Timing of Key Events ........... 59
Impact of Maximum Allowable Timestep Size on Predicted Environmental Releases
of Radionuchides . . ... ... ... 60
Comparison of Timing of Key Events Predicted by MELCOR 1.8BC and MELCOR 1.8CZ .. A-2

Comparison of Environmental Release of Source Terms Predicted by MELCOR 1.8BC

SR OREI RSN BRE oo - 550 miis 64 28+ 5% 4% b L B0 g B 0 68 9o 0k +a ¢ o8 o 8 e A-3
Impact of Maximum Allowable Timestep Size on Predicted Timing of Key Events

(MELCOR Version 1BDNX) ... ..ottt etatseiiaianinaanennsns B-2
Impact of Maximum Allowable Timesiep Size on Predicted Environmental Releases

of Radionuclides (MELCOR Version 1LEDNX) .. ..ottt iiainiinnns B-6
Core Debris Relocation and Lower Plenum Dryout Times for Various At,,,,

(ORI VIOt LBEINIID «.« ¢ o cov.c 00 0005 a0 wid 6 50530 55 4 8 s A5 5.6 500 5 58 5 4 s 5 B-8
Impact of Maximum Allowable Timestep Size on Predicted Timing of Key Events

(MELCOR Version 1LBDNX) .. .00ttt ittt anaees B-12
Impact of Maximum Allowable Timestep Size on Predicted Timing of Key Events

ERBRRATIE VPO AT ¢ 1 5.0 4w 405 6458 A VSS90 508 5 AT Ak I T SA R 2T 30 s o w5 Cc3
Impact of Maximum Allowable Timestep Size on Predicted Environmental Releases

of Radionuclides MELCOR Version 1.8.2) .. ..ottt it ianeans C-4
Impact of Debris Fall Velocity in New Debris Quench Model on Predicted Timing

of Key Events (MELCOR 1.8.2) ... ..ottt it ci e C-23
Impact of Debris Fall Velocity in New Debris Quench Model on Predicted

Environmental Releases of Radionuclides(MELCOR 1.82) ...........coooviiinnnnnn.. C-24
Predicted Timing of Key Events Using MELCOR LH Model and ORNL's BH

Model (MELCOR Version 1.B.2) ... ...t e iiees C-26

ix NUREG/CR-5850



Executive Summary

MELCOR is a fully integrated severe accident analysis code that is being developed for the NRC by Sandia
National Laboratories (SNL), to be used in probabilistic risk assessment (PRA) studies in order tc address
the perceived risk from a nuclear plant. Its development has focused on improved physical models, flexibility
for future modification, and ease of use. MELCOR treats the complete accident sequence from the initiating
event, through core uncovery, damage, fission product release and transport through the reactor coolant
system and containment, and release to the environment. MELCOR is a second-generation source term code
and it is designed to provide an improved severe accident/source term analysis capability relative to the older
Source Term Code Package (STCP).

This report documents the results from MELCOR calculations of the Long-Term Station Blackout Accident
Sequence with failure to depressurize, in a boiling water reactor (RWR) of the Mark | containment design,
and presents comparisons with STCP calculations for the same sequence. The plant analyzed is Peach
Bottom.

Accidents involving station blackout are the dominant sequences at Peach Bottom, accounting for almost 50
percent of total core damage frequency. Station blackout is defined as loss of all AC power. This is caused by
loss of offsite power and subsequent failure of the diesel generators. Sequences that further assume
common-cause failure of the station batteries are termed Short-Term Station Blackout. The remaining are
the long-term station blackout sequences. Even though not the most dominant in terms of its contribution to
total core damage frequency, the long-term station blackout sequence is considered the most likely to occur.

In the Long-Term Station Blackout scenario, 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. The latter,
however, require DC power for operation and would fail when the station batteries are depleted, which has
been estimated at six hours after the start of the accident. Following failure of the emergency core cooling
system, the primary system inventory is boiled off through the relief valves by continued decay heat
generation. This leads to core uncovery, heat up, clad oxidation, core degradation, relocation, and eventually,
vessel failure. This will cause further pressurization of the drywell from steam and noncondensible gases,
which may lead to containment failure. Multiple hydrogen burns can occur in the reactor building after the
containment fails. STCP has calculated the transient out to 13.5 hours after core uncovery. Most of the
MELCOR calculations have been carried out to between 15.0 and 16.7 hours after core uncovery. The results
include the release of source terms to the environment, and hence, constitute a significant milestone in
MELCOR application to plant simulation.

This report is intended to satisfy the requirements for Task 2 entitled "MELCOR Application to BWR
Simulation” of the Project "MELCOR Benchmarking, Verification, and Applications” being performed for
the U.S. Nuclear Regulatory Commission (NRC), by Brookhaven National Laboratory (BNL). The focus of
this program is to provide an independent assessment of the modeling capabilities and limitations of
MELCOR, and is complementary to the applications programs being carried out at Sandia National
Laboratories and Oak Ridge National Laboratory (ORNL).

In addition to the MELCOR reference calculation, several seusitivity calculations were also performed and
are presented in this report. These calculations consider the same sequence, but explore the impact of
varying user-input modeling and timestep control parameters on the accident progression and release of
source terms to the environment calculated by MELCOR.
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Most of the calculations documented here v ere performed in FY1990 using MELCOR Version 1.8BC.
However, the Appendices also document tne results of calculations performed in FY1991 using later released
MELCOR versions 1. 8CZ and 1.8DNJ,, and of more recent calculations performed in FY 1993 using the
latest released MELCOR version 1.8.2.
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1 Introduction

1.1 Background and Objectives

This report documents the results from MELCOR (Version 1.8BC) calculations of the Long-Term Station
Blackout Accident Sequence with failure to depressurize, in a boiling water reactor (BWR) of the Mark 1
containment design, and present comparisons with Source Term Code Package (STCP) calculations for the
same sequence [1]. The plant analyzed is Peach Bottom.

This sequence assumes that batteries are available for 6 hours following loss of all power to the plant, which is
the most likely core melt sequence, per draft NUREG-1150. The mozeling of this sequence will test
MELCOR’s ability to simulate in-vessel melt progression leading to core slump, vessel failure, fission product
release and retention, as well as ex-vessel behavior, over a long severe-accident transient. STCP has
calculated the transient out to 13.5 hours after core uncovery. Mot of the MELCOR calculations have been
carried out to between 15.0 and 16.7 hours after core uncovery. The results include the release of source
terms to the environment, and hence constitute a significant milestone in MELCOR application to plant
simulation.

This report is intended to satisfy the requirements for Task 2 entitled "MELCOR Application to BWR
Simulation” of the Project, "MELCOR Benchmarking, Verification, and Applications” being performed for
the U. 8. Nuciear Regulatory Commission (NRC), by Brookhaven National Laboratory (BNL). The focus of
this program is to provide an independent assessment of the modeling capabilities and limitations of
MELCOR, and is complementary to the applications programs being carried out at Sandia National
Laboratories (SNL) and Oak Ridge National Laboratory (ORNL).

In addition to the MELCOR calculation mentioned above (henceforth termed reference calculation), several
sensitivity calculations were also performed and are presented in this report. These calculations consider the
same sequence, but explore the impact of varying user-input modeling and timestep control parameters on
the accident progression and release of source terms to the environment calculated by MELCOR.

1.2 MELCOR

MELCOR is a fully integrated severe accident analysis code that is being developed for the NRC by SNL, to
be used in probabilistic risk assessment (PRA) studies in order to address the perceived risk from a nuclear
plant. Its development has focused on improved physical models, flexibility for future modification and ease
of use. MELCOR treats the complete accident sequence from the initiating event, through core uncovery,
damage, fission product release and transport through the reactor coolant system and containment, and
release to the environment [2].

MELCOR is a second-generation source term code and it is designed to provide an improved severe
accident/source term analysis capability relative to the older STCP [3]. MELCOR version 1.8.0 was released
in March 1989. This version had the capabilitiesto model both BWR and PWR plants, the BWR capability
being more mature than the PWR capability.

Subsequently, MELCOR 1.8BC was released as an interim version, and installed on BNL’s VAX computer in
November 1989. This version incorporates updates 1.8AA through 1.8BC in response to Defect Investigation
Report (DIRs) submitted by users and SNL. The 1.8BC version has been used, together with a few patches to
correct code errors, for most of the calculations presented in this report. Versions 1.8CZ, 1.8DC, and 1.8DN
were released between April and September 1990, and installed at BNL. MELCOR 1.8DN was further
updated to correct for mass inconsistencies in debris ejection to cavity. This corrected version was internally
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called MELCOR 1.8DNX. The latest released version of the code, MELCOR 1.8.2, was released to users in
April 1993,

1.3 Organization of Report

Chapter 2 briefly describes the Mark I design. The Long-Term Station Blackout sequence is defined in
Chapter 3. Chapter 4 describes the MELCOR model and some features of the simulation. Results of the
MELCOR calculation and comparisons with STCP results are presented in Chapter S. Major differences are
identified Chapter 6 describes several sensitivity calculations for the same sequence using MELCOR. A
brief comparison of the accident progression and source term to the environment calculated by MELCOR
1.8BC aud the latest version, i.e., |.8CZ are included in appendix A. Appendix B presents the results of
calculaions and findings from MELCOR 1.8DNX. Appendix C presents the results of additional
cakulutions and findings from the latest released MELCOR version 1.8.2.

NUREG/CR-5850 2



2 BWR Mark I Design

There are 24 domestic BWR Mark 1 units, most of them employing the BWR-4 reactor design. The basic
design characteristics of five of these plants are summarized in Table 2.1. The Mark I containment is the
earliest standardized containment built for BWRs [4]. It has since been replaced in newer plants by the Mark I1
and Il configurations. The oldest operating unit -Oyster Creek 1 in Oyster Creek, New Jersey - received its
operating license in 1969. The newest is Hope Creek 1, in Salem, New Jersey, which started operating in 1986,
The electrical output of the operating plants ranges from a low of 514 MWe for the Vermont Yankee plant to a
high of 1070 MWe at the Hope Creek plant. The two units of the Peach Bottom plant are located in York
County, Pennsylvania. They are operated by the Philadelphia Electric Company, produce 1065 MWe each, and
have been in service since 1974 [5,6).

