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ABSTRACT

This three-volume report contains 83 papers out of the 108 that were presented at the ‘
Nineteenth Water Reactor Safety information Meeting held at the Bethesda Marriott Hotel |
Bethesda, Maryland, during the week of October 23-30, 1991 The papers are printed ‘
in the order of their presentation in each session and describe progress and results of |
programs in nuclear safety research conducted it this country and abroad Foraign ;
participation in the meeting included 14 different papers presented by researchers from ;
Canada, Germany, France, Japan, Sweden, Taiwan, and USSR The titles of the papers |
and the names of the authors have been updated and may differ from those that |
appeared in the final program of the meeting
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DAHO FALLS, 1D B304
R

T RLBOKOYA

TOSeiA CORPOHATON

8 SHINSUGITA -0rO, SOG KU
YOKOHAMA 238

JAPAM

¥ OKLKITA

JAPAM ATOMIC ENERIGY RES INST
TOKAL MURA NAKA-GUN
IHARAK KEN. 31911

JAPAN

®i

M KLRRARA

MITSUBIGM HEAVY NOUSTRIES 1T0

41, 2 CHOME, SHIBAKOUEN | MINATD KU
TORYO 108

JAPAN

¥ ORLSAMA

JACR, TAKASAK) RAD CHEM. HEE INST
1237 WATANUK ! MACH!

TAKASAK) GUNMA - 27512

IAPAN

K NUSSMALL

MPA STUTTGARY

PO BOX 209
STUTTGART ac. D T00
CERMANY

4 LAKE

EGA0 DO NG

O BOX 1828 MS 207
IDAMD FALLS, Il 8D41h 1580
A

M LAMBE T

BLECTICTE DE FIANGE
1394, AVENUE D' TRIEVDZ
VILLEURBANNE. #9628
e

FLANDY

PENN STATE UNIVE RSTY
HESEARCH LG D
UNIVERSITY PARN, BPA van02
LBA

D JEAVER

TENERA

1340 SAHATOGA SUNNTVALE RUAD
SAN JOSE. CA #8%0

A

CLECOMTE

CEA FRENCH ATOIMIC FHERGY [UMMISSON
CENFAR DREN B8 NG 6

FONTENAY-ALX BOSES, 268

FRANCE

4 LEE

KOREA NSTITUTE OF NUCLEAR SAFETY
R0 BOR 10 DAEDUS-BANY!

DAEJON. 205363

WNEA

S \EE
FALSKE & ASSOCATES
1RWOTD W 8IAD §°
BUAR RIDGE, & 60821
g

2 LEMNER
BROOMAVEN NATIONAL LARORA TORY
BURLDING 139

USTON NY 1T

g

LN

LOB ALAMOIS MATIONAL | ABORATORY
2.0 BOX 1867, M8 K687

LOS ALAMOS, W 87548

LA

M LINDCR ST

WES TNGHOURE mWNFORD (O
AOX 978

BICHMLAND WA 99952

BA

M LVOLANT

CEA FREMOH ATOMIC FRNERCEY COMMISIION
CEMNFAN DRENBEND 8

FONTENAY AUX HOSES. w2208

FRANCE
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LANMAM, MD 20708
BA

K LYNGH

GHOVE BNGINEERING

16215 SHADY GROVE AD, STE 202
AOCKVILLE. MD 20850

s

P MacTONALD

EGA0 IDAHD. NC.

PO BOX 628

IDAMO FALLS, iD 834152406
S

A Mack NNEY

NUMARC

1778 EVE STAEIT NW, SUITL 200
WASMINGTON, DC 20008

A

L MADNI
BROODR-AVE!  NATION L LABORATORY
BUILDING 130

UFTON, NY 11970

USA

1 MAGALLON

CECJAC &PRA

JRC EURATUM SPRA
SPRA, VARESE 21020
ALY

H MAGLERY

EGAG IDAMG, INC.

20 BOX 1628

IDAMO FALLE 1D 834152406
A

M MANAHAN

PEMN STATE UNIVERSITY

231 SBACKETT

UNIVERSTTY PARK, PA 16802
A

P MANBECK
BALTMORE GAS & ELECTAIC CO
PO BOX 632

LUSBY. MD 20857

B

A MANDL

SIEMENSN WL

HAMME FBACHENSTR (2
EFRANGEN,

GEFMANY

4 MARRINUGC)

GUBERET COMMOMNEAL TH
#.0. BOX 408

HEADING. PA 19803

B MARSIU
ENEA-DSP

VIAY BRANCAT! 4
HOME. 20144
ITALY

L MAGACKA

HTACH RESEARCH LABORA TOAY
31 BAIWALCHO

HITALH! S IBARANK) KEN 317
JAPAN

HOMASSIE

D0 SAFETY BOARD

626 INDIANA SVENUE, SUITE 700
WASHNGTON, DT 20004

A

A MATSUMOTD

JAPAN ATOMC ENEROY AES NST
TORAL MURA, NAXA GUN
BARAKI KEN. 3191

SAPAN

B MAVKO

4 STEFAN INSTITUTE
JAMOVA 38
LIUBLJANA, 61000
SLOVENA

B MAVKD

J STEFAN NSTITUTE
JAMOVA 30
LJUBLJANA,  €1000
SLOVENA

£ MeCRAwW

DUME ENGINEERING & SERVICES. INC
PO BCX 1004, WS 57024
CHARLOTTE, NC 282011004

LBA

W MeCURDY
MPRASSOCITES, INC

1080 NONNEC TICUT AVE, NW
WASHINGTON, DC 20038
8A

0. MeMLL AN

KNOLLES ATOMIC POWER LAB. GENERAL BLEC
PO BOX 1072

SGHENECTADY. NY 123011072

LBA

€ MEDICH

SIET

VIA NING 8500 N, 27
PIACENZA, 29100
ALY

< MENCKE
CONSUMERS FONER COMPANY
27780 BLUE STAR HIGHWAY
COVERT M/ 49043

LA

8 MENKE

MATERIALS ENDINEERING ASSOCIATES
7008 MARTIN L KING, JA, HwY
LANMAM, MO 20708

A

L METCALF

STNE € WEBSTER ENG. CORP
245 SUMMER STREET
BOSTON, MA 02107

uSA

¥ MEYZALD

FRAMATOME

TOUR FIAT CEDEX 16

PARIS LADEFENSE, 92084
FRANCE

L. MILLER

SCIENCE APRLICATIONS INTL_ COS®
1749 GOODRIDGE OA.

MC LEAN VA 22100

LA

i1

§ MIREKY

SCIENCE APPLICATIONS INTL CORP
1710 GOOORINGE DAVE

MULEAN, VA 22102

LA

0 MODEEN

NUMARYC

177 EYE STREET NV, SUITE 300
WASHINGTON DT 20008

JBA

& HODRD

EGAL 1IDAHO. INC

4417 § HOUMES AVE
IDAHC) FALLS, iD 83404
LsA

KOMOR T ARIAN

CH TECHNICAL SESVICES
800 JORIE RLVD

DAK BROOK, il 80821
USA

F Mooy

GE NUCLEAR "NEROY
178 CUSTNER AVENUE
BAN JOSE CA 95126
USA

NOMORAY
UNIVERSITY OF LLINOIS
DERT OF MECH A I
URBANA, 1L B1a0
el

D MORRSON

MTRE OORPORMTION
7525 COLSHIRE DRIVE
MCLEAN. VA 2210¥
BA

v MuBAY
BROOM-AVEN NATIONAL LR TORY
BUILDING 130

JUPTON NY 1191

A

MU HE M

OAX RIDOE NATIOMNAL L ABORATORY
PG BOX 2008 MS ADES

OAK RIDGE, TN 379018085
A

M MURASY

HITAGHILTD

1 188 MORIY \MA CHO
HITACHLSHI IBARAK| 1§
JAPAN

5 MURATA

SANDW NATIONAL LABORA TOSUES
PO BOX 5800

ALBUGUERQUE. NM 87135 5800
.

5 NAF

FGAG IDAHO, NC

PO BOX 1828

IDAHO FALLS, 1D a8
UBA

HNADASAR!

NUPET NUCLEAR POWF S ENG. TEST GENTER
317 L GHOME TORANCOMON MINATO KU
TOKYO. 108

AAPAN

T NARA YAMA

MITACH WORKS, WiTACHI LTD

11, 3 EHOME. SAIWALCHO
HITACHESHL IBARARLKEN 317
IAPAN

T ———
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K NAMAT AME
JAPAN ATOMIC ENENSY Q88 INST
TOMALMURA, NAKA.GLIN
IBARAKL KENM, 31910

APAN

+ NARIAI
UNIVERSITTY OF TSLIKLBA

1 CHOME. TENNODA!
THUKUBA-SH!, BARAKIKEN 208

© NEGN

15218 SHADY GRQVE RO, STE 208
:aoxm MO 20880

A NELSON
SRvEY

PO BOX 26048
DENVER, CO 80228
LA

WNELSON
EGBG DAHC INC.

PO BOX 1625

IDAMO FALLS. 1D 83418
A

S NESBI
OLUNE ENGINEERING & SERVICES, INC
600 MARYLAND AVE, SW.  JITE #30

MAW NI

ATOMIC ENERL ¢ COUNCL

67 LANE 144 XEELUNG RD, BECT 4
T‘A:N«. TAWAN

M NCHOLS
UNIVERS. 1Y OF MINNESOTA
271 19TH AVE SOUTH
MINNEAPOLIS. MN 554558
)

T NSHMOTO
1726 M ST NW, STE 403
gmwmoc 20008

NI

ATOMIC ENERQ'Y COUNCL

A7 LANE 144 KEELUNG RD, SECT 4
TAIFEL TAIWAN 10772

ey

A NONAKA

GLEAR POWER ENG. TEST CENTER
3+ 13.4-CHOME TORANOMON MINATO.K U
TOKYO, 10b
APAN

. NOURBAK -G
BAUORHAVEN NATIONAL LABORA TORY
BULDING 130

UPTON MY 11872

UBA

4 OBRIEN

FOS0 DAHD, NC.