2.1 Reactor System

The fuel for the reactor core consists of slightly enriched uranium-dioxide pellets contained in sealed Zircaloy-2
tubes. These fuel rods are assembled into individual fuel assemblies. Gross control of the core is achieved by
movable, bottom-entry control rods. The control rods are of cruciform shape and are dispersed throughout the
lattice of fuel assemblies. The rods are controlled by individual hydraulic systems.

The reactor vessel (see Figure 2.1) contains the core and supporting structure, the steam separators and dryers,
the jet pumps, the control rod guide tubes, distribution lines for the feedwater, core spray, and standby liquid
control, the incore instrumentation, and other components. The main connections to the vessel include the
steam lines, the coolant recirculation lines, feedwater lines, control rod drive housings, and core standby cooling
lines. The reactor vessel is designed and fabricated in accordance with applicable codes for a pressure of 1,250
psig. The nominal operating pressure is 1,020 psia in the steam space above the separators.

The reactor core is cooled by demineralized water which enters the lower portion of the core and boils as it
flows upward around the fuel rods. The steam leaving the core is dried by steam separators and dryers located
in the upper portion of the reactor vessel. The steam is then directed to the turbine through the main steam
lines. Each steam line is provided with two isolation valves in series, one on each side of the primary
containment barrier. The reactor recirculation system pumps reactor coolant through the core to remove the
energy generated in the fuel. This is accomplished by two recirculation loops external to the reactor vessel but
inside the primary containment. Each loop has one motor-driven recirculation pump.

The reactor protection system (RPS) initiates a rapid, automatic shutdown (scram) of the reactor. This action
is taken in time to prevent excessive fuel cladding temperatures and any nuclear system process barrier damage
following abnormal operational transients. The RPS overrides all operator actions and process controls. When
a scram is initiated by the RPS, the control rod drive system (CRDS) inserts the negative reactivity necessary to
shut down the reactor. Each control rod is controlled individually by a hydraulic control unit. When a scram
signal is received, high-pressure water from an accumulator for each rod forces each control rod rapidly into the
core.

A pressure relief system, consisting of relief and safety valves mounted on the main steam lines, prevents
excessive pressure inside the nuclear system following either abnormal operational transients or accidents.

2.2 Primary Containment

The primary containment consists of a drywell, shaped like an inverted light bulb, that encloses the reactor
vessel, and its recirculation pump and piping, a toroidal pressure suppression chamber (wetwell), and a
connecting vent system between the drywell and wetwell pool (see Figure 2.2). Pertinent design parameters are
given in Table 2.1. The dimensions provided in this section are representative Peach Bottom values. Under
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accident conditions, valves in the main steam lines from the reactor to the turbine-generators would
automatically close, and any steam escaping would be released entirely within the drywell. The resulting
increase in drywell pressure would force the air-steam mixture in the drywell into the wetwell pool, where the
steam would be completely condensed. Steam released through the relief valves of the automatic
depressurization system also would be condensed in the wetwell pool.

The drywell is a steel pressure vessel with a spherical lower portion about 20 m in diameter and a cylindrical
upper portion about 12 m in diameter. The overall height of the drywell is ~35 m. The entire weight of the
reactor is supported by a reactor vessel support assembly which positions and transfers the weight of the reactor
to the support pedestal. The concrete and steel support pedestal is constructed integrally with the reactor
building foundation. The pedestal has one or two major doorway openings on opposite sides which extend
down to the drywell floor.

The wetwell is a steel pressure vessel of toroidal shape, located below and surrounding the drywell. The
centerline diameter of the torus is ~33.8 m (111 ft) and the cross sectional diameter is 9.5 m (31 ft).

The drywell and wetwell are connected by a vent system which, under accident conditions, directs flow from the
drywell into the suppression pool and distributes this flow uniformly around the pool. Eight circular vent pipes,
each 2.06 m (6.75 ft) in diameter, connect the drywell to the wetwell. Jet deflectors are provided in the drywell
at the entrance to each vent pipe. These vents are connected to a 1.45 m (4 ft, 9 in) diameter vent header of
toroidal shape, which is contained within the airspace of the wetwell. Ninety-six downcomer pipes, each 0.61 m
(24 in.) diameter, project downward into the suppression pool, terminatiag 1.22 m (4 ft) below the surface of
the pocl. Vacuum breakers discharge from the wetwell atmosphere into the vent pipes to prevent the
suppression pool pressure from exceeding the drywell pressure by more than 0.5 psi. The wetwell, which is
located in a separate room in the reactor building basement (Figure 2.3), is accessible only through two
normally closed manhole entrances with double testable seals and bolted covers. Steam can also be directed
into the pool by separate lines from the safety/relief valves on the reactor’s primary system. These valves serve
to protect the primary system from excessive pressure and can also serve to reduce vessel pressure quickly.

In addition to serving as a heat sink for drywell blowdown following a loss-of-coolant accident, the suppression
pool serves as a source of water for the HPCI, HPCS, RCIC, LPCS, and RHR systems as well as a heat sink for
the SRV discharge and the HPCI and RCIC turbine exhausts.

Several types of piping and electrical penetrations, as well as personnel and equipment access hatches,
penetrate the primary containment. The general design of the piping penetrations incorporate a penetration
sleeve which passes from the reactor building through the shield wall concrete and projects into the gap region
between the shield wall and the drywell liner. Guard pipes and expansion bellows are incorporated where
necessary to allow for movement and protection of process lines. Personnel and equipment hatches incorporate
double, testable seals to ensure containment integrity.

The Mark I primary containments are relatively small compared to PWR plants of similar power. Hence, to
prevent a potential hydrogen burn during a core damage accident they are inerted to less than 4 percent by
volume of oxygen.

23 Secondary Containment

The secondary containment or reactor building completely encloses the primary containment. One of its
purposes is to minimize the ground-level release of airborne radioactive materials and provide for the
controlled and elevated release of the building atmosphere via the Standby Gas Treatment System under
accident conditions.

NUREG/CR-5850 4
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In addition to the primary containment, the reactor building houses the refueling and reactor service areas, the
new and spent fuel storage facilities and other reactor auxiliary and service equipment, including the Reactor
Core Isolation Cooling System, Reactor Water Cleanup System, Standby Liquid Control System, Control Rod
Drive Hydraulic System equipment, the emergency core cooling systems, and electrical components.

The normal ventilation system provides filtered air to the reactor building and then exhausts it through an
elevated release. The ventilation system maintains the reactor building at a 0.25-inch water negative internal
pressure, thereby ensuring inleakage.

The reactor building substructure consists of poured-in-place reinforced concrete exterior walls (with no liner)
that extend up to the refueling floor. The refueling room floor is also made of reinforced poured-in-place
concrete. The superstructure of the reactor building above the refueling floor is structural steel. The refueling
floor walls are covered with insulated metal siding. The reinforced concrete exterior walls and the structural
steel for the superstructure are designed for tornado considerations and missile protection. Several floors
supporting plant equipment are located within and attached to the secondary containment. Workmen present
on these floors are shielded from radiation during normal plant operation by the concrete surrounding the
drywell and the refueling pool located above the drywell closure cap.

Excessive reactor building-to-atmosphere pressure differentials are prevented by venting to the atmosphere
through relief panels. Three sets of relief panels and a flow limiter prevent overpressurization of the seconda:y
containment system. These consist of the main steam relief pacels, the zone relief panels, the exterior siding
panels, and the HPCI steam line flow limiter. Main steam ruptures would be vented to the turbine building
through main steam relief panels. Zone relief panels vent the reactor building to the refueling floor. The
exterior siding (blowout) panels vent the refusling floor to the atmosphere.

All entrances and exits to and from the reactor building are through double door personnel and equipment air

locks. Each pair of access doors is equipped with weather-strip type rubber construction s. als and is electrically
interlocked so that only one of the pair may be opened at a time.
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Table 2.1 Domestic BWR Mark I Design Parameters [7)

NUREG/CR-5850

=
Peach Bottom Vermont

Parameter Units 2 and 3 | Browns Ferry Yankee Cooper
Rated Power (MW1) 3293 3292 1593 2381
Reactor Vessel Material Carbon Steel/Clad Stainless Steel
RV Design Press. (psia) 1265 1265 1265 1265
RV Design Temp (°F) 575 575 575 575
No. Jet Pumps 20 20 20 20
No. Main Steam Lines 4 4 4 4
MSL Design Press. (psig) 1115 1146 1146 1146
MSL Design Temp. (°F) 583 563 563 563
Drywell'Wetwell Design Press. (psig) 56 56 56 56
DrywellWetwell Design Temp. (°F) 281 281 281 281
Drywell Free Vol. (ft’) incl. Vent Pipes 175,800 159,000 124,000 145,430
Wetwell Free Vol. (ft*) 127,700 to 119,000 99,000 109,810

132,000
Wetwell Water Vol. (ft") 122,900 to 135,000 78,000 87,660
127,300
Vent Pipe Submergence in Wetwell Pool (ft) 4 4 4 4
Containment Leak Rate (Weight%/day) at 56 0.5 05 0.5 0.5
psig and 281°F
Secondary Containment (SC) Type Controlled Leakage, Elevated (Stack) Release
SC Design Press. (psig) 0.25 0.25 0.25 0.25
SC Design Inleakage, % free vol/day at 0.25 in 100 100 100 100 |
H,O
Stack Construction Reinforced Reinforced Steel Steel |
Concrete Concrete :

Stack Height (above ground) 500 f. 600 f1.
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Figure 2.1 Reactor Vessel Schematic [7]
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3 Long-Term Station Blackout Sequence

Accidents involving station blackout are the dominant sequences at Peach Bottom, accounting for almost 50
percent of total core damage frequency (9] (NUREG-1150). The number was even higher, 56 percent, based on
the earlier Draft NUREG-1150 [10]. Station blackout is defined as loss of all AC power. This is caused by loss
of offsite power and subsequent failure of the diesel generators. Sequences that further assume common-cause
failure of the station batteries are termed Short-Term Station Blackout. The remaining ar? the long-term
station blackout sequences. Even though not the most dominaat in terms of its contribution to total core
damage frequency, the long-term station blackout sequence is considered the most likely to occur [10].

In the Long-Term Station Blackout scenario, 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. The latter,
however, require DC power for operation and would fail when the station batteries are depleted, which has
been estimated at six hours after the start of the accident. In such an event, core uncovery and melting would
be expected to take place at high reactor coolant system pressure (> 1000 psi) with the containment initially
intact. Containment failure is possible at the time of reactor vessel failure or later in the sequence. Following
failure of the emergency core cooling system at six hours into the acadent, the primary system inventory is
boiled off through the relief valves by continued decay heat generation, This leads to core uncovery, heat up,
clad oxidation, core degradation, relocation, and, eventually, vessel failure. This will cause further
pressurization of the drywell from steam and noncondensible gases, which may lead to containment failure.
Multiple hydrogen burns can occur in the reactor building after the containment fails.

NUREG/CR-5850 10



4 MELCOR Plant Model
4.1 Nodalization

The MELCOR Peach Bottom model is a modified version of the untested input deck that was received from
Sandia National Laboratory in 1988. It consists of 19 control volumes (6 for the Reactor Coolant System, 3 for
the primary containment, 9 for the secondary containment, including refueling bay, and 1 for the environment);
33 flow paths (16 in the RCS and primary containment, and 17 in the secondary containment); and 66 heat
structures (20 in the RCS and containment and the rest in the secondary containment). The reactor core is
modeled with 33 core cells (i.e., 3 concentric radial rings at 11 axial levels). Levels 7 through 11 comprise the
active core region, and levels 1 through 6 are the lower pienum including the core plate which is level 6. Figures
4.1 and 4.2 show the MELCOR ncdalization for the Peach Bottom plant and its reactor core, respectively’.

4.2 Some Features of Simulation

MELCOR either explicitly or parametrically models all key in-vessel and ex-vessel phenomena. In-vessel
phenomena modeled include the thermal-hydraulic behavior of the reactor coolant system (RCS), fuel rod
heatup, zircaloy oxidation, and hydrogen generation, core degradation, and lower head response. Fission
product release, transport, deposition, and revaporization are also treated. Ex-vessel phenomena include
core/concrete interactions, primary and secondary containment thermal-hydraulic and heat structure response,
hydrogen burning and detonation, aerosol behavior, and the impact of engineered safety features (e.g., pools)
on thermal-hydraulics and radionuclide transport.

Each cell may contain one or more types of components, including intact fuel, cladding, canister walls (for
BWRs), other structures, such as control rods or guide tubes, and particulate debris, which may each contain
several materials (e.g., UO,, Zircaloy, ZrO,). Oxidation and heat transfer by radiation, conduction, and
convection are calculated separately for each component. A simple candling model treats the downward flow
and refreezing of molten core materials, thereby forming layers of conglomerate debris on lower cell
components which may lead to flow blockages and molten pools. Failure of core structures, such as the core
plate as well as lower head heatup and failure followed by debris ejection, are treated by simple parametric
models. For this simulation, the failure was triggered by a user-specified temperature corresponding to zero
vield strength. Upon vessel failure, steam and gases are discharged through the opening. The default option
aliows solid debris and molten material to be discharged at a rate calculated from the pressure difference, flow
area, and a loss coefficient,

Models for a broad spectrum of radionuclide behavior are included in MELCOR. By default, MELCOR uses
the 15 classes recommended in the MELCOR Phenomena Assessment [11]. These default classes include two
nonradioactive classes for bulk material aerosols (H20 and concrete) and are summarized in Table 4.1. The
user may also create new classes to model the stoichiometric combination of elements in existing classes, such
as Cs and L

The release of fission products from fuel is modeled in MELCOR using either CORSOR or CORSOR-M [12].
Depending on user choice, these rate equations are then modified for the appropriate surface area to volume
ratio of the fuel/debris as compared to the ratios represented in the experiments on which the models are
based. If the clad is intact as determined by the gap release model discussed below, any released material is
added to the gap inventory. This model is also used for the release of nonradioactive material. Release of
radionuclide from the fuel-clad gap is modeled simplistically by a user-specified clad failure temperature
(1173K for all calculations in this report). When the clad temperature in any cell in a given ring exceeds this

'S. Dingman, Private Communication, December 1988,
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clad failure temperature, or if the clad in a cell in this nng melts completely away, the entire gap inventory for
\at ring is instantaneously released. The

the release model. For the Cs class, the eleme ntal form is Cs but the compound form may be Csl YH. The

released ma in the Cs class example, the mass of ( YH is added to the total mass of the (

CI«

Release during core-concrete reactions is treated by the VANESA [13] models. Aerosol dynamics involving
agglomeration and deposition are calculated with the MAEROS [14] equations, while condensation and

evaporation from aerosol and heat structure surfaces art calculated using the TRAP-MELT [15] models

elemental and compound forms of ¢ ach class are both considered in

nental and compound molecular weights determines the amount of nonradioactive material




MELCOR Plant Model

Table 4.1 Material Classes in MELCOR 2]

13

Class Name Representative Member Elements

1. Noble Gases Xe He, Ne, Ar, Kr, Xe, Rn, H, N

2. Alkali Metals Cs Li, Na, K, Rb, Cs, Fr, Cu

3. Alkaline Earths Ba Be, Mg, Ca, Sr, Ba, Ra, Es, Fm

4. Halogens I F, Cl, Br, I, At

5. Chalcogens Te 0O, §, Se, Te, Po

6. Platinoids Ru Ru, Rh, Pb, Re, Os, Ir, Pt, Au, Ni

7. Early Transition Elements Mo V, Cr, Fe, Co, Mu, Nb, Mo, Tc, Ta, W

8. Tetravalents Ce Ti, Zr, Hf, Ce, Th, Pa, Np, Py, C

9. Trivalents La Al Sc, Y, La, Ac, Pr, Nd, Pm, Sm, Eu,
Gd, Th, Dy, Ho, Er, Tm, Yb, Lu, Am,
Cm, Bk, Cf

10. Uranium U U

I1. More Volatile Main Group Cd Cd, Hg, Zn, As, Sb, Pb, T}, Bi

12. Less Volatile Main Group Sn Ga, Ge, In, Sn, Ag

13. Boron B B, Si, P

14. Water H,0 H,O

15. Concrete -
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5 Results and Comparisons with STCP

In the base case MELCOR simulation of the station blackout scenario presented in this chapter, the maximum
allowable timestep size (at,,) is specified as 10 seconds, and the fuel release model selected is CORSOR with
surface-to-volume ratio corrections. The containment is assumed to fail in the drywell at a pressure of 9.1 bars
(7132 psia), which is consistent with the STCP assumption [1], and with analysis of the steel shell performed by
Ames Laboratory [15]. Computing time required for 60,000 seconds of problem time was 34,200 seconds
(WARP =1.75) on a VAX 6340 computer,

5.1 Key Events

Table 5.1 summarizes the predicted timing of key events for the MELCOR and STCP [1] calculations, starting
with core uncovery when the water level has dropped to the top of the active fuel. MELCOR predicts clad
melting and relocation to start at about 99 minutes, with fuel melting following about 18 minutes later. STCP, on
the other hand, does not distinguish between the different core components and calculates core melt to start at
114 minutes. MELCOR models the core in 3 radial rings and predicts partial core collapse to occur in the
innermost ring at 154 minutes, while STCP calculates gross core collapse at 166.8 minutes. This can explain why
the predicted dryout of the lower plenum occurs so much quicker for STCP. Vessel failure occurs in MELCOR
at 274 minutes when the penetration in ring 1 fails, whereas STCP calculates gross lower head failure at 205
minutes. Note that following vessel breach, steam, non-condensible gases, and aerosols escape from the opening,
while ejection of debris to the cavity occurs much later. This MELCOR-predicted time lag will greatly diminish
the perceived probability of occurrence of DCH following this high pressure core melt sequence. MELCOR
predicts drywell failure to occur at 7.1 hours, or 40 minutes later than the STCP calculation. Both codes predict
deflagrations to occur in the reactor building and refueling bay, shortly after drywell failure.

5.2 In-Vessel Behavior

The response of important in-vessel parameters as calculated by MELCOR are shown in Figures 5.1 through 5.8.
Figure 5.1 shows the pressure response of the separator (CV350) and dryer (CV360) regions. The total pressure
remains approximaiely constant due to the pressure-relieving operation of the SRV valves. However, the sharp
downward pressure spike in steam partial pressures corresponds to a sharp positive pressure spike in the partial
pressure of hydrogen which is produced from zrcaloy oxidation. The sharp drop in total pressure starting at
716,500 seconds corresponds to vessel failure and subsequent depressurization of the vessel. Figure 5.2 shows the
swollen liquid level in the core (CV340), bypass (CV330), annulus (CV310), and lower plenum (CV320), as a
function of time. The rapid level drop in the lower plenum is seen to start at the same time that partial core
collapse occurs in ring 1 (~ 9,250 seconds), leading to eventual lower head dryout at 12,378 seconds. Figures 53
and 5.4 show the cumulative flow of steam and hydrogen, respectively, through the SRV lines. The curves taper
off and become flat for t> 16,500 seconds, indicating that flow through these lines stops following vessel failure
and depressurization.

Figures 5.5 through 5.8 show masses of zircaloy and fuel in various axial levels of the core in the innermost ring,
The sharp drop in mass at one levcl and a corresponding sharp mass increase at a lower level indicates downward
relocation. MELCOR calculates the maximum temperature in the core to be 2500 K, occurring in cell 111 ~7,000
seconds after core uncovery, STCP predicts peak core temperature of 4100°F ( ~ 2530 K), occurring ~ 6,850
seconds after core uncovery,

Figure 5.9 shows the MELCOR -predicted cumulative in-vessel hydrogen production, which reaches in excess of

1300 kg by the end of the calculation, 60,000 seconds after core uncovery. There are no comparable results
available with STCP. However, STCP calculates 25% zircaloy oxidation, to MELCOR's 46%.