201 RANCH DR

DAMO FALLE 1D 83404
A

D OWALLEY

TIAN GO

201 CATHEDRAL AVE, NW ART 1410W
WASHINGTON DC 20018

S

8 OBEAMERER

US GEQLOGICA. SLFANVEY
B2 NATIONAL CENTER
RESTON, VA 22092
BA

v.ocH

COMPLUITER SOFTWARE DEVELOPVENT
24 SHIBA KDEN

TOKYO, MINATO K 108

JAPAN

R ODETTE
UNIVERSTY OF CALIFORNIA. SANTA BAMBARA
DEPT OF CHEM & NUCLEAR ENGINEER
SANTA BARBARA CA 93106

=)

B OLAND

i RIOGIE NATIONAL LASORA TORY
PO BOX 2009

OAX RIDGE, TN 378318083
oA

A OUMSTEAD

AEQL RESEARCH

CHALK RIVER LABROFATORY
CHALK RIVER ONTARIO 00 00
CANADA

A QSN
BALTIMORE GAS A BLECTRC LO
PO 30X 1538

LUSAY. MO 206857

LEA

A CHVEMAECH

53 TECHNOLOGIES

8930 STANFORD BLVD
COLUMEIA, MD 21048
LBA

Mot

EGAG 1DAHO. NC

PO BOX 1825 WS 2404
IDAMC FALLS. (D 834152402
A

Lot

GAK RDGE NATIONAL LABORATORY
PO 80X 2008

OAK RIDGE, TN 378218087
LSA

N. PAL

PAL CONSULTANTS O

1565 THE ALAMED STREET 100M
SANJOSE CA 81,

A

0 PALMROSE

EOAG 1DAHG NG

PO BOX 162% M5 2404
IDAMG FALLS 1D #3418.2402
JBA

F.PANISKO

BATTELLE PACWIC NORTHWEST | ABS
F0 80X 999

ACHLAND. WA 99052

A

widd

T R R —— y Ml

M PARADIES

SYETEM MPROVEMENTS. INC
230 PETEAS AOAD SUITE 201
KNOXVILLE, TN 37923

M PARRS

SANDA NATIONAL LARCHA TORIES
PO BOX 80 DVISION 6473
ALBUGUERDUE, NM 371834800
LA

W PASE AG

U B DEPARTMENT OF ENERGY
NE-42

WASHINGTON. IC 205885
LEA

M PATTERSON
SCENTECH INC

1182 PARKLAWN DRIVE
AOCHEVILLE, MD 20852
LA

# BAR

DUKE POWER (O

PO BOX 08
CHARLOTTE, NC 28200
=)

A PAYNE &%

SANDIA NATIOMNAL | ABORA T DRUES
PO BOX 5800 DIVISION 6412
ALBUQUERDUE. YW 87185 K800
LEA

W OPENNLLL

Qi RIDGE NATIONAL LASIORA TORY
PO B0X 2000

OAR RIDOE TN 3780378056
LBA

w PEREIRA

ATOMC ENEREY CONTHIL BOARD
P OBOX 1048 STATION B
CITTAWA. ONTARID 1P 559
CANRDA

O PEREZ

CNSAS MEXICO

AV INSURGENTES SUR “778
HAENCC CITY, 0030
MEXCD

G, PETRANGIEL
ENEA QISP

VAV BRANCATL 48
ROME 0144
ALY

3 PHILLIPS

FOAG IDAMO NC

FO BOX 1828 M5 2408
OAMG FALLE 1D 834181560
LBA

i PHILPGT
Gl HERET COMMOMWEAL T+
#0 BOX 1408

READING, PA 19653

A

8. Pl

METHE CORBORATION
7528 COLSWINE DRWVE
MOLEAN VA 22M02
LEA



L PACE
; EGBG DA INC.
4 PO BOX 1028
m’O FALLS, 1D 83¢156-2408

4 PUGA

LNESA

ALO. QGERVAS 3
MADRID, 28020
SPAN

€ AUGH

O RDGE NATIONAL LABORA TORY
PO BOX 2009, MS 8083

OAK RIDGE. TN 37822

BA

D RAKOVICH

ONTARID HYDRO

700 UNIVERSITY AVE
TORONTO, ONTARIO MEG 1X8
CANADA

4 RANTAKIV!

FINNISH CENTRE FOR RAD 8 NUCL SAFETY
P.O. BOX fe8

HELSINKL  SF: 00101

|
5 oW ey

=

P

®

15400 CALHOUL; DRIVE. SUITE 100
ROCKVILLE. MO 20865
-

e

M. RIQHTL EY
. SANGA NATICNAL LABORATORIES
1 P.0. BOX 8800, DIVISION 8483
n ALBUGUERQUE, NM 87135-5800
-
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G ROBINSON

PENN STATE UNIVERB(TY

291 SAKETT BLDG.
UNIVERSITY PARK, PA 18802
UBA

U ROHATTH
BAOOI-AVEN NATIONAL UABORA TORY
BUKLDING 4758

UPTON, NY 11973

A

G ROMECLD

NAMAAC

1778 EVE STREET NW, SUITE 300
WASHINGTON. DC 20006

BA

A RCOBEOOM

SIWANLICLEAR SAFETY DEPARTMENT
KERSENGAARDE 218

vOORBUAG. 22TIND

THE NETHERLANDS

£ RO

WESTNGHOLUSE

1910 BELLAS ROAD
PITTSBURAGH, P& 18217
LSA

“ RYALS

AETTIS ATOMIC FOWEHN LABORATORY
PO BOX™

WEST MIFUIN, PA 15122

A

B SAFFELL

BATTELLE COLUNBLS
S08 KINE AVE
COLUMBUS, Om 43201
S

R SALIZION

WESTINGHOUSE SAVANNAH RIVER COMPANY
SAVANRAH AIVER SITE

AIKEN. 8C 29802

e

P SAMANT A

BROOMAAVEN NATIONAL LABOFRA TOAY
BULDING 130

UPTON, NY 11972

B

R SAMMATARD
GENFTIL DYNAMICS

75 EASTERN POINT ROAD
GROTON, C7 06340
LB

. BANCHEZ

SN

ASTO DORADD 11
MADRID, 28040
SPAN

O SANDERVAG

SWEDENH MUCLEAR POWER NSPECTORATE
PO BOX 27108

STOCKHOLM, $-02 52

SWEDEN

L. SANTOMA

8N

JUSTO DORADO 1t
MADRID, 28040
SPAN

M SARRAM

UNITED ENGINEERS

308 17T ST
SHILADELPHIA, PA 19101
LA

Xiv

K SATO

HWTACHLLTD

311 SAIWALOMO

MITACH SHl, IBARAKIXEN 517
JAPAN

R SOHMOT

BATTELLE COLUMEBLS
S05 KING AVE
COLUMBLS, Ori0) 43201
A

R SONEIDER

ABB/T-E

1000 PROSPECT HILL ROAD
WINDSOR. CT D80S

R

G SOUROT AN

UNIVERBAL TESTING LABORA TORIES
5950 SHALLOWFORD RO SUITE 821
CHATANDIOOA, TN 37a1

LA

E SOMATZ

NDUSTRIAL POWEP CO LTD - TVO
27180 OLXKUOTD

SUOM, BF. 270

FINLAND

G SOWARR

ATORKC ENEFGY CONTHROL BOND
270 ALBEAT BT

CSTTAWA ONTAR KIP 450
CANADA

W SEDOON

HM NUCLEAR INSTALLATIONS NSPECTORATE
87 PETEAS MOUSE. BALLIX ROAD

BOOTLE. MERSEYSIDE (20 3.2

e

8 SE-GAL

ELECTRC POWER RESEARCH NSTTUTE
S412 HILLVIEW AVE, PO BOX 10412
PALO ALTO. CA 5400

BA

S SERAN
GILBERETICOMMOMNVEA] TH
PO BOX 1408

READWG, PA 198073

USA

§ SE™

MOTHE CORPORA TON
7526 COLSHIAE DAIVE
MCLEAN VA 20702
LA

W SA

ARGONME NATIONAL LASORR™SY
9700 5. CASS AVENUE
ARGONNE 1L 80409

s

W SHACK

ARGONNE NATIONAL LABOSA TORY
9700 § CASS AVENUE BLDG 212
ARGONNE 1 8040

LBA

A SHATMA

AMERICAN ELECTRIC POWER
COLUMBLS, OkO 41215
LSA

LRARON

UANTUM TECHNDLOGES
2624 BUTTERFIELD RD
DAKBAROOK, . 80621
A

B
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K SHIBA
JAPAN ATOMIC ENERGY RES, INST

TOMALMURA, NAKA-GIUN
BARAKLKEN,  m19.1)
J\PAN

¥ SMONOW
BATTRLLE PACKIC NORTHWESY LABS.
.0 BOX 99

RICHLAND, WA 99962

A

A SIMFRING
WESTINOHOUSE SAVANNMAR RIVES DOMPANY
BAVANNAN RIVER §TE

AKEN, SC 20808

LA

C SLATER

EGAG IDAMD, NC

PO BLx 1628

DAMO FALLS, 1D 83404
A

G RAGHTER

OAK AIDGE NATIONAL LABDRA TORY
£.0. BOX 2008, BLOG 45008

OAX RIDGE, TN 3782t @182
)

S SLOAN

EGAG ICAMO. INC.

PO BOY. 1628

IDAMO FALLS, iD 834158
A

G S.OVK
BACEWHAVEN NATONAL LABORA TORY
BUR.DING 4758

UPTON. NY 11872

LEA

L SMITH

LOS ALAMOS NATIONAL LASORA TORY
P20, BOX 1683, MS E58)

LOS ALAMOS, NM 87344

U

& S00A

JAPAM ATOMIC SNERGY RES ST
HAKA-GUN

TOKALMURA.
BARAKIKEN, 31811
JAPAN

M SOEAMA

MITSUBISH HEAVY NDUSTRIES, LTD

141.1- CHOME WADASAK - CHO M YOGO-KU
KOBE Ski. 862

APAN

< SORRELL

VIRGING POWER

$000 DOMINION 8LVD
&EN ALLEN, VA 29080

W SPEZALETT
VESTNGHOUSE SAVANNAH FIVER COMPANY
37 VARGEN DRAVE

AKEL, SC 29809

e

K. STAMLKOPY

ELECTRIC POWER REAFARCH INSTITUTE
3412 MILLVIEW AVE, PO BOX 10412
PALOALTO CA fda0)

A

R STARCK
MPRASSOCATES NC

1080 CONNECTICUT AVE, NW
WASHINGTON, DC 200068
USA

M STRAND

APTER CORPORATION

@730 UNIVERSITY BLVD WEST, #4023
WHEATON. MO QO%02

B

D STRAWSON

MURASSOCATES AC

1080 CONNECTICUT AVE, W

WASHINGTON, 2C 20028
£

£ 8TURBE
TRACTEBEL

AV AFUANE 7
BRUSSELS B 1200
BELGLWM

M SUBUIOM

BRCOM-AVEN NATIONAL LASCRA TORY
BUK DING 130

UPTON, NY 11872

USA

K 5UM

FALUGKE & ASSOCATES
18WO70 W &IRD §7
BURAR RIDGE. 4 8083"
LS

A BUMMERS

SANDWA NATICANAL LABDRATORIES
7.0 BOX 5800, DIVISION 848
ALBUQUERQUE. NM 871695800
A

4 SUN

ARGONNE NATIONA | ABORA 08
7 5 CASS AVENUE
ARGONNE. 1|, 80458

USA

M TAED

§0 TECNOLOGES
STANFORD 8LVD
GOLUMBIA, MD 21048
-

H TAKEDA

NUPEC-NUCLEAR ROWER ENGL TEST CENTER
313 4 CHOME TORANOMON MINATO KL
TOKYO, 108

JAPAN

K. TAKUAY

NUPEC HUCLEAR POWER ENG. TEST CENTER
3134 CHOME TORANOMON MINATO KU
TOKYO, 108

APAN

3 TARLOR

BROUKHAVEN NATIONAL LABCRA TORY
BUILDING 120

UPTON. NY 11973

U

T NHECFANCLS

UNIVERSITY OF CALFORNIA. SANTA BARBARA
740 CORTONE DR

SANGOLETA, TA 931177

LA

LR & NEEY

CLANTUM TECHNS (0 Y INC
2628 BUTTEASIELD RO
AR BROOK, 1L 60821

LA

& THOMSON

SANDIA NATIONAL LABORA TORIES
PO BOX 8800 DIVISION 6418
ALBUQUFROUE, NW 871855800
A

“ HORALU

ABE ATOM. INC

2018 WARFIELD DRVE
MY AIRY MD 2iTH
L

4 Tl

JACK VILLS 8 ASSOCATES, NC
PO BOX 5a8

SANDA PARN N #2047
A

0 TG

REA TEO SOLOGY SRO
WOR AW ANE

LA PHETH, CHERHIRE WA anE
-

T TRAM

WESTINGHOLSE 5 AVANNAS SIVETT COMPANY
SAVANNAR BIVES 5TF

AKEN GO 29008

A

® THOY
NEWMAN & O T2INGER
RIS L STREET W W
WASHINGTON, DC 29006
LA

& TLCCARDNE

WS NCIHOUSE SAVANNA FVER COMPANY
SAVANNAK PIVER §ITE

AKEN DU 26808

LA

NISTLE

LANMONY (s (Y GECR OGCAL O6s
COLUMB A | NIVERSTY
PALISALDES NY 10084

LA

¥ UMEX)

NUPET NUCLEAR POWER EMGL TEST CENTER
310 4 CHOME TORARDMON NINATO K1
TORYD. 108

MAPAN

L UNGER

AYSTEM MPROVEMENTS

238 PETENS BLVD  SWITE 0
ANOCXVILLE. TN 3mM0)

LB

A VALENTIN

AFCOINNE NATIONAL UAFORAT Y
W00 S CASS AVENUE. 8100 e
ARGONNE 11, 80400

)

B VAN MENSE |

STAH MOLUNTARN, NG

S CLEAMONT AVENUE
ALEXANDIEA, WA 22904
LEA

+ YEEDER

AZCL AESEAFKCH

CHALK FIVER L ABDRE O8Ny
CHALK R 3 ONTARIO K010
TANALA
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2081 ROBIN HOOO LANE

.0 AOX 33
LUNG-TAN, 52800
TAWAN

L WARD
11426 ROCKVILLE PIKE, SUITE 300
ROCHVILLE, MD 20882

A

K

SANCIA NATIONAL LABORATORES
PO BOX 8600 DIVISION 8429
ALBUQUERQUE, NM 87185 8800
)

A WATSON

SANDIA NATIONAL LABCAATORIES
PO BOX SA00. DIVISION 8473
ALBUQUERGUE. NM 871855800
A

J WERNER

U 8 DEPASITMENT OF ENERGY
™6 DOE MACE

IDAHO FALLS 1D 83402

B

P OWHEATLEY

EGAG 10AHO, NC.

PO BOX 1828 WS 2412
IDAMO FALLS. 1D B3418-2412
A

SANDIA NATONAL LABORATORIES
20 BOX 5800 DVISION 6412
ALBUGUERQUE, NM 87185

-

8 WHITESEL

NUMARC

778 EVE STREET NW, SUITE 300
WASHINGTON. DC 20008

LSA

K WsITT

SOLTHERN NUCLEAR

40 NVERNESS CENTIA PARKWAY
BIRMINGHAM, AL 2520)

LB

O WILKOWSK)
BATTELLE COLUMBLS
S08 KING AVE,
COLUMBUS OO 45201
A

K WILLIAMS

SCIENCE AP ICATIONS INTL CORP
2100 AR PARK AD.. 8 E
ALBUQUEROUE NM 87108

LEA

4 WILSON

AFA TECNLOGY

HARWELL LABORATORY

DIDLOT, OXFORDSHRE OX 11 ORA
e

HOWNGO
WESTINGHOUSE SAVANNAS FIVER COMPANY
SAVANNAM HIVER §/TE

AKEN BC 20808

A

G WiRE

WESTINGOLSE
S80) KE /STONE DR
BETHEL PARK. BA 18102
LB

¥ WY

WESTW#01LSE

».O. BOX 2724

PITTERURGH, PA 15230.2728
s

M WITTE

LAWRENCE LIVEAMOSE NATIONAL LAS
0 BOX 808 (w8

LIVERMORE, CA 94880

A

L OWOF

KIUPMDA BATTELLE EURDPE
BOGTFACH 00180 AM ROMESHOF 36
FRANK FURT AM MAIN 90, 8000
GETRAANY

L WOLF

NATIORAL ACADENY OF SCENCE
2101 CONSTITUTION AVENUE Nw
WASHINOTON OC 20418

SA

N WOOOY
WESTINGHOUST SAVANNAM AIVER SOMPANY
SAVANNAM RIVER SITE

AMEN SC 29808

BA

WOWLLFF
BRCORHAVEN MATIONAL | ARCR TOSTY
BUILDING 4788

UPTON, NY 11970

USA

HYOKTTA

TOKYO FLECTRIC POWER
1901 LST NW. SUITE 720
WASHINGTON, O 20006
LA

L e

BAW NUCLEAR SERVICE
PO BOX 1006
LYNOHBURG, VA N80
LEA

A YOLNGE D00

BRIOKHAVEN MATIORAL LABORATORY
BUILDING 130

UPTOMN. NY 1197

LA

xvi

G NOER

SCIENGE 8 PNOINGERING ASBOCATES NC
#100 UPTOWN BLBD. NE
ALBUOUERQUE, N B7110

A

POl RIA

HALL IR HTON NS CORP
G0 KL OPPER ROAD
GAITHERSBURG. MD 0878
A

P IMOLA
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BWR LOWER PLENUM DEBRIS BED MODELS FOR MELCOR
S. A Hodge, L. J. On

Oak Ridge National Laboratary
Oak Ridge, Tennessee 37831

ABSTRACT

Work is underway at Oak Ridge National Laboratory (ORNL) to incorporate certain
madels of the Boiling Water Reactor Severe Accident Response (BWRSAR) code into
a local version of MELCOR. Specifically, the BWR lower plenum debris bed and
bottom head response models taken from BWRSAR are being tested within the local
MELCOR code structure. Upon successful completion of testing, recommendations
for formal adoption of these models will be made to the Nuclear Regulatory
Commission (NRC) and to the MELCOR code development staff at Sandia National
Laboratories (SNL.). The SNL c¢cde development staff retain exclusive responsiility
for maintaining the configuration control for the official version of MELCOR.

The BWR lower plenum debris bed and bottom head response models permit the
calculation of heatup, melting, and relocation of the debris after dryout. They predict
the response of the lower plenum internal structures and the bottom head as well as the
composition and timing of material relcase from the vessel. They have been previously
applied in severe accident analyses for the Containment Performance Improvement
(CPI) Program and the Mark I shell survivability study (NUREG/CR-5423), and in
recent assessments of candidate accident management strategies.

This paper provides a brief descniption of the purpose and operation of these models.

1. INTRODUCTION

Boiling ¥.ater Reactors (BWRs) have unique features (Figures 1-4) for which special
models must be provided if best-estimate severe accident calculations are to be performed. The
Boiling Water Reactor Severe Accident Technology (BWRSAT) Program at ORNL has developed
and incorporated into its BWRSAR code several advanced models for application to BWR severe
accident analyses'??, All of these models have been made publicly available as they were
, tested, and used in ongoing BWR severe accident studies at Oak Ridge. Many,
particularly the earlier models applicable to the period of the accident sequence before relocation of
core material into the lower plenum, have been incorporated into other codes such as MELCOR®S,
The lower plenum debris bed formation and behavior models, however, remained unique to the

BWRSAR code until recently.