NUREG/CR-5850 16
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5.3 Ex-Vessel Behavior

The primary containment pressure and temperature histories calculated by MELCOR are presented in Figures
5.10 through 5.15. In Figures 5.10 and 5.14, it can be seen that failure of the reactor vessel leads to rapid
pressurization of both the drywell and wetwell, but the pressure stays below the nominal failure level.
Containment failure is calculated to occur at about 426 minutes after core uncovery due to the combination of an
elevated suppression pool temperature (Figure 5.15) and the buildup of non-condensible gas (Figure 5.16). The
curves from STCP calculations show similar trends. Failure of the primary containment is followed shortly by
several hydrogen burns in the reactor building and refueling bay. Their timings relative to containment failure are
similar for both MELCOR and STCP. The predicted duration of deflagration is longer for MELCOR than for
STCP. This is because the MELCOR plant model considers many compartments in the reacior building, with
delays in burn propagation from one compartment to the next, while STCP models the entire reactor building as
one volume.

Figure 5.19 shows the accumulation of metallic and oxidic debris in the cavity; Figure 5.20 shov's the temperature
hustory of various layers; and Figure 5.21 shows the cumulative masses of non-condensible gases released from
core-concrete interactions.

5.4 Fission Product Transport and Release to Environment

The overall behavior of fission procucts and decay heat calculated by MELCOR is shown in Figures 5.22 through
5.25 Figure 5.22 shows the cumulative release of radioactive fission product mass from the fuel, along with
deposited and released mass of aerosol and vapor components. Total released radioactive mass in-vessel is about
800 kg. Figures 5.23 and 5.24 show the in-vessel and ex-vessel releases, respectively, of CsOH, Te, and Csl. Note
that in CsOH, only Cs is the radioactive component. It can be seen from the figures that the Cs and 1 releases
occur predominantly in-vessel, whereas more of the Te relcase occurs ex-vessel. The cumulative in-vessel releases
of CsOH (220 kg) and CslI (=30 kg) agree closely with STCP predictions. However, calculated Te releases are
much lower than those using STCP. Figure 5.25 shows the location history of decay heat, both in- and ex-vessel.

It can be seen that, with successive penetration failures in the three rings, the core decay heat drops in steps, as
cavity decay heat increases in steps, while total decay heat decreases gradually with time.

Prior to vessel failure, fission products are transported to the suppression pool via the SRV lines, and thereafter,
they enter the drywell directly. Following containment failure, fission products leak from the drywell into the
reactor building, where they travel through the various compartments, and the refucling bay. Table 5.2 shows the
fractional distribution of fission products in various regions of the plant and the environment at the end of the
calculation from both MELCOR and STCP. Note that the Cs fractions for MELCOR in the tab'= were obtained
by weighted addition of Cs fractions in Csl form (Class 16) and in CsOH form (Class 2)

f(Cs) = 0.92f(Class 2) + 0.08f(Class 16) (5.1)

The coefficients, 0.92 and (.08, in Eq. 5.1, were obtained from the distribution of Cs between the two classes.
MELCOR-calculated I mass in the form of free lodine (Class 4) was seen to be several orders of magnitude
smaller than I mass in the form of Csl (Class 16). Hence, MELCOR -calculated I fractions in Table 5.1 were
assumed equal to the fractions of Csl.

A comparison of environmental releases between MELCOR and STCP reveals significant differences, with
MELCOR predicting much lower release fractions of Te, Sr, La, Ce, and Ba, and STCP predicting lower release
fractions of 1, Cs, and Ru. The higher release fractions of I and Cs calculated by MELCOR can be attributed to
their revaporization from the RCS. This phenomenon is not modeled in STCP. The lower Te, Sr, and Ba
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releases calculated by MELCOR may be because, whereas in STCP, the entire core falls into the cavity following
vessel failure, MELCOR calculates debris ejection into the cavity that is staggered over a much longer period of
time, based on successive penetration failures in the three rings. This leaves a larger fraction of the fission
products in the cawvity.

NUREG/CR-5850 18
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Table £.1 MELCOR and STCP-Predicted Timing of Key Events

Key Event Time (min)

MELCOR STCP
Core uncovery 0.0 0.0
Start zircaloy oxidation 76.0
First gap release of fission products 76.8 Il
Start melt and relocation 117.0 114.0 |
Core collapse 154.4 166.8

(partial)
ring 1

Lower plenum dryout 206.3 176.3 1
Vessel failure 2740 205.0
Reactor vessel depressurized 275.1 ﬂ
Start debris ejection to cavity 3412 205.1
Drywell failure 426.0 386.0
Start deflagrations in reactor building 4264 386.5
End deflagrations in reactor building 427.6 386.9 l
Start deflagrations in refueling bay 4294 390.6
End Jdeflagrations in refueling bay

19 NUREG/CR-5850
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6 Sensitivity Calculations

In order 1o explore uncertainties in MELCOR code predictions due to uncertainties in processes, their models,
and the convergence properties of the numerical solution, several sensitivity calculations were performed, using the
MELCOR model for the Peach Bottom plant but varying user-input modeling and timestep control parameters.
Each calculation was a complete sequence simulation, starting with core uncovery and ending 15.0 to 16.7 hours
later. The following sections describe variations in fuel release models, refreezing heat transfer coefficients, debris
ejection models, burn propagation parameters, and the maximum allowable timestep size for the calculation, and
their impact on the predicted timing of key events and environmental releases of radionuclides.

Subsequent to the publication of the draft report, newer updated versions of the code were released. Additional

sensitivity calculations and findings from MELCOR 1.8CZ and MELCOR 1.8DNX, are prescribed in Appendices
A and B.

6.1 Fuel Release Models

The release of fission products from fuel is modeled in MELCOR using either CORSOR or CORSOR-M. For
CORSOR, the release rate is given by [2].

Release rate (fraction/min) = A exp (BT) (6.1)

where A and B are empirical coefficients and T is the core cell component temperature in degrees C. A and B
are functions of temperature and are radionuclide class specific.

CORSOR-M is an Arrhenius form of the release equation, which is:
Release rate (fraction/min) = k, exp (-Q/RT) (6.2)

where k,, Q, and T are in units of min’, kcal/mole, and K, respectively. R is 1.987E-3. k, and Q are radionuclide
class specific.

In addition, these release rates can be modified to be a function of the surface-to-volume ratio of the material, as
follows [2}:

Release rate = Release rate (CORSOR or CORSOR-M) x (S/V) snecure(S/V imee (6.3)
where the (8/V),,, value is derived from the CORSOR experimental data.

Tables 6.1 and 6.2 present comparisons of predicted timings of key events and environmental releases of
radionuclides, respectively, using the models CORSOR with S/V ratio, CORSOR-M with S$/V ratio, and CORSOR
only. The reference calculation is presented in the first coiumn.

The impact of including S/V ratio on the timing of key events is not seen to he significant. However, the selection
of CORSOR-M instead of CORSOR seems to significantly delay the occurrence of all key events starting with
core plate failure in Ring 1. CORSOR alone predicts about 40 percent higher environmental releases of Cs and
Csl, while CORSOR-M with S$/V ratio predicts much higher Te (order of magnitude) and Csl (factor of §)
releases compared with the reference calculation.

6.2 Refreezing Heat Transfer Coefficients

The core degradation model in MELCOR treats "candling” of molten core materials (i.e., downward flow and
subsequent refreezing as they transfer latent heat to cooler structures below). The model is semi-mechanistic
based on fundamental thermal-hydraulic principles but incorporating user-specified refreezing heat transfer
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coefficients defined for each material [2]. Default values built into the code are 1000 W/m*-K for all materials
(UO,, zircaloy, steel, etc.).

Tables 6.3 and 6.4 present comparisons of predicted timing of key events and environmental releases, respectively,
using the reference calculation with the default value of 1000 W/m™-K and a variation using 4000 W/m*-K.

The impact of a higher refreezing heat transfer coefficient on predicted results is seen to be relatively small.
Vessel failure occurs about 13 minutes earlier, and containment failure is delayed by about 172 hour.
Environmental releases are reduced overall, except for Cs and Te, which show small increases.

6.3 Debris Ejection Model

After a penetration has failed, the mass of material in the bottom axial level that is available for ejection is
calculated. Two options exist. In the default option, the masses of each material available for ejection are the
total debris material masses, regardless of whether or how much they are melted. This is the solid debris ejection
model. In the other option (solid debris ejection model turned off), only molten masses of materials are available
for ejection [2].

Tables 6.5 and 6.6 present comparisons of predicted timings of key events and environmental releases, respectively,
between the reference calculation using the default option and the variation using the other option. The impact of
turning off the solid debris ejection model on the timing of events is observed late in the sequence, only after
penetration failure in the second ring. The impact on environmental releases is 1o increase almost all releases
substantially (Cs and Te 80 percent higher, Csl 5.7 times higher).

Tables 6.7 and 6.8 show the impact of using two variations simultaneously (i.e., CORSOR-M with S/V ratio,
together with solid debris ejection model disabled). The impact on timing is seen to be predominantly due to the
fuel release model, whereas the releases to environment are affected by both variations. The combined effect
causes a sharp increase in predicted Ba release and a 50 percent reduction in Csl release compared with using
either variation alone.

6.4 Burn Propagation Parameter

During combustion in a control volume, propagation to other control volumes connected to the burning volume is
possible and is considered following a delay given by total burn time in the burning volume multiplied by a time
fraction, TFRAC, which is user input. If TFRAC = 0.0, propagation is evaluated as soon as a control volume
starts burning. If TFRAC = 1.0, propagation is only considered at the end of the volume burn. The reference
calculation uses TFRAC = 0.25, and a variation considered is TFRAC = 0.5.

Tables 6.9 and 6.10 show the impact of this parameter on predicted results. The impact on both timing of key
events (Table 6.9) and environmental releases (Table 6.10) is seen to be very small.

6.5 Maximum Allowable Times*ep

The maximum and minimum allowable timestep sizes are specified on MELCOR input. MELCOR calculates its
system timestep based on directives from the various packages, but it cannot take timesteps greater than the
maximum timestep or smaller than the minimum timestep. The maximum allowable timestep is user specified and
has a definite impact on the calculational behavior of the code. This section explores the effect of this parameter
by selecting two variations (i.e., At,,, = 5.0 seconds and 3.0 seconds) and compares the predicted results with the
reference calculation, which uses At,,, = 10.0 seconds.