*The submiited manuscriplt has been authered by
8 con‘ractor of the US Government under
voniract No DE-ACOS-840R21400  Accordingly.
the U.E Governman! relaing & nonexciusive
royaltly-lree license lo publish of reproduce the
published form of tus conlribytion, or allow
others 1o 0o so, lor US Governmen! purposes
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It is the purpose of this paper to explain the operation of the lower plenum debris bed and
bottom head response maodels including the practical improvements made rrior 1o transposition of
this modeling approach into the more geaeral MELCOR code, which will be employed in future
BWR severe accident studies at ORNL., The discussion begins with a brief description of the
events leading to movement of relocating core structural material beyond the core plate and the
corresponding accumulation of debris in the reactor vessel lower plenum. The representation of
the structure of the bottom head debris beds and the calculational nodalization of the adjacent
reactor vessel wall are then described in detail.

Finally, the madifications and improvements accomplished during the periad of transposition
of these models into MELCOR are discussed. The desirability of these practical madificutions of
and improvements to the lower plenum debris bed models was demonstraied during previous
severe accident analysis applications.

2. DEBRIS BED FORMATION IN THE LOWER PLENUM

The following discussion provides a brief synopsis of the events leading to movement of
relocating core structural material and fuel beyond the core plate and the accumulation of debris
within the reactor vessel lower plenum, The illustrative dimensions given in this description are
those applicable to the 638 cm (251 in.) ID BWR-4 reactor vessel installed at 1067 MWe plants
such as Peach Bottom and Browns Ferry. Any discussion of the behavior of core debris relocated
into the bottom head must begin with consideration of the role of the core plate, which serves as a
boundary between the core region and the reactor vessel lower plenum.

2.1 MATERIAL RELOCATION AND CORE PLATE FAILURE

The primary function of the BWR core plate is to provide lateral alignment tor the upper
portion of the control rod guide tubes, as shown in Figures | and 2. Each of the 185 control rod
uie tubes supports four fuel assemblies via an orificed fuel support piece as shown in Figure 3.
t should be noted [Figure 3(b)] that the support piece rests within the upper portion of the control
rod guide tube and that the core plate provides an alignment pin for proper location of both the
uide tube and the support piece. An isometric drawing of the placement of the fuel support piece
;)sl p‘;ovided in Figure 4, together with a plan view showing the cruciform opening for the control
ade.

The core plate, which is 5.1 em (2 in.) thick and weighs 9300 kg (20,500 Ibs.), provides
vertical support to only the 24 outermost fuel assemblies (of the 764 assemblies that make up the
core). The support arrangement for these 24 peripheral assemblies is shown in Figure 5.
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The stainless steel core plate is characterized vy large holes [28 cm (1! in.) D] 10 accomm-xdate
the passage of the contrul rod guide tubes and smaller holes (5.1 cm (2 in.) ID] for the in-core
instrument guide tubes as shown i the plan view of Figure 6. The core plate is 5. pported around
the outer periphery and, thus, resembles & perforated drum membrane There is, however,
significant central support provided by the stiffener plates and stiffener rods indicated in
Sections A-A and B-B of Figure 6.

~.carly the eveats to occur within the 8WR reactor vessel lower plenum under severe

accident conditions would depend upon the manner in which relocating materials from the core

region were to pass the core plate boundary. Both MELCOR und BWRSAR have models 1o

%ecdict the downward relocation of core debris onto the core plate and the core plate response.
se core degradation models are beyond the scope of this paper, but are discussed elsewhere?”,

Boiling water reactors are fitted with an Automatic Depressurization System (ADS) that,
upon actuation, causes rapid opening of several (five at Peach Botrom) of the reactor vessel
safety/relief valves (SRVs). The BE'VR Emergency Procedures Guidelines® direct the operators,
under severe accident conditions, to manually actuate the ADS when the core has become partially
uncovered (but before any significant core damage has occurred). The flashing attendant to the
resulting rapid depressunzation of the reactor vesse! causes the loss of all water from the core
region and core plate dzout. Without restoration of coolant injection to the reactor vessel (and
termination of the accident sequence), the subsequent core heatup and degradation causes the
downward movement of molten material onto the dry core plate.

At this point, a systematic discussion of the progression of severe accident events should
include a detailed consideration of the expected response of the core plate to the accumulation of
debris over its upper surface. This subject, however, is addressed in a separate report” prepared
under the auspices of the BWP Core Melt Progression Phenomena Program. It will suffice here to
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point out that the available codes (APRIL, BWRSAR, MELCO" and SCDAP/RELAP) employ
different approaches, all of which are addressed in Reference .. Therefore, the following s
limited 10 a brief review of the BWRSAR approach.

After core plate dryout, mass builds up over the core plate in a regular but somewhat
discontinuous manner by the candling process over fuel rad cladding and by rapid relocation of
molten control blade and channel box structural material (stainless steel and zirconium,

respectively). The molten material freezes upon coming in contact with the core plate, and lee age

through the intact core plate is not represwnted. Heat transfer from the relocated material ine cases
the wemperature of the core plate. Each radial region of the core plate is considered to fail due to the
accumulated load and loss of strength when the regionally caleulated mass-averaged temperature of
the comhined debris and core plate exceeds a user-specified temperature, usually 1420 K
(2100°F). In practice, the mass-averaged temperature increases so rapidly after core plate dryout
that adjusting the assumed failure lemperature has little effect on the calculated time of failure.

Each failed core plate region and its accumulated debris fall into the lower plenum producing

a burst of steam as the fallen materials is quenched. However, it is expected that the fuel pellet

columns, encased in ZrQ, sheaths, would remain standing since the weight of the fuel 1s supported

by the control rod guide tubes, not by the core plate. After failure of a core plate region, additional

relocating material in that radial region falls directly into the lower plenum. During the relocation

rocess, material balances are performed to keep track of the individual matenal species (such as
‘e, Zr, UL)y) as they accumulate on the core piate and in the lower plenum.

2.2 ACCUMULATION OF DEBRIS IN THE BOTTOM HEAD

Fortunately, the development of BWR reactor vessel lower plenum debris bed madels can
proceed without the necessity for prior resolution of the numerous uncertainties regarding the
means by which relocating core and structural material might pass through the core plate bounaary.
This is true because the lower plenum madels can be established in such a manner that thc,v can be
driven by information provided by a separate and independent core plate calculation. T s is the
appmach that has been taken with the BWRSAR lower plenum debris bed and bottom head
resp  nodels, which in effect are driven by the masses and associated energies entering from
the ... .ate region. Ti.e operation of these models is described in Section 3.

Before leaving this discussion of the downward relocation of debris within the core region,
however, it is important 1o recognize that the movement of debris might occur 1n a much more
sudden and massive manner than that described previously. If much of the relocating malten core
debris were to not reach the core plate, but instead were to form a frozen crust above the plate,
subsequent debris bed formation and melting above the core plate would lead to an accident event
sequence more like the Three Mile Island experience (PWR) than the sequence predicted by
BWRSAR. Thus, the question of core plate survival in the BWR severe accident sequence 15
pivotal,

It should be noted that the BWRSAR models do predict retention and buildup of a detvas bed
above the core plate for cases in which the core plate is sufficiently cooled by reactor vessel water
injection to forestall dryout, heatup, and structural failure. The required water injection rate 1s
small if continuous, larger if the flow is intermittent and in both cases the integrated effect must be
sufficierit to prevent core plate failure but insufficient to terminate the accident. This scenano
seems tnost unlikely for prolonged BWR severe accident sequences since any injection system, if
available, is capable of injection rates ample to recover the core and terminate the accident although



TR P P ————N R R R R R B R RN R TTRTI I IR,

operator action (specified in existing written procedures) would be nec 2ssary 10 enhance the flow
in some cases. For this reason, the BWRSAR madels for the progression of an unmitigated severe
accident are based upon the assumption of & total loss of injection such as would occur in Station
Blackout.

3. LOWER PLENUM DEBRIS BED AND BOTTOM HFAD RESPONSE
MODELS

It is the purpose of this Section 1o explain the operation of the models that establish the lower
plenum debris beds from the materials and associated energies passed from the core region through
the core plate. The discussion begins with a brief description of the structures within the BWR
lower plenuni and the numerous penetrations of the bottom head itself. As before, the illustratve
dimensions are those applicable to the 1067 MWe plants such as Peach Bottom and Browns
Ferry.

3.1 DESCRIPTION OF THE BWR LOWER PLENUM

The portion of the BWR reactor vesse! below the elevation of the core plate is formed by a
eylindrical section of 638 cm (251 in.) ID joined with a hemispherical section of radius 319 em
(125-1/2in.). As shown in Figures | and 2, much of the volume immediately beneath the core
plate is occupied by the control rad guide tubes. Also jassing through this volume are source
range, intermediate range, and power range detector assemblies as indicated on Figures 7 and 8.

There are more than 200 bottom head penetrations as necest ‘o accommodate the 185

control rod drive mechanism assembly penetrations, 55 instrument *ube penetrations, and a
5.1 em (2 in.) drain line penetration near the low point of the head. The general
arrangement of the in-core instrument housings and the stub tubes he control rod drive

mechanism assemblies is indicated in Figure 9.

The BWR bottom head is clad with Inconel [thickness 0.32 cm (0.125 in.)] while the
control rod drive mechanism assembly and instrument guide tube penetrations are stainless steel.
Cross-sections of the control rod drive mechanism assemoly and instrument tube penetrations and
their weldments are illustrated in Figure 10. Each in-core instrument tube is held in place by an
Inconel-to-stainless steel weld located at the inner surface of the bottom head wall, whereas the
control rod drive mechanism assemblies are held in place by similar weids at the upper ends of the
Inconel stub tubes. These latter welds would be located about 10 ¢m (4 in,) within the lower
plenum debris bed expected to be formed during an unmitigated BWR severe accident.