Both variations are seen to delay to occurrence of most key events compared to the reference calculation (Table
6.11), and 1o substantially increase the release of source terms to the environment (Table 6.12). This wide
disparity in predicted results could be partially attributed to the way MELCOR calculates several key events based
on threshold values of temperature or pressure. If the temperature just crosses the threshold for an event in one
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Sensitivity Calculations

calculation and falls short by 1K in another, that could alter the subsequent sequence of events. This uncertainty
in results based on a calculational parameter indicates the need for adequate guidelines on selection of the
maximum allowable timestep size for convergence of the solution.
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Sensitivity Calculations

Table 6.1 Impact of Fuel Release Model on Predicted Timing of Key Events

Time (min)
i iy CORSOR with | CORSOR-M with | CORSOR
S/V Ratio S/V Ratio Only

Core uncovery 0.0 0.0 0.0
Fission product release from gap in Ring No. 1 76.8 76.8 76.8
Fission product release from gap in Ring No. 2 85.4 85.4 85.4
Fission product release from gap in Ring No. 3 116.4 116.5 116.6
Core plate failure in Ring No. | 1544 170.8 151.7
Lower plenum dryout 206.3 300.9 213.8
Vessel failure (penetration Ring No. 1) 274.0 381.1 2754
Reactor vessel depressurized ‘ 275.1 382.1 276.4
Core plate failure in Ring No. 2 327.9 4123 3294
Beginning of debris ejection to cav. 3412 451.8 3437
Core plate failure in Ring No. 3 400.4 438.6 397.9
Drywell failure 426.0 483.6 4258 ‘
Deflagrations start in sec. containment 4264 484 1 426.2 1
Deflagrations end in sec. containment 4308 489.2 431.0 ‘
Lower head penetration fails in Ring No. 2 4349 508.0 4349 |
Deflagrations start in Reactor Bidg. 441.6 - 4423
Deflagrations end in Reactor Bldg. 4424 - 4424
Lower head penetration fails in Ring No. 3
Fissi vn r.oduct release ends
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Table 6.2 Ilmpact of Fuel Release Model on Predicted Environmental Releases of Radionuclides
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Sensitivity Calculations

Table 6.3 Impact of Refreezing Heat Transfer Coefficient on Predicted Timing of Key Events

B Time (min)
Sy Bop Refreczing Heat Refreezing Heat
Transfer Transfer
Coeff= 1000 W/m*-K Coefl=4000 W/m'*-
(Deh K

Core uncovery 0.0 i
Fission product reiease from gap in Ring No. 1 76.8 76.8
Fission product release from gap in Ring No. 2 85.4 85.4
“ission product release from gap in Ring No. 3 116.4 116.4

ﬁ'(nre plate failure in Ring No. 1 1544 137.1 I

H Lower plenum dryout 206.3 209.2 I

H Vessel failure (penetration Ring No. 1) 274.0 260.6 I
Reactor vessel depressurized 275.1 261.7 J
Core plate failure in Ring No. 2 3279 316.6 I
Beginning of debris ejection to cav. 341.2 328.1

H Core plate failure in Ring No. 3 400.4 3974 I
Drywell failure 426.0 460.4
Deflagrations start in secondary containment 4264 - I
Deflagrations end in secondary containment 430.8 -
Lower head penetration fails in Ring No. 2 4349 459.5
Deflagrations start in Reactor Bldg. 441.6 460.7
Deflagrations end in Reactor Bidg. 4424 464.7 ]

ﬂ Lower head penetration fails in Ring No. 3 4414 465.5 I

I Fission product release ends
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Table 6.4 Impact of Refreezing Heat [ransfer on Predicted Environmental Releases of Radionuclides
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Sensitivity Calculations

Table 6.5 Impact of Debris Ejection Model on Predicted Timing of Key Events

Time (min)
A Solid Debris Ejection Solid Debris
Model A_ctive Ejection Model
(Default) Disabied
Core uncovery 0.0
Fission product release from gap in Ring No. 1 76.8 76.8 l
Fission product release from gap in Ring No. 2 85.4 85.4 I
Fission product release from gap in Ring No. 3 116.4 1164 I
Core plate failure in Ring No. 1 1544 1544 I
Lower plenum dryout 206.3
ﬂ Vessel failure (penetration Ring No. 1) 274.0 2740 I
ﬂ Reactor vessel depressurized 275.1 275.1 |
Core plate failure in Ring No. 2 327.9 327.9
Beginning of debris ejection to cav. 3412 3412 I
Core plate failure in Ring No. 3 400.4 00.4 I
Drywell failure 426.0 426.0 I
Deflagrations start in secondary containment 4264 4264
{Dcﬂagralions end in secondary containment 4308 430.8
Lower head penetration fails in Ring No. 2 4349 4349
Deflagrations start in Reactor Bldg. 416
Deflagrations end in Reactor Bldg. 4424
Lower head penetration fails in Ring No. 3 4414 4477

Fission product release ends
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Table 6.6 Impact of Debris Ejection Model on Predicted Environmental Releases of Radionuclides
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Sensitivity Calculations

Table 6.7 Impact of Combination of Fuel Release Model and Debris Ejection Model Selection
on Predicted Timing of Key Events

Time (min)
oty St Base Case (CORSOR | CORSOR-M S/V
S/V Ratio & Solid Ratio & Solid

Debris Ejection On) Debris Ejection Off
Core uncovery 0.0 0.0
Fission product release from gap in Ring No. 1 76.8 76.8
Fission product release from gap in Ring No. 2 85.4 §S_4_
Fission product release from gap in Ring No. 3 116.4 116.5
Core plate failure in Ring No. 1 1544 170.8
Lower plenum dryout 206.3 300.9
Vessel failure (penetration Ring No. 1) 274.0 381.1
Reactor vessel depressurized 2751 382.1
Core plate failure in Ring No. 2 327.9 4123
Beginning of debris ejection to cav. 341.2 451.8
Core plate failure in Ring No. 3 400.4 438.6
Drywell failure 426.0 483.6
Deflagrations start in secondary containment 4264 484.1
Deflagrations end in secondary containment 4308 489.2
Lower head penetration fails in Ring No. 2 4349 508.0
Deflagrations start in Reactor Bldg. 441.6 819.0
Deflagrations end in Reactor Bldg. 4424 884.0
Lower head penetration fails in Ring No. 3 4414 519.6
Fission product release ends 484.9 884.7
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alculat

Table 6.8 Impact of Combin~tion of Fuel Release Model and Debris Ejection Model Selection

on Pred.cted Environmental Releases of Radionuclides

Environmental Release
(Fraction)

e Y e e e e
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Sensitivity Calculations

Table 6.9 Impact of Burn Propagation Parameter, T,,, on Predicted Timing of Key Events

- S e e |
Time (min)
Ty oo 1,. = 025 (Default) T, = 0.5

Core uncovery 0.0 0.0
Fission product release from gap in Ring No. 1 76.8 76.8
Fission product release from gap in Ring No. 2 85.4 854
Fission product reiease from gap in Ring No. 3 116.4 116.4
Core plate failure in Ring No. 1 154.4 1544
Lower plenum dryout 206.3 206.3
Vessel failure (penetration Ring No. 1) 274.0 274.0
Reactor vessel depressurized 275.1 275.1
Core plate failure in Ring No. 2 327.9 3279

FBeginning of debris ejection to cav. 3412 3412
Core plate failure in Ring No. 3 400.4 400.4
Drywell failure 426.0 426.0 ]
Deflagrations start in secondary containment : 426.4 4264
Deflagrations end in secondary containment 430.8 430.9
Lower head penetration fails in Ring No. 2 4349 4348
Deflagrations start in Reactor Bldg, 441.6 4423
Deflagrations end in Reactor Bldg. 4424 4424
Lower head penetration fails in Ring No. 3 4414 4545

| Fission product release ends 4849
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Sensitivity Calculations

Table 6.10 Impact of Burn Propagation Parameter, T, on Predicted
Environmental Releases of Radionuclides

Environmental Release
(Fraction)
Class Name Representative T,, =028 T, =05
Noble Gases Xe 0.998 0.998
Alkali Metals Cs 0.171 0.144
Alkaline Earths Ba 4.13E-02 S.07E-02
Halogens I 6.79E-03 4.68E-02
Chalcogens Te 1.78E-02 2.95E-02
Platinoids Ru B.85E-04 9.92E-04
Transition Elements Mo 1.80E-02 1.83E-02
Tetravalents Ce 1.88E-05 2.15E-05
Trivalents La 8.23E-04 9.66E-04
Uranium U 2.97E-05 348E-05
More Volatile Metals Cd 7.30E-02 7.56E-02
Less Volatile Metals Sn 7.38E-02 7.68E-02
Boron B 0.0 0.0
Water H.,O 0.0 0.0
HEmcrete - 0.0 0.0
8.56E-02 0.10
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Sensitivity Calculations

Table 6.11 Impact of Maximum Allowable Timestep Size on Predicted Timing of Key Events

Time (min)
Key Event
at_,, = 10.0s At = 5.0s At = 3.0s
Core uncovery 0.0 0.0 0.0
Fission product release from gap in 76.8 76.6 75.7
Ring No. 1
Fission product release from gap in 854 85.3 844
Ring No. 2
Fission product release from gap in 1164 3435 115.0
Ring No. 3
Core plate failure in Ring No. 1 154.4 148.6 153.6
Lower plenum dryout 206.3 276.1 274.8
Vessel failure (penetration Ring 274.0 338.1 306.8
No. 1)
Reactor vessel depressurized 275.1 339.0 307.8
Core plate failure in Ring No. 2 327.9 373.2 353.81
Beginning of debris ejection to cav. 341.2 408.2 384.0
Core plate failure in Ring No. 3 400.4 430.0 4165
Drywell failure 426.0 494.0 4588 l
Deflagrations start in Reactor Bldg. 4264 - 459.1 I
Deflagrations end in Reactor Bldg. 430.8 463.6
Lower head penetration fails in Ring No. 2 4349 4932 466.7

Deflagrations start in Reactor Bldg.

Deflagrations end in Reactor Bldg.

Lower head penetration fails in Ring No. 3

Fission product release ends
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Table 6.12 Impact of Maximum Allowable Timestep Size on
Predicted Environmental Releases of Radionuclides
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7 Conclusions

This report has documented the results from MELCOR calculations of the Long-Term Station Blackout
Accident Sequence, with failure to depressurize the reactor vessel, at the Peach Bottom (BWR Mark I)
plant, and has presented comparisons with Source Term Code Package calculations of the same sequence.
The results include the release of source terms to the environment.