Given the perforated status of the BWR bottom head, it is reasonable to expect that the .aitial
pressure boundcry failure after lower plenum debris bed dryout would occur through the vessel
penetrations and not by meltthrough of the 21 cm (8-7/1€ in.) thick bottom hecd iself, The

question of the made of bottom head penetration failure has been the subject of separate analyses**

and will not be addressed here,
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1.2 QUENCHING OF THE RELOCATING DEBRIS

As discussed in Section 2, structural deformation and downward relocation of molten
control blade, channel box, and candling clad material onlo the dry core plate 1s expected to cause
local creep rupture failures of the core plate and the innaduction of relocating matenal into the
lower plenum water. The models for dealing with this relocating material within the lower plenum
debris bed are based upon the assumption that the water, while it lasts, would quench the debnis.

The argument that the falling heated masses of core debris would be quenched in the reactor
vessel lower plenum is buttresied by the geometry of the structures and the large water mass
present in the BWR lower head. For the Peach Botiom example, there are 185 control rad guide
tubes of 28 ¢m (11 in.) outer diameter on a 30.8 cm (12 in) pitch in the vessel lower plenum;
thus, within a unit cell, the debris must pass lhrough 8 0.032 m? (0.340 f1?) opening (see
Figure 11) that is 366 ¢m (12 fu) in length. This, plus the fact that there is sufficient water in the
lower plenum [73000-95000 kg (160,000-210,000 Ibs), depending on the temperature] o
compleiely quench more than one molten core, leads 1o the assumption that the relocating debns is

uenched as it fulls through the water, 1t should be noted, given the progressive relocation from
the core region, that the m jority of the debris entering the lower plenum would be solid when it
enters the water. The rate of quench of the relocated debris is determined by algonthms within the
MELCOR COR package.

As the relocated core material accumulates in the BWR reactor vessel lower plerum, it is
expected that the composition of the quenched debris bed would vary with height. Lowermost in
the bed would be the mostly metallic debris (control blades, canisters, candled ¢lad and dissolved
fuel) that had either accumulated on the core plate before local plate failure or had subsequently
relocated downward within the same local region before fuel peliet stack collapse. Higher, within
the middle region of the bed, would be the collapsed fuel and 200, from the centrul region of the
core. The ininal local core plate structural falures would cause temporary bursts of steaming as the
relocated metallic debris was quenched, however, with the collapse of the central core fuel pellel
stacks, a constant heat source (the decay heat associated with the pellets would be intraduced te the
lower plenum reservoir, initiating a rapid continuous boiloff of the remaining water.

Afier lower plenum dryout, the debris bed temperature would increase, causing thermal
attack and failure of the control rod guide tube structure in the lower plenum, which the dobris
worild completely surround to a depth of about 3 m (10 ft).  Since the control rod drive
mechanism assemblies and the control rod guide tubes support the « e, the remaining standing
outer regions of the core would be expected 1o collapse into the vessel lower plenum when these
support columns fail. Thus, the uppermost portion of the completed lower plenum debris bed
should be composed of the collapsed metallic and fuel matenial from the relatively undamaged outer
regions of the core. The stainless steel of the control rod guide tubes and mechanism assembhies
would be subsumed into he surrounding debris as it becomes molien.

The lower plenum debris bed nodalization is illustrated in Figure 12 together with a brief
description of the moadels employed for the caleulation of the bed response. The vessel bottom
head is represented at each debns bed node in contact with the wall, while the wall its¢lf is
sectioned into three radial segments with the outer segment capable of transferring hesi to the
containment (drywell) atmosphere. The debris bed and bottom head representations are described
in greater detail in the following Sections.
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3.3 STRUCTURE OF THE DEBRIS BED

A drawing of the debris bed nodalization nitally employe § for & recent caleulation of the late
phase of a short-term blackout severe accident sequence is provided in Figure 13, The drawing is
to-scale, correctly indicating the relative sizes of the calculat onal control volumes as initially
established. These volumes (surfaces of revolution) are listed in the following Table.

Table 1. Reactor vessel control volumes considered in the lower
plenum debris bed calculation

Nodal Volume
Designation m' fi!
(1,1 1784 63.0
(1,2) TR 63.0
(1.3) 784 63.0
2.1 4.117 145.4
(2.2) 5.273 186.2
(2.3) 10,109 357.0
o) 15 889 561.1
2.5) 1.625 574
(a.1) 1.515 535
(3,3) 1.937 68 4
(3,2) 1718 131.2
(3,4) 10.56K 173.2
(3,5) 0.591 FANY
TOTAL 60,697 21435

It should be noted that the entire debris bed is contained below the center of curvature of the
bottom head hemisphere. The volume occupied by the debris is of course dependent upon the
assumed bed porosity, which 1s user-input Normally, a sitv of 0,40 15 employed for the solid
oxides and a porosity of 0.20 is employed for the metals; these are considered to be reasonable
values based upon the available data'.

The lower plenum debris bed madel constructs the bed control volumes in the following
manner. Record is kept of the accumulat “n of the different material species as they relocate into
the lower plenum, and of their associated internal energies. As many as 20 different matenal
species can be considered.

The first debris layer is comprised of the control blade, channel box, and candling clad
material that relocates prior to any fuel pellet relocation. While the composition of the first debris
layer is primarily metallic, it does include the small amount of ZrO); and UO, that is predicied to be
carried downward with the candling clad as a eutectic mixture  The layer is established at the time
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o7 aipial fues et movement into the lower plenum and normally contains all of the material
“ 1w el G ww uie pore plate prior 1o that time. However, a maximum (lower) height for the first
< w7 ¢ a4 et by the user.

Figure 13 shows that the first layer is divided into three control volumes. The vertical
.rfaces are established so that these three volumes are equal, as indicated on Table |

The second debris layer begins to be formed at the tme of initial fuel pellet movement and
normally consists of the material relocated into the lower plenum from thut ume forward. If,
however, the user has chosen to limit the height of the first layer, the excess material above that
height that normally would have been included with the first layer is instead added to the second
layer inventory.

The second layer consists of five control volumes, as shown on Figure 13, The vertical
inerfaces between nodes (2,1), (2,2), and (2,3) are simpie extensions of the interfaces between
nodes (1,1), (1,2), and (1,3). Therefore, as indicated in Table 1. the volumes associated witk
nodes (2,1) and (2,2) are not equal.

The control volume associated with node (2,5) is intended to represent the cooler mass of
oxidic debris expected to exist close o the heat sink of the bottom head wall. (Such a provision is
not considered necessary for the bottom debris layer, since it is normally comprised almost entirely
of metallic debris.) User input determines the width of nade (2,5) perpendicular 1o the wall,

Finally, the vertical interface between nodes (2,3) and (2,4) is established so that the volumes
associated with these nodes are equal. [There 18, however, a restriction that the radial distance
between this vertical interface and the point of intersection of the inner boundary of node (2,5) with
the UPW surface of layer one must be at least 2.5 cm (1 n,). This is to provide a minimum floor
area for nade (2,4); this restriction is invoked whenever the user chooses 1o limit the height of layer
one, as in this example,] As indicated in Table 1, the conunl volumes assoviated with nodes (2,3)
and (2,4) are the largest within the debris bed.

The five control volumes associated with debris layer two continue to grow as additional
debris moves downward past the core plate. Heat generation within the control volumes of the
debns bed is associated with the ducay heat of the fuel and, after penctration failures have
occuned, with the chemical reaction of steam, passing from the vessel atmosphere through the
bed, with the zirconium metal of the debris.

The he~* balances for each debris node are initiated at the time of lower plenum dryout. Heat
trunsfer .l‘a{ vonduction is caleulated for node-to node and node-to-wall energy transfer.
Additionally, radiation and convection from the surface nodes to the vessel gaseous contents and to
intact structures above the debris bed are considered, Radiation to the shroud and axial conduction
along the vessel wall causes boiloff of water remaining in the downcomer jet pump region. Also
included in the nodal heat balances are the change-of -phase heat of fusion of species (or eutectic
mixtures) as they melt or refreeze within the bed.

Within the debris bed, molten material moves downward from one control volume to another
as long as void space (free volume) remains within the lower control volume. Once the interstitial
spaces in the lower control volumes are filled, the moten liquid can move horizontally within the
bed as necessary 10 keep the liguid level approximately constant within a layer. An exception
occurs in the case of the two outermost control volumes in layer two after penetration weld failure
occws at the wall, For these two volumes, simultaneous movement downward to the void space
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in the (single) underlying control volume and horizontally to exit the vessel through the failed
penetration weld can occur. In all cases, the rute of movement of molten material through the
debris bed is controlled by a user-input time constant, usually set at one minute. Thus, for
example, if the calcul timestep is 0.2 minute (and with the one-minute timesiep), 20% of the
molten material within a control volume can move honzontally or vertically (or both, for the
outermost middle layer nades) each Smestep.

All of the lower plenum debnis bed calculation can proceed indefinitely (including
penetration failure and the escape of molten matenial from the vessel) without formation of the third
debris layer shown on Figure 13, The purpose of this third layer is to accommadate the relocation
of the outer, undamaged regions of the core that might occur gradually due to melting or suddenly,
upon failure of the supporting control rod guide tube structure in the lower plenum. Afier bottom
head dryout, the debris in the bottom and middle debris layers begins o heat up, and it is assumed
that the debris thermally atiacks and fails (at a user input debris temperature) the control rod guide
tubes, which the debris completely surrounds to a depth of 2 4 10 3.0 m (X to 10 ft). The material
(stainless steel) of the control rod diive mechanism assembly housings and guide tubes is
subsumed into the surrounding debris of the bottom, middle, and upper layers, as appropriate.

The vertical interfaces between the layer three control volumes are exte ‘sions of the interfaces
between the layer two control volumes, as shown on Figure 13, The vessel structural masse © as
they exist at the initiation of the lower plenum debris bed for the recent calculation of Peach Bottom
short-term station blackout are outlined in Table 2. (Layer three was established immediately afier
lower plenum dryout in this caleulation.)

Table 2. Material masses (kg) included in the initial setup of the debris bed
layers for Peach Bottom short-term station blackout

Material Laye La Layer Total
i 4 i
Zr 12147, 32349, 5398, 49804,
ke 12724. 3R412. 41797. 920933,
Cr 3098, 0344, 10167, 22605,
Ni 1378, 4164, 4519, 10061,
B4C 269, 751, K4 1106,
20, 837, 11850, 4137, 17024,
FeO 24. X4, 0, 108,
Fe L), il 197. 23, 261,
Cr04 17, 74, 6 97,
NIO 3. i4, 2, 19
B0y B, 15. (i <),
U0, 892, 1207357, 40298, 161947,

Totals 31432 218013 106631 A56076.
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rtion of botiom head wall between the (moving) upper surface of debris layer two and the

tom of the shroud baffle into three equal nodes. The total number of nades and the placement
of the uppermost wall node adjacent 1o *he downcomer region above the shroud baffle remain the
same.

For the purpose of calculating the bottom head wal! temperatures, each wall node is divided
into three equel-volume segmenis as shown in Figure 15, Heat is transferred from the adjacent
debris bed control volumes into the wall nodes by conducton, Heat transport along and across the
wall by conduction from segment-to-segment is also calculated. Wall nodes ahove the elevition of
the upper debris bed surfice receive heat trunsfer by radiation from the bed.

Although not indicated in Figure 15, the thickness of the BWR reactor vessel wall increases
at some point (plant-specific) between the cylindrical section of the vessel and the lower portion of
the botiom head where the penetrations are located. The vessel wall nodalization established by the
bottom head wall model recognizes the user-input location of this transition point and adjusts the
thickness of the wall nodes above and below this location accordingly. Furthermore, the lengths
of the twn adjacent wall nodes are adjusted (one shortened, one lengthened) so that the transition
point falls exactly on heir nodal boundary.

The rate of heat wansfer from the inner segment of the uppermost wall node (numiber 17 in
Figures 14 and 15) to the water in the downcomer region is governed by nucleate boiling and
conduction through the wall.

Heat transfer from the outer segment of each wall node 1o the drywell atmosphere is
calculated using & user-inpu! convecunn heat transfer coefficient. Different drywell atmosphere
temperatures are used for the portions of the vessel wall above and below the attachment point of
the vessel support skint (item T in Figure 1). This is because the temperature of the atmosphere
within the pedestal region of the drywell would be much higher than the temperature in the
remainder of the drywell, especially after molten debris had begun to leave the vessel.

3.5 METAL-SSTEAM REACTION IN THE DEBRIS BED

As mentioned previously, BWR bottom head penctration failure mechanisms have been
described elsewheret®. In brief, for the case of heutup of a quenched debris bed, failure is
expecied 1o occar hy overflow of molien materials into the instrument housing guide wbes. Since
the boutoin layer of debris is composed almost entirely of metals while UO; constitutes more than
half of the middle layer, the ‘emperature of the middle layer increases much more rapidly after
botiom head dryout than does that of the bottom layer. For this reason, meiiing of the in-core
housing guide tubes would occur first in the middle layer. The criteria employed for initiation of
reactor vessel blowdown through the in-core instrument housing guide tubes are first, that the
middle iayer debris bed temperature be above the melting point of stainless steel and second, that
the level of liquid components of the debris within the reactor vessel lower plenum has nisen into
thf middle debris layer so that molten material is available to pour into the failed portion of the
tules,

After failure of the reactor vessel pressure boundary, a leak path from the vessel to the
drywell atmosphere is created. Subsequently, the vessel gaceous content blows down if the
reactor vessel is at pressure or, if the vessel is depressurized, slowly leaks out as the gas
temperature increases and the water in the reactor vessel downcomer region surrounding the jet
pumps is boiled away. The leak path for the steam generawd from the water surrounding the jet
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pumps is up through the downcomer region, down through the core region, and out through the
debris bed. Thus, the steam available in the vessel after the tume of pressure boundary failure
would pass through the debris and would react with the zirconium metal during its passage.

Only the steamyzirconium reaction is represented in the lower plenum debris bed madel |, but
this is a major heat source in the control volume energy balances, particularly for cases in which
the reactor vessel is pressurized at the time of penetration failure. Siainless steel oxidation in the
bottom head debris is not represented since this is expected 10 be 4 secondary effect and because
the temperatures at which rapid stainless stee! oxidation occurs are close 10 the melting point, thus,
stainless steel tends 10 relocate rather than to undergo excessive oxidaiion. "he upshot of this is
that much of this metal is expected 1o leave the vessel in a molten state without oxidizing

3.6 ABLATION INDUCED BY FLOW OF MOLTEN MATERIAL

As discussed in Section 3.5, failure of the instrument housing guide tubes within the middle
debris layer provides a path for molten materials in the vicinity to pour through the bottom debris
layer and the reactor vessel bottom head wall. The © .wer plenum debris bed and bottom head
response madel considers the potential for this flowing hiquid to ablate the material surrovnding the
ori |inal instrument housing guide tube locations in both the bottom debris layer and in the vessel
wall.

The user-input parameters employed by the maodel that are most important in determining the
caiculated reactor vessel wall temperatures are Listed in Table 4.

Tabkle 4. User-input parameters affecting the
vessel wall temperature calculation

Parameter Representative Value

DTHEAD Time constant for relocation of 1.00 min
molten maierial (vertically or
horizontally) within the debns bed

HPIPES  Coefficient for heat transfer 10221 - _ Bty
between molten material flowing ““l miK (1301) b “fa'}.—\
through the instrument tube
locations in the bottom debris layer
and the surrounding metallic debris
and bottom head wall

TABLAT  Ablation temperature of matenal in 1756 K (2700 °F)
bottom debris layer and vessel wall

THKCRS Thickness of the debris node 508 ¢m (0.167 fu
adjacent 1o the vessel wall
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Table & Size parameters for three representative US BWRs

Parwter Browns Ferry Hatch Duane Amold
Rated Power, MW1 1203 2436 1593
Net Power, MWe 1065 768 518
Core Equivalent Diameter, m 4.752 4.069 3.299
Reactor Vessel Internal Diameter, m 6.375 5.537 4,648
Radius of Vessel Bottom Head, m 3188 2.769 2.324

As indicated, the reactor vessel internal diameter is reduced from 6.375 m (251 in.) at Browns
Ferry 1o 4,648 m (183 in.) at Duane Amold to accommaodate the smaller core at the latter plant,
This reduces the cross-sectional area of the vessel by a factor of 0.53. Since the core height is not
changed, the reduction in core volume is of the same proportion. However, the corresponding
reduction in the volume of the hemispherical portion of the vessel lower plenum is & factor of 0.38.

There is cmainlr nothing magical about the relative magnitudes of these recuctions in reactor
vessel cross-sectional area and volume; they arise simply because the arca varies as the vessel
diameter squared while the bottom head volume varies as the diameter cubed. However, the eflect
upon the required nodalization of the lower plenum debnis bed is significant: The entire volume of
relocated core anA structural debris will fit within the hemispherical portion of the vessel lower
plenum at Browns Ferry, it wi'’ not at Duane Arnold.

To accommodate application to the smaller reactor vessels, the lower plenum debrnis bed
model has been modified to accept the gradual relocation of the outer regions of the core into the
lower plenum, which is the method usually predicted by MELCOR, in lieu of the sudden relocation
employed by BWRSAR. Normal settling of the bed due to debris melting and relocation during
the period that the additional material from the outer region is being added will preclude any
overflow from the hemispherical regior iz most applications.

Should future testing reveal a need for additional modificztions in the event of overflow of
debris from the bottom head hemisphere, they will be developed at that time. This is not expected
10 be the case. In the meantime, logic modifications have been implemented to preclude code
interrupt if temporary conditions for overflow do occur, by the simple expedient of delaying the
addition of debris until bed settling makes room for it within the hemispherical region.

5. SUMMARY

The coding developed within the Boiling Water Reactor Severe Accident Response
(BWRSAR) code framework for calculating the behavior of a BWR lower plenum debris bed after
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mom and the associated bottom head response is currently being made operational within the

'OR code at Oak Ridge National Laboratory (ORNL), This NRC-sponsored effort | Boiling
Water Reactor Severe Accident Technolngr (BWRSAT) Program| is to test the Oak Ridge lower
plenum debris bed and bottom head models within the structure of a local version of MELCOR
and, when successful, to make recommendations for formal adoption of these models to the NRC
and 10 the MELCOK code development staff at Sandia National Laboratories (SNL).

The purpose of these madels within MELCOR 15 1o permit the calculation of material releases
from the reactor vessel as controlled by the melting rate of the internal debris. The models
represent the heatup and melting of the lower plenum debris bed after dryout, and include its effect
upon the lower plenum structures and the vessel bottom head.

The installation of the lower plenum deuris bed and bottom head resronse models at ORNL
is expected to be completed by December 31, At that time, these models will be passed 1o the
MELCOR development staff at SNL for independent review and, upon their approval, for ultimate
formal release to outside users.
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MELCOR PEER REVIEW
by

B. E. Boyack, V. K. Dhir, J. A. Gieseke, T. J. Haste, M. A. Kenton,
M. Khatib-Rahbar, M. T, Leonard and R. Viskanta

ABSTRACT

MELCOR is a fully integrated, engineering-level computer code that
models the progression of severe accidents in light water reactor nuclear
wer plants. The newest version of MELCOR is Version 1.8 1, July
991, &ELCOR development has reached the point that the United States
Nuclear Regulatory Commission sponsored a technical review by
recognized experts to determine or confirm the technical adequacy of the
code for the serious and complex analyses it is expecicd to perform. For
this purpose, an eight-member MELCOR Peer Review Commitiee was
organized The Committee has completed its review of the M .COR code,
the review process and findings of the MELCOR Peer Review Committee
are documented in a summary report to be issued soon. The Committee has
determined that recommendations in five areas are appropriate. (1)
MELCOR numerics, (2) models missing from MELCOR Version 1 8.1, (3)
existing MELCOR maodels needing revision, (4) the need for expanded
MELC&R assessment, and (5) documentation

Introduction

MELCOR is a fully integrated, engineering-level computer code that models the
progression of severe accidents in light water reactor nuclear power plants. MELCOR is being
devel at Sandia National Laboratories (SNL) for the United States Nuclear Regulatory
Commuission (USNRC) as a second-generation plant risk assessment tool and as the successor 1o
the Source Term Code Package.