While MELCOR and STCP calculate similar overall timing of key events and similar peak core
temperatures, the more sophisticated modeling in MELCOR allows it to calculate more gradual melting and
relocation of core materials and failure of the reactor vessel that is staggered over a much longer time
period. Failure of the reactor vessel leads to rapid pressurization of both the drywell and wetwell, but the
pressure stays below the nominal failure level, and containment failure is calculated to occur late, due to the
combination of an elevated suppression pool temperature and the buildup of non-condensible gas. STCP
calculations show similar trends. Failure of the primary containment is followed shortly by several hydrogen
burns in the reactor building and refueling bay. Their timings relative to containment failure are similar for
both MELCOR and STCP. The predicted duration of deflagration is longer for MELCOR than for STCP,
because the MELCOR plant model considers many compartments in the reactor building, with delays in

burn propagation from one compartment to the next, while STCP models the entire reactor building as one
volume.

A comparison of environmental rei - 2ses betweey MELCOR and STCP reveals significant differences.
MELCOR predicts much lower envi-~umenta! i ¢lease fractions of Sr, La, Ce, and Ba, and STCP predicts
lower fractions of I, Cs, and Ru. MELCOR azd STCP predict similar release and retention of I and Cs
from the fuel during in-vessel core meltdown; however, the higher environmental release fractions of I and
Cs from MELCOR can be attributed to late revaporization from the RCS after the core debris penetrates
the reactor vessel. This phenomenon is not modeled in STCP, and, therefore, the revaporization model in
MELCOR represents an important advance in modeling capability. Note that since Te is mostly released
during core/concrete interactions, the revaporization of Te from the RCS has no impact on its total release
1o the environment. The lower refractory releases is because MELCOR calculates debris ejection into the
cavity over a much longer period of time, based on successive penetration failures in the three rings, while
STCP assumes the release of all of the core at the time of vessel breach. The MELCOR meltdown model,
therefore, results in less vigorous core concrete interactions than STCP, leading to lower release of the
fission products associated with this phase of the accident. These two models represent credible variations
on possible core meltdown configurations and should be taken into account as part of an uncertainty study.

The selection of ai,,, and its impact on the calculational behavior of MELCOR was explored as part of a
limited sensitivity analysis for the Station Blackout simulation using MZLCOR Version 1.8BC, by selecting
two variations, i.e., At,,, = 5 sec and 3 sec, and comparing the predicted results with the reference
calculation, which used At,,, = 10 sec. Both variations were seen to delay the occurrence of most key events
compared to the reference calculation and to substantially increase the release of Cs and I to the
environment, The 5 sec case gave the largest deviation in timing. The disparity in predicted results could be
partially attributed to the way MELCOR calculates several key events based on threshold values of
temperature or pressure.

Subsequent to the preparation of the draft report, a newer version of the code, 1.8DN, was released to users.
This version, with corrected routines CORAC4 and CORRN3 compiled and linked to it, was installed on
BNL's VAX computer and renamed version 1.8DNX. The impact of At,,, on calculated results for Peach
Bottom was re-examined, using the improved MELCOR Version 1.8DNX (Appendix B). Complete
sequence calculations were carried out selecting five variations of At (10, §, 3, 2, and 1 sec). Examination
of vessel failure and drywell failure timings showed that reducing At,,, from 10 sec to 1 sec did not lead to a
converged solution, even with the improved code version. The failure times were seen to alternately increase
and decrease as At,,, was reduced. The maximum uncertainty in environmental release fractions was a

factor of seven (for Ru) and within a factor of four for the rest of the radionuclides over the entire range of
At
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Finally, it was observed that when BNL's VAX operating system was upgraded from VMS version 5.3-1 to
version 5.4-1A. there were substantial differences in calculated results of the same sequence for At,,, = 1
and 5s. In fact, for the Ss case, the initial pressure spike after vessel failure was suthicient to fail the

containment early. This sensitivity of the code calculations to changes in the operating system raise
questions regarding portability of the code. However, such problems are not limited to MELCOR, but
would be expected to plague all large computer codes

Ihese findings were reported to the NRC, SNL, and the Ml LCOR Peer Review Committee, This alerted
the NRC, the code developers, and the MEL.COR Peer Reviewers to the importance ol correcting the
numerical sensitivities. As a consequence, a significant effort was undertaken to eliminate or mitigate these
sensitivities. The latest released version of MELCOR, Version 1.8.2, released in April 1993, contains several

new or improved models, and has corrections to mitigate numerical seasitivities [21]

In order to update the earlier sensitivity studies on maximum timestep, to more properly represent the
abilities of the improved MELCOR version 1.8.2, complete sequence calculations were arried out using

MELCOR 1.8.2 and the current Peach Bottom input deck, once again selecting five variations of Atg,, (10,

and 1 sec)

I'he Peach Bottom input deck has evolved since the study with MELCOR 1.8DNX, mainly in response 1o
code changes and improvements, but also with the inclusion of a radiation option for in-ve ssel heat
structures. The current deck has most of the new models available in MELCOR 1.8.2 activated, such as
eutectic interactions, in-vessel radial relocation of debris, in-vessel falling debris quench model, and boundary
fluid temperature option. While there was no convergence of the solution in going to a smaller At,,. ther
was clearly very close agreement in the timing of key events. In most cases, the deviations in timing were
limited to a few hundred seconds. Earlier calculations using MELCOR 1.8DNX showed much larger
deviations, many as high as 10,000 seconds. This is certainly evidence of improved numerical behavior of
MELCOR 1.8.2. The maximum deviation in release fractions was a factor of 2, while the deviation for most
of the radionuclides was much less than that. This is again a significant improvement over the earlier results
using MELCOR 1.8DNX

A few points worth noting are listed below (See Appendix C for details)

All calculations shown here resulted in early drywell failure. In comparison, earlier calculations with
MELCOR 1.8DNX resulted in delayed drywell failure

Activation of the new radial debris relocation models in MELCOR 1.8.2, caused vessel (penetration

failures in all 3 radial rings to occur much closer together. Earlier calculations using MELCOR

1.8DNX showed staggering of penetration failures in different rings by as much as 13,000 sec
MELCOR 1.8.2 contains several new or improved models that add to its modeling capabilities. One of them
is the falling debris quench model. When activateq, this model allows the debris to lose heat to surrounding
water in the lower plenum as it falls to the lower head, following failure of the core support plate in each
radial ring. An examination of the new falling debris quench model showed that, with proper input
parameter selection, this model allows better representation of falling debris quench behavior

Another new model, available to users as an option with MELCOR version 1.8.2, is the BH model. The BH
package mechanistically calculates the thermal response of the lower plenum debris, the heatup of the
reactor vessel bottom head, and the release of core and structural materials from the reactor vessel to the
drywell. Implementation of this model in MELCOR 1.8.2 calculations for Peach Bottom showed that
compared with results using the standard MELCOR lower head model, all events were slightly delayed

(except for debris ejection to cavity). This delay is consistent with calculations reporied by ORNL for

LaSalle [24]. Once again, there was early drywell failure shortly after vessel (penetration) failure The

model also allows calculation of global bottom head failure due to creep rupture, at which time all remaining

debris in the lower plenum is transferred to the drywell

NUREG/CR-585(




As of this study, the BH package was still undergoing extensive additional development at ORNI

When

model will certainly add more

the integration of ORNL's new BH mode! into MELCOR is complet
I

sophisticated capability to lower head modeling fo
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Appendix A
Comparison of Results with MELCOR 1.8BC and MELCOR 1.8CZ

MELCOR version 1.8.0 was released in March 1989, MELCOR 1.8BC was released as an interim version
and installed on BNL's VAX computer in November 1989. This version incorporates updates 1.8AA
through 1.8BC in response to Defect Investigation Reports (DIRs) submitted by users and the developers
and has been the version used, together with a few patches to correct new, post-1.8BC code errors uncovered
while conducting the Peach Bottom analyses, for all the calculations presented in this report. Subsequently,
MELCOR 1.8CZ, which incorporates additional updates through 1.8CZ, was received in April 1990,

Tables A.1 and A.2 present a comparison of the accident progression timing and release of source terms to
the environment, respectively, calculated by MELCOR 1.8BC (reference calculation) and MELCOR 1.8CZ.
MELCOR 1.8CZ is seen to predict vessel failure to occur about 40 minutes earlier and drywell failure to
ocecur over 1.5 hours earlier than the reference calculation. Also, MELCOR 1.8CZ calculates cousistently
higher releases of source terms to the environment, but most of the differences are within a factor of two of
each other.
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lable A.1 Comparison of Timing

of Kev Events Predicted by MELCOR 1.8BC and MELCOR 1.8CZ
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Table A.2 Comparison of Environmental Kelease of Source Terms

Predicted by MELCOR 1.8BC and MELCOR 1.8CZ
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Appendix B

Additional Calculations and Findings from MELCOR 1L.8DNX

B.1 Impact of Maximum Allowable Timestep (At,,,) on Peach Bottom
Station Blackout Calculations Using MELCOR 1.8DNX [17]

Subsequent to the preparation of the draft report entitled, "Analysis of Long-Term Station Blackout Without
Automatic Depressurization at Peach bottom Using MELCOR (Version 1.8)," a newer version of the code,
1.8DN, was released to users. This version, with corrected routines CORAC4 (DIR-BNI.-23) and CORRN3
(DIR-BNL-22) compiled and linked to it, was installed on BNL's VAX computer and renamed version
1.8DNX. Note that an error in CORRN3 had caused the mass inconsistencies in debris ejection to cavity.

The impact of At on calculated results for Peach Bottom was re-examined, using MELCOR Version
1.BDNX. Complete sequence calculations were carried out selecting five variations of At ., (10, §, 3, 2, and
1 sec). The reference case corresponds to At = 10 sec.,

Table B.1 presents MELCOR-calculated timing of key events. Examination of vessel failure and drywell
failure timings, for example, clearly shows that reducing 4t ., from 10 sec to 1 sec does not lead to a
converged solution, even with the improved version. The failure times are seen to alternately increase and
decrease as At is reduced. The disparity in predicted results could be partially attributed 1o the way
MELCOR calculates several key events based on threshold values of temperature or pressure. This
uncertainty in results based on a calculational parameter indicates the need for further investigation of the
solution algorithm and guidelines on selection of the most appropriate At .., to minimize this uncertainty.
The development staff at SNL have indicated their awareness of this problem and would prefer if the cause
could be detected and treated by the internal timestep algorithm.