MELCOR. has been under development since 1982, The ne ~est version of MELCOR is
Version 1.8.1, July 1991. The code has now reached sufficient maturity that a number of
organizations inside and outside the NRC are using or are planning to use the code. Although
quality control and validation efforts are in progress, there is a need to have a broad technical
review by , scognized experts to determine or confirm the technical adequacy «f the code for the
serious and complex analyses it is expected to perform. A peer review committee hg been
organized um recognized experts from the national laboratories, universities, MELCUR user
community, and independent contractors to perform this assessment.

The objective of this paper is to summarize the findings of the MELCOR Peer Review
Committee that was formed to fulfill the charter described in the following section.

Committee Charter

The charter of the MELCOR Peer Review Commuitiee was to (1) provide an independent
assessment of the MELCOR code through a peer review process, (2) determmune the technical
<dequacy of MELCOR for the complex analyses it is expected to perform, and (3) issue a final
v 0n describing the technical findings of the Committee.
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Peer Review Process

The Committee developed and followed a multistep process for the MELCOR Peer
Review. The steps in the process are as follows:

Identify design objectives for the MELCOR cade.

Identify targeted applications for the MELCOR code

Identify the MELCOR cade version 1o be reviewed.

Identify and distribute the MELCOR Docurment Data Base to Committee members,
Select plants and severe accident scenarios.

Develop a common Committee tive regardii g technical adequacy

Identify dominant phenomena for the plants and scenanos.

Define a "Standard of Technical Adu‘z‘lcy“ to be used in developing findings.
Define a process for reviewing for technical adequacy

Assess technical adequacy of individual models and/or correlations within the
MELCOR phenomenological packages (hottom-up review).

Assess technical ndefigscy of the integral code against the MELCOR design
objective and the MELCOR -targeted applications cop-down review ).

Document findings in a summary repor,

Major Findings

SO0 IO A

—

—
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Perspectives

The NRC identified both the design objectives and targeted applications for the MELCOR
code for the MELCOR Peer Review Commitiee. After defining a standard of technical adequacy
and a process for evaluating technical adequacy, the Committee conducted a thorough review from
two perspectives, The Committee first reviewed the individual models and correlations in each
MELCOR phenomenological package or mrf:r code suhdivision (bottom-up review); this resulted
in the development of numerous findings. The Comminee next reviewed the tntcgd ormance
of the total code, leading to additional findings (top-down review). The MELCOR Peer Review
Committee recognizes that resources for MELCOR development, revision, and enhancement are,
and will continue to be, limited, Therefore, the Committee made a concerted effort to prioritize its
findings. Those findings presented by way of the Commirec recommendations are belicved to be
the minimum set of efforts that will permit MELCOR to fulfill its design objectives and effectively
function for its targeted applications.

In developing its recommendations, the Committee, at the direction of the NRC, assigned
primary importance to the adequacy of MELCOR for use in probabilistic risk assessment (PRA )-
targeted applications and considered mechanistic accident management (AM) studies 1o be of
secondary importance for MELCOR application. Th» Committee screened each identified code
deficiency by consiGering the im e of the deficiency relative to the potential impact on (1) the
time of containment failure and (2) the magnitude of fission product release 1o the environment,

Finally, the Committee concluded that the technical requirements, when satisfied, will
result in & technical’ adequate MELCOR for PRA applications, although the requirements may not
always be sufficie - some parametric AM studies. If at a future time the role of the MELCOR
code is expanded _ade detailed AM studies focusing on timing and the magnitudes of key
phenomena, Commu. ee recommendation» for needed improvements have been provided in the
summary report.
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Degree of Completion

The Commitiee determined that MELCOR is not a completed code and that additional
development, as discussed below, is needed before MELCOR can reasonably satisfy its design
objectives and be applied with confidence to its targeted applications. Completion of MELCOR
can be measured in several wnrs. First, code completion can be measured relative to the existence
of the needed models for all dominant phenomena *hat are to be predicted. Second, c~le
completion can be measured relative to existence of the documentation needed to understand,
appropriately apply, and interpret the code. Third, cade completion can be measured relative t its
demonstrated technical adequacy. The Committee determined that by each of these measures,
further effort will be required before MELCOR can be considered 1o be complete.

Having made this point, the Committee also finds that considerable progress has been made
in developing the MELCGR code. The oot‘lbumwm parts of MELCOR have been deve and
assembled such that integrated calculations of some severe accident sequences in both boiling and
pressurized water reactors (BWRs and PWRs) can be completed. Limited benchmarks have been

pared for some of the individual models and correlations and a limited set of benchmarks have

en completed for the integrated code. An extensive set of documentation has been prepared.
inq:’uding a code manual, reference manuals for the phenomenological packages, and users
guides.

Recommendations

The Committee has determined that recommendations in five areas are n;:rropmte. (1)
MELCCR numerics, (2) models missing from MELCOR Version 1.8.1, (3) existing ME! COR
madels needing revision, (4) need for expanded MELCOR assessment, and (3) documentation

MELCOR Numerics. The Committec concluded that code numerics are the source of a
rimary concern regarding the technical adequacy of the code. During the course of the MELCOR
eer Review, the results of several time-step sensitivity studies were made available to the

Committee. These studies indicated that convergence to limiting values is not currently guaranteed
as the time step decreases. In fact, key quantities vary ¢/ratically as the time step is changed. The
Commitiee has concluded that an improved understanding of the time-step sensitivities is
important, that other input parameter and modeling sensitivities can be expected, and that correction
of *h¢ MELCOR numerics problems should be considered to be a high-priority activity.

Models Missing From MELCOR Version 181, The Committee concludes that
madels for the following phenomena, not currently modeled, should be given the highes, onity
for incorporation in MELCOR!:

PWR primary system natural circulation in components with countercurrent flows,
high-pressure melt ejection and direct containment heating,

ice condenser,

nonexpl wsive interactions between debris and water,

fission product vapor scrubbing,

additional reactor coolant system fission product deposition processes, and

fission proviuct reactions with surfaces.

- - - - - - -

The Committee notes that funded madel development activities sre currently either planned or
under way for either part or all of the PWR primary system natural circulation - xdel, the high
pressure melt ejection and direct containment heating made!, and the ice condense: madel
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Ex MELCOR Models Needing Revision, The Commitiee's bottom up review of
the MELCOR phenomenological packages identified individual made's that were of concern. The
Committee completed a screening activity 1o determine which models should receive priority
attention using as screening cnteria (1) the time of containment failure and (2) the magnitude of the
source term. Committee recommends that the following issues, ranked by the Commitiee as
“very important,” be given the highest priorir,

. An evaluation should be made to determine whether the water
condensation/evaporation model used in the H ynamic Behavior (CVH) Package
is implemented adequaiely as it supplies model inforimnation 1o the Radionuclide (RN)
package. Currently, nsation is treated independently in the CVH package from
the calculations of acrosol pwcmm and deposition in the RN package. The
Committee foels that se ' nsation growth from other calcuiations
is & questionable mef:nm the validity of this approach should be demonstrated
by comparison with more exact models or data.

. Inconsistencies in treatment of chemical reactions between CORCON and VANESA
should be resolved, and improvements should be inade 10 the CORCON/MOD?
phase diagrams. Consolidation of CORCON and VANESA into a unified code as
currently planned for CORCON/MOD3 is desirable. The Commitiee did not review
CORCON/MOD3 madels, however, based on a bnief presentation to the Commitiee
by SNL, it appears this code has the potential for remedying most of these concemns.
A peer review of CORCON/MOD? modcls would be desirable before its
implementanion into MEI COR

¢«  The model for condensation in containment (mass transfer) should be revised. With
the existing model, steam condensation rates, predicted for conditions when the
thermal resistance of the structure on which ensation occurs does not dominate,
will be in serious error. The model used for condensation in the presence of
noncondensables is seriously flawea.

+  The pool scrubbing model is largely derived from previeusly available models but
assumes spherical bubble shapes while correcting for bubble flattening by using
coefficients derived from comparisons to other models. Impaction of particles from
steamy/air jets entering the pool would be expected 1o provide :ifniﬂcnm deposition
for larger partic'es, but the effect is ignored 1n the current moadel. Decontamination
factors computed with the curre’t model are gquite low in comparison with other
models and the existing data base

Need for Expanded MELCOR Assessment, The Committee concluded that the ability
of MELCOR 10 calculate severe sccident phenomena 1s not sufficiently demonstrated. Such a
Ademonstration would ¢ based on a documented collection of (1) sensitivity studies, (2)
benchmarking activities using experimental data, and (3) code-to-code nssessments.

The Commitiee has concluded that review of a comprehensive szt of well-defined and
executed sensitivity analyses is an important and necessary component of the effoit 1o determine
technical adequacy, Unfortunately, this comprehensive set of MELCOR sensitivity analyses does
not presently exist. Rather, a sparse set of sensitivity stuches exists.

By any measure, the R integral benchmarking effort is very small, The Commiinee
has ¢oncladed that a mo'e comprehensive and ongoing integial assessment program is needed.
While encouraging an increasing pace for the integra! assessment effort, the Commutiee emphasizes
the imponance of maintaining an overall perspective about the nced (o benchmark the individual
madels by using test data. A complete assessment of the tecnnical adequacy of an integral code
considers both the component parts and the adequacy of the integrated coded package. The review
of the component parts foruses on the pedigree, applicability, and fidelity of the individual models
and ¢orrelations. The Coinmittee emphasizes the imponance of having technically adequate
detailed madels and correlations which are, in reality, the building blocks of the integral cade.