Figures B.1 through B.3 show MELCOR-calculated debris ejection characteristics to the cavity. The step-
wise behavior corresponds to ejection of debris following successive penetration failures in radial rings 1,2,
and 3. Any additional steps in ejection are an artifact of the semi-mechanistic melt progression and core
relocation model in MELCOR. The ejection characteristics are very similar for At = 10, 5, and 3 sec,
except for the differences in ejection timing.

Table B.2 presents MELCOR-calculated environmental releases of radionuclides. It is observed that, while
there is no converged solution, the maximum uncertainty in release fraction is a factor of seven (for Ru),
while release fractiors for the majority of radionuclides lie within a factor of four of each other over the
entire range of At ..

Note that At is problem dependent and the most appropriate At can vary from one plant simulation to

another, from one sequence to another, and within a sequence, from one stage of the transient to another.
This implies that some user involvement in the se'cction of the most appropriate At ., may be unavoidable.

B-1 NUREG/CR-5850
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Table B.2 Impact of Maximum Allowable Timestep Size on
Predicted Environmental Releases of Radionuclides (MELCOR Version 1 RDNX)
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B.2 Examination of Lower Plenum Dryout Times as Calculated by
MELCOR, Versiot 1LSDNX [18]

14 ! | ents the inler be ween core plate failure and lower plenum dryout calculated by MEILCOR
\ | { Al numbers were derived from Table B.1. Note that the dryout times
I le well with the masse fuel a ther debris that are relocated to the lower plenum following core
plate fa Lebh 1S5€S are a nresented in Table B.3. The remarkably short drvout time for the 2s
1s¢ can be attributed t re plate failure in Rings 1 and 2, thus relocating a much larger debris mass (o the
z Di 1
For the At 1 ase. which serves as the reference, the 7144s dryout time can be divided into an initial

off about half of the water inventory in the lower

8)s, during which the hot debrnis gets quenched and boil
and about 7000s. when the remaining water boils off gradually due to decay heating. These
and Figure

i

bservations were made from Figure B .4, which shows water mass in the lower plenum vs. time,

ere the time scale has been magnified to show clearly the quench duration

I'he above investigation on dryout time was carried out following telephone conversations with C. Tinkler
B NUREG/CR-5850
A .
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Table B.3 Core Debris Relocation and Lower Plenum Drvout Times
for Vanous a1

(MELCOR Version 1.8DNX*)
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B.3 Effect of Operating System Math Run Time Library Routines on

MELCOR Calculations [18]

M4 ts ME1 I A p for Peach Bot [Long-Term Station Blackout
ns ha 1sed in input deck 1 Section B.1
1 I { \ ) € 1¢ VMS Versi 3.4 \ Along with the
| [ i for existing math f tions was developed. "For previou
A '] e 1 r
viS T ma W ped | caler proce t featu was not then
| } v ’ 1 1 1 s
i [ i | xpected that codes that acce these
1 € 1 he i ¢ i itlations that are based on floating po nt
[able B.4 ['able B.1 reveals the f Wir
v 1t v 1 ”m nié¢ i 11 1 A\ 4
I | SR ] 3s, th v results are similar the earlier results with VAX/VMS
| ] 1 1 " " . t "l ] 1 r i 11 " v £ '] g
i /2] P | the dillerences are substantial [he lower plenum dryvout time is reduced
{ 4 to 42 Vessel fatlure occurs about 8000s sooner and the drywell fails SO00s
" rt i i earucr calcuia i
I Y ind the differences are remarkable
For the new 2s calculation, the core te fails first in Ring 1 at = ¢ and much later
it 15,00 1 Rir he lower plenum dryout time i1s now about 3%s. Compare this
vith the unusual be 2s calculation, when early core plate {atlure
1 1 | 2 chnr 1 Y
urre n K foll 1ig 1, and a very short dryout time of 1230s
I the new lculation displays the unusual behavior of early core plate faitlure
r
[ 4 2 - —— r 2\ fai r ’ 20y A ) P .
Kt In addition, vessel (penetration) failure in Ring 1 at 13,620s leads to early
drywell failure only 260s later, due to increased hydrogen pressure buildup in the
( inment, Core debris ejection begins much later at 18,15 he run terminated
‘ Y 14 1 1 A .
31.459s due to a ng point overflow routine MLTREA., Line 663
B.6 and | how hydrogen ure history in the drvwell as calculated with the new (VMS V5.4)
» \/€ 2 v ' }
f ( VMS V5.3) operating systems, respectively
ewWt a | t the hvdrogen pressure greater by about 30kPa, which 1s enough to fail the
i furing the first pr ure peak after failure as shown in Figure B.8. Figure B.9 shows the
i ilculation in which the first pre re peak did not reach the drywell failure pressure of 9.1 bars
} S . ) » | ' » }
] } i ) N 18 1 Vi Y
B-1 NUREGA R~\‘~l
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Appendix (

Additional Calculations and Findings from MELCOR 1.8.2

C.1  Impact of Maximum Allowable Timestep (At,.) on Peach Bottom Station
Blackout Calculations Using MELCOR 1.8.2

Long-term station blackout

i u

inalyses in Peach Bottom were first carried out using MELCOR
|.8BC, as part of an overall program between the U.S. Nuclear Regulatory Commission (NRC) and
Brookhaven National Laboratory (BNL), to provide independent assessment of MELCOR as a severe
accident/source term analysis tool. In addition to the reference MELCOR calculation, several
sensitivity calculations were also performed to explore the impact of varying user-input modeling and
timestep control parameters on the accident progression and radionuclide releases to the environment

tlculated by MELCOR. The sensitivity studies helped to assess MELCOR by evaluating the changes

in results in response to changes in input parameters

An area of concern that emerged from these studies was the impact of the selection of
maximum allowable timestep (At_,.) on the calculational behavior of MELCOR. Complete sequence
calculations were carried out selecting two variations of At (5 and 3 sec), in addition to the
eference case using At 10 sec. Both variations were seen to delay the occurrence of most key

events compared to the reference calculation and to substantially increase the release of Cs and [ to
the environment. The 5 sec case gave the largest deviation in timing. With the release of a newer
version of the code, 1.8DN, the impact of At was re-examined using MELCOR 1.8DNX (1.8DN
with corrections for two code errors). Complete sequence calculations were carried out (see Appendix
B) selecting five variations of &t (10, 5, 3, 2, and 1 sec). Once again, the results showed significant
differences in timing of key events, and a lack of convergence of the solution with reduction of At__,
I'he maximum uncertainty in environmental release fractions was a factor of seven (for Ru) and within
a factor of four for the rest of the radionuclides over the entire range of At

lhese findings were reported to the NRC, SNL, and the MELCOR Peer Review Committee

his alerted the NRC, the code developers, and the MELCOR Peer Reviewers to the importance of
correcting the numerical sensitivities. As a consequence, a significant effort was undertaken to
eliminate or mitigate these sensitivities. The latest released version of MELCOR, Version 1.8.2,
released in April 1993, contains several new or improved models, and has corrections to mitigate
numerical sensitivities [21]
The purpose of this Appendix is to update th

e Appendix B sensitivity studies on maximum
timestep, to more properly represent the abilities of the img

roved MELCOR version 1.8.2

Note that the Peach Bottom input deck has evolved since the last study with MELCOR
EDNX, mainly in response to code changes and improvements, but also with the inclusion of a
radiation option for in-vessel heat structures. The current deck has most of the new models available
in MELCOR 1.8.2 activated, such as eutectic interactions, in-vessel radial relocation of debris, in-vessel
falling debris quench model, and boundary fluid temperature o

puon



irrent P i fom np { d in rerunning the sensitivity studies

LCOR .2, since this d pro eflects the { res available in the latest

Ml

omplete sequence calculations were carried out using MELCOR 1.8.2

input deck, once again cting five variations of At_.. (10, 5, 3,

[able C.1 presents MELCOR-calculated timing of key events. While there is no convergence

f the solution in going to a smaller At_.., there is clearly very close agreement in the timing of key

events, from gap releases of fission products, to core collapse, lower plenum dryout, vessel failure

drywell failure, onset of deflagrations in the reactor building, and debris ejection to the cavity. In

most cases. the deviations in timing are limited to a few hundred seconds. Earlier calculations using

MELCOR 1.8DNX showed much larger deviations, many as high as 10,000 seconds. This is certainly
evidence of improved numerical behavior of MELCOR 1.8.2

A few points worth noting are listed below

All calculations reported in this section were performed on the VAX 6450 mainframe
computer, with VAX/VMS version 5.5-2 operating system. Earlier calculations using
MELCOR 1.8DNX were also performed on the VAX mainframe

All calculations shown here result in early drywell failure. In comparison, earliet
calculations with MELCOR 1. 8DNX resulted in delayed drywell failure

While reducing At does not lead to a converged solution, this is to be expected,
since full-plant simulations involve many branch points in the caiculational logic, and
many threshold and competing phenomena. There is evidence that there is still some
residual sensitivity due to these threshold phenomena. For instance, the At = 10
sec case shown in Table C.1 was initiated with At = 2 sec, before switching to At

ax max

10 sec at 1000 sec. Starting the calculation with At_,, = 10 sec from t=0.0 sec
(which caused the calculation to fail at 20,000 sec due to excessive At reductions)
resulted in a delayed drywell failure time of 18,000 sec. This is because, whereas in
the case reported in Table C.1, the initial pressure spike in the drywell following vessel
failure was sufficient to fail the drywell, in the other case, the initial pressure spike
came close to but couldn't reach the drywell failure threshoid

Ihe calculations using At_,, = 10 sec, 5 sec, and 2 sec all failed due to excessive At
reductions. After consulting with SNL, these errors were circumvented by recalculating
from the last previous restart, with a different At for a small portion of the
transient

Activation of the new radial debris relocation models in MELCOR 1.8.2, causes vessel
(penetration) failures in all 3 radial rings to occur much closer together. Earlier
calculations using MELCOR 1.8DNX showed staggering of penetration failures in
different rings by as much as 13,000 sec

Figures C.1-C.17 visually illustrate the impact of At_,, on various thermal-hydraulic phenomena
in the vessel and containment. The results for most parameters show close agreement over the entire
range of At from 1 sec to 10 sec. Where there are some deviations observed, such as in
temperature of atmosphere in the core and upper plenum, RPV dryer temperature (maximum




deviation of 14%), total hydrogen production in the core (maximum deviation of 17%), radioactive
mass deposited on the separators (maximum deviation = 50%), the trends are very similar.

The figures also show very clearly that there is no convergence with reduction of At ,,. For
example, the upper and lower limits of hydrogen production correspond to At,,, = 10 sec and § sec,
respectively. Likewise, the upper and lower limits of RPV dryer temperature correspond to At =
3 sec and 2 sec, with other At,,, values in between.

Table C.2 presents MELCOR -calculated environmental releases of radionuclides. Again, while
there is no convergence of the solution for smaller values of At,,, the maximum deviation in release
fractions is a factor of 2, while the deviation for most of the radionuclides is much less than that.
This is again a dramatic improvement over the earlier results using MELCOR 1.8DNX.

Table C.1 Impact of Maximum Allowable Timestep Size on Predicted
Timing of Key Events (MELCOR Version 1.8.2)

Ring 1 4668.2 4601.4 4561.5 4527.1 4479.1
Gap Release of Fission Products
Ring 2 5116.7 5041.4 5029.5 S007.1 4971.1
Ring 3 8526.0 8642.1 8025.1 8378.9 8665.7
Ring 1 11,713.7 11,537.9 11,668.8 11,090.1 12,612.7
Cors Collapee Ring 2 11,726.5 11,552.7 11,684.2 11,1175 12,6350
Ring 3 12,5339 13,6859 12,055.1 124154 13,406.4
Lower Plenum Dryout 11,765.5 11,593.7 11,716.3 11,132.0 12,654.5
Ring 1 12,244.5 13,260.9 13,128.6 11,9274 12,778 4
Vessel (Penetration) Failure Ring 2 11,785.9 11,657.4 11,758.5 11,321.0 12,704.0
Ring 3 11,7859 11,6103 11,7585.5 11,185.7 12,676.7
Reactor Vessel Depressurized 11,894.5 11,727.1 11,857.9 11,286.2 12,7877
Drywell Failure (Overpressure) 11,9539 11,9253 11,980.5 11,666.2 12,9447
Deflagrations Begin in Reactor Building 11,960.8 11,938.3 11,986.7 11,676.0 12,9493
Debris Ejection to Cavity Begins 15,352.8 15,9009 16,032.6 14,9294 15,8304
End Calculation 60,000.0 60,000.0 60,000.0 60,000.0 60,000.0
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Figure C.] Pressu in the reactor pressure vessel (RPV)
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Figure (

Hyvdrogen pressure in the reactor pressure vessel (RPY)
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Figure C.3 Downcomer level in the reactor pressure vessei (RPV)
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Figure C.5 Temperature of atmosphere in RPV upper plenum




Figure C.6 RPVY Dryer temperatures
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Figure C.8 Total hydrogen production in core
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Figure C.9
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Integral steam fow through SRVs
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Figure C.10 Drywell pressure
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Drywell hydrogen pressure
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Figure C.12
-
=

i
¥
11

lemperature of atmosphere in

drywell

45.0

%




t

ure

13

M

Drvwell liner temperature

T




Figure C.14 Wetwell liner temperature
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Figure C,
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Pressure in refueling bay
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Figure C.16 Temperature of atmosphere in refueling bay
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C.2  Impact of Debris Fall Velocity in the New Debris Quench Model on Peach
Bottom Station Blackout Calculations Using MELCOR 1.8.2

The falling debris quench model became available with the latest released version of
MELCOR (1.82). When activated, this model allows the debris to lose heat to surrounding water
in the lower plenum as it falls to the lower head, following failure of the core support plate in each
radial ring.

The debris is assumed to fall with a user-specified velocity (VFALL, default value of 5 m/s).
Heat transfer from the falling debris to the pool of water in the lower plenum is calculated using a
user-specified quench heat transfer coefficient (750 W/m*-K in all calculations reported here), and the
surface area of the debris particles with user-specified particulate debris equivalent diameter of 0.01m.
This heat transfer may or may not be sufficient to fully quench the debris before it reaches the
bottom of the lower plenum, depending on the values selected for the model input parameters.

Calculations for the low pressure station blackout sequence [23] showed that, when the default
value for VFALL was used, the results with or without the debris quench model activated were very
similar, with vessel failure always preceding lower plenum dryout. This could, perhaps, be attributed
to VFALL being too high, not allowing enough time for debris to quench.

The case for a lower VFALL can be made based on the maximum velocity attainable for
debris particles falling over a small height of a few meters, against the drag of water in the lower
plenum. In the calculations of the previous section (§C.1), to ensure that lower plenum dryout occurs
prior to vessel failure, VFALL was reduced to 0.1 m/s [24] and debris particle diameter was reduced
from 0.0254 m, used in earlier Peach Bottom calculations [1,2] to Twl m [24]. This parameter
selection always resulted in lower plenum dryout prior to vessel failire (see [able C.1).

The impact of debris fall velocity was examined by carrying out complete sequence calculations
selecting three variations of VFALL (0.1, 1.0, and 5.0 m/s).

Table C3 presents MELCOR-calculated timing of key events. Up to the point of core
support plate failure in Ring 1, all 3 calculations are identical, as expected, since the debris quench
model comes into play only after the core support plate fails. Thereafter, it can be seen that, while
for VFALL = 0.1 m/s and 1.0 m/s, lower plenum dryout precedes vessel (penetration) failure, for
VFALL = 50 m/s, penetrations fail prior to lower plenum dryout. This finding is consistent with
calculations of the low pressure sequence, and can be attributed to insufficient debris quenching due
to a very hi’h VFALL. Furthermore, for VFALL = 5.0 m/s, all penetration failures occur together.
This can be ttributed to the debris radial relocation model, available in MELCOR 1.8.2, that allows
very hot, unquenched debris to relocate to all 3 rings. All 3 cases, however, iead to early drywell
failure.

For VFALL = 0.1 m/s, debris ejection to cavity occurs after a substantial delay following
vessel (penetration) failures, while it occurs immediately following vessel failure for VFALL = 1.0 m/s
and 5.0 m/s. This is because, for VFALL = 0.1 m/s, the debris being completely quenched, is at
lower temperature when it fails the penetrations, and requires time to heat up and partially melt, prior
to being ejected to the ~avity.

Table C.4 presents MELCOR-calculated environmental releases of radionuclides. The impact
of VFALL Iis seen to be very small except for VFALL = 5.0 m/s, which results in noticeably lower
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1s¢ fractions of tt fractories Ru, Mo, Ce, Sn (tactor of 2 lower) and Cd (factor of 4 lower
'he resu ndicate that, f VFALI ) m/s, there is a substantially larger inventory of
radion les in the wetwell, h r retention. This could be partially attributed to more rapid
i S ition of the drywell tollowing vessel failure, and consequently greater steam flow to the
wetw pri to drywell tailur { VFALI 50 n
Table C.3 Impact of Debris Fali Velocity in new Debris Quench Model
on Predicted Timing of Kev Events (MELCOR 1.8.2)
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lable C.4 Impact of Debris Fall Velocity in New Debris Quench Model
on Predicted Environmental Releases of Radionuclides (MELCOR 1.8.2)
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Implementation of ORNL's Lower Plenum Debris Bed (BH) Model

I'he BH model is now available to users as an option with MELCOR version 1.8.2. The BH

calculates the thermal response he lower plenum debris, the heatup of the reactor vessel

4

ad, and the release ot re and structural materials from the reactor vessel to the drywell

lations begin when the BWR lower plenum is dry, and when sufficient solid debris mass has
ulated to form the foundation of a debris bed. (Prior to these conditions being established, the
COR package models are used to determine the lower plenum debris bed/bottom head
Material subsequently relocated downward from the core region (solids and liquids) are
the upper surface of the bed. Materials released from the lower plenum via penetration
r bottom head creep rupture are transferred to the containment drywell
C.5 presents MELCOR -calculated timing of key events using the BH model. Compared
with results using the standard MELCOR lower head model, all events are slightiy delayed (except
for debris ejection to cavity). This delay is consistent with calculations reported by ORNL for LaSalle
[24]. Note that, even though the BH calculation begins only after the lower plenum dries out, thers
is a simple model implemented in the BH package to calculate radiative heat transfer b tween the
core shroud and the reactor vessel wall, which gets activated at the very outset of the MELCOR
simulation., The differences in timing of key events prior to lower plenum dryout observed between
the standard MELCOR calculation and that employing the BH package, both in the present
simulation (Table C.5), and in ORNL'’s LaSalle calculation [24], could be attributed to this additional
model. Once again, there is early drywell failure shortly after vessel (penetration) failure
Vessel failure first occurs at 12,707 sec due to penetration weld temperature exceeding
DTFAIL (temperature threshold for creep rupture of the weld). DTFAIL is calculated by the BH
package based on two input parameters THK6 (temperature for creep rupture in 6 min, K) and
IHK60 (temperature for creep rupture in 60 min, K). Values for these parameters were selected as
1295K and 1210K, respectively, based on suggested values in the Users’ Guide (BH-UG-11) for a high
pressure sequence [25]. Debris ejection starts shortly thereafter. Global bottom head failure due to
creep rupture occurs at 26,772.7 sec, ¢ iich time all remaining debris in the lower plenum is
transferred to the drywell
Radionuclide releases to the environment calculated using the BH model were significantly
lower than those for the reference case using the MELCOR LLH model. The results are not
] nt at ORNI
and its integration into MELCOR, including the interface with the Radionuclide Package, is

presented here since the BH Package is still undergoing extensive additional developmen




lable C.5 Predicted Timing of Key Events Using MELCOR LH Model
and ORNL's BH Model (MELCOR Version 1.8.2)
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