TR TUr SRR, R ——————
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Although eadoto-C e comparisons cannot and should not displace or replace code
benchmarking efforts against test data, the Committer concludes that code- 1o code comparisons
can provide usefu) supplementary insights, For severs accident phenomena, their value lies not in
the absolute, i.c., what is right and what is wrong, but in focusing attention on wl.ut is different
The Cotranirtes recomme.ds that cosnparison activities continue in the future

Docunenuavion. The ~vailability, content, completeness, and quality of dovumentaton is
an impostant factor influencing the outcame of a cade peer review activity. The NRC hus recently
prepared and is-ued documestation guidance 10 organizations involved in the development of
software for the NRC's Officy of Nuclear Regulatory Research. Each of the documentation
elements sdentified by the NRC exist in one form of MELCOR documentation or another. The
body of existing documentation renrysects a significant and positive accomplishmert. The
Committee wax ctle, for exanple, 1o accomplish a sigidficant portion of its review usicg the
documentation that hus already been prenared. The Committee does, however, have concern.
about particular aspects O the doc umentasion and these are detailer! in the following paragraphs

The N "OK sumitpary repon und phenomenological package reference manuai cover the
elements of the code or theory macual. The Commiitee detertined, however, that e level of
detail was less than that needed by the user comnaunity. After exiensive imteractions with the SNL
staff, the Committee felt that the detailed descniptions of the madels and correlations were lacking
in some cases. That is, what was modeled was described but the descriptions of pedigree,
applicability, and benchmarking were either inadequate or missir g. The Commitiee recommends
that careful contideration be given to producing a "Models and Correlations” document for
MELCOR equivalont the similar documents prepared for the NRC's thermal-hydraulic systems
codes. At 3 winircam, the Committee recommends that all new model development be
accompanied by detailed documentetion of model pedigree, applicability, and fidelity
(benchmarking).

A particular area of concern to the Committee iy the dispersed nature of maoldel
documentation when other computer codes, or parts of other computer cades, have been imporied
into MEL.COR. In several areas, MELLOR documentauon simply references the manuals for the

t code without sefficient supporting discussion of which portion(s) of the parent code madels

ave been incorporated unchanged into MELCOR, which have been maodified, and how the

importad models have heen incorperated into the MELCOR framework. The ideal solution would

be 1o incorporate into the MELCOR documentation a complete description of each imported

physica! model. At a minimum, the Committee recommends that references to parent code

documentation in the MELCOR documentation be accompanied by a clear and specific discussions
of how and whithe imported models have been selected for R implementation,

The MELCOR developmental assessment documentation is sparse. The Commitiee
recommmends that the MELCOR developmental assessment be expanded and that the results of the
assessment effort he thoroughly documented. The Committee recommends that as future
assessments are completed, careful consideration be given 10 documentation of the assessments,
individually and collectively, so that the lessons learned in the assessment process are incorporated
into the MgLCOR OR development effort and and immediatcly helpful 1o the user community.

The design of the MELCOR code, with its strong emphasis on user input for modeling
both the facility and parametric studies of the many and complex physical processes bein
examined, places a uniguely difficult burden on the MELCOR user. Effective use of MELCO
demands a knowisdgeable and well-informed user. Documentation of practical modeling
guidelines is necded. The ongoing collection of user lessons leamed or practical guidelines does
not seem to be occurring. ‘The Committee recommends that a structured and ongso'mf gmccss of
collecting, documenting, and distributing practical user guidelines to the MELCOR user
community be developed and executed.




Elanned MELCOR lsprovements and Assessmpent’

Randall M. Summers
Lubomyra N, Kmetyk

Sandia National laboratories

Aostract

Although MELCOR s now being successfully applied in severe accident
analyses, it is not yet complete and additional development and
sssessment is needed before MELCOR can fully satisfy its design
oLject ves and be applied with confidence to its targeted applica-
tioas A muber of current and planned lmprovements and assessment
activities receszary to reach that stage are described In this paper.
Modifications that nave boen implemented in the latest releasc o€ the
code, version 1.8.1, are sum.aviged, the status of work in progress
on new models such as direct cortalyment heating, in-vessel natural
circulation, and materials interactions is glven, and several
additional models and other enhancements planned for the near future
are described. The results of recent assessment calculations
performed at Sandis are summarized, and assessment efforts that have
just begun or are planned for the near future are briefly mentioned,

A INTRODUCTION

MELCOR [1) is & fully integrated, engineering-level computer code that wodels
the progression of severe accidents in light water reactor (LWR) nuclear power
plants., MELCOR is being developed at Sandia National Labo-atories for the
U.§. Nuclear Regulatory Commission (USNRC) as a second-gercration plant risk
assessment tool and the successor to the Source Term Code Psckage (STCP) [2].
The entire spectrum ~f severe accident phonomena, including reactor coolant
system and containment thermal-hydraulic response, core hea.up, degradation
and relocation, and flssion product release and transport, .8 treated in
MELCOR in & unified framework for both bolling water reactors and pressurized
water reactors. MELCOR has been especially designed to facilitate sensitivity
and uncertainty analyses, Its current uses include estimation of severe
accident source terms and their sensitivities and uncertainties In a varlety
of applications.

Version 1.8.1 of MELCOR was frozen in March of 1991 and distributed in July.
This version included several significant improvements, summarized in the
following paragraphs. (The discussion in this paper assumes somwe knowledge of
the capabilities of previous versions of MELCOR.)

* This work was supported by the U.§. Nuclear Regulatory Commission and was

performed at Sandia National Laboratories, which is operated for the U.§,
Department of Energy under Contract Number DE-ACO4-76DPOOTEY.
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1. Errer Coxrection: The buik of the changes involved correctiens of crrors

of varying degrees of severity. Many of them incorporated flmproved
nverics to increase computational efficlency, The result has been a
faster running, more vobust code with fewer instances of demonstrably
wrong caleulated behavior. Improvements {n input and output processing
vere also implemented in several places.

Iime-Specified Control Volumes: The capability to define control volumes
with conditions (temperature, pressure, composition, etc ) specifled as
constants or by user-defined control functions was added. These control
volumes provide a much more convenient means to specify known boundary
conditions, a particularly useful “eature in stlwulating exporiments

Several problem areas in the modeling of
radioﬂucllde behavior were addressed. luplementation of the model for
fisslon product removal by sprays was completed. The interface with the
Control Volume Hydrodynamics (CVH) package was upgraded to allow
transport of fission products with bulk flulds as the CVH package
subcycles, thus eliminating potentially serious discrepancies.
Substant’al modifications wvere made to the MELCOR {mplementation of
MAEROS [3] to resolve mass conservation and computatlional cost concerns.
The filter model was enhanced to treat demisters, HEPA fillters, and
charcoal bed filters. Finally, the model for absorption of beta decay
energy in control volumes was modified to consider the actual thickness
of the volume atmosphere.

ture Modeling: Two fundamental problems with the Heat
Structurc package wvere addressed. The thermal coupling of heat
structures to the hydrodynamics was modified to attempt to damp
oscilla*fons that may occur when structures with high surface area
compunicate with centrol volumes with low totul heat capacity, The water
condensation/evaporation model was altered to eliminvate discont!inuous
behavior with the introduction of noncordensibles to a pure steam
envircnment .

Three model upgrades in the Core package were
implemented. More flexibility and user control were provided tor the
farlure of structures such as the core plate. Modeling of the effects of
conglomerate debris (introduced by melt relocation onto lower portions of
carye structures) on convective snd radiative heat transfer rates was
added. Limi ¢ were placed on heat transfer rates from particulate debris
beds by applying a dryout heat flux correlation. This latter change can
drastically alter the course of the =aleculation at the point of massive
debris velocation into the lower plenum.

. * Modeling: In the Material Properties package, the
modeling of transport properties (i.e., viscosity and thermal
conductivity) for pure fluids and fluld mixtures was substantially
enhanced to include Chapman-Enskeg and Eucken relationships based on
Lennard-Jones potentials for individua) pases and semi-theoretical
weighting formulas for combinations o1 pases.
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7. Qore-Concrete Interactions Modeling: New correlations to treat debris.
concrete and inter-layer heat transfer, taken from the developmental
version of CORCON-MOD3, were incorporated into the MELCOR implementation
of CORCON-MOD? (4]. Also, through work sponsored by the DOE for metalllc
fuel reactors, the Cavity package was modified to treat metallic uranium
and aluminum during molten core-concrete interactions.

4. CURRENT DEVELOPMENT

MELCOR 1.8.1 has recently undergone a comprehensive technical review by
recognized experts to determine the technical adequacy of the code fur the
serious and complex analyses it {s expected to perform. The review process
and findings are documented in a previous paper for this session and in a
report soon to be issued (5], These findings corroborated those of a prior
review conducted internally at Sandla (6], and work had already begun in
several areas recognized as deficient. The status of {mprovements in these
areas is describod In the following sections.

.1 Tob Bendandsr dosal

Modeling of ice condensers has recently been incorporated by modifying the
degassing model in the Heat Structure package. In principle, the phase change
associated with melting ice s not unlike the phase change simulated by the
degassing model. In both cases, an endothermic process occurring over a known
temperature range consumes a characteristic amount of energy during the
liberation of & reaction product. Therefore, it is logical to model an ice
oondenser £s a number of vertical heat structures composed of a special lce-
bearing mutorfal defined by user input. The user activates the ice condenser
logic by including a prescribed keyword in the input for the heat structures
The properties for the base material should be specified to simulate the
trans.ent thermal response of the composite metal/lce matrix, and the
properties of the Iaternal "gas"™ source should be chosen to simulate the phase
change associated with melting ice.

A number of adjustable parameters have been included in the MELCOR ice
condenser model to eccount for details lacking in the modeling. A speclal ice
condenser Nusselt number multiplier may be defined by the user to account for
effects not explicitly modeled that may affect the rate of heat transfer to
the ice. Similarly, an ice condenser radienuclide deposition surface area
enhancement factor may also be defined by the user to account for unmodeled
effects thot will enhance the rate of fission product deposition in the ice
condenser. Finally, a pavameter may be adjusted by user input to control the
rate of decrease of the lce surface area as the ice melts. The code “
automatically accounts for the volume change associated with the reduction in
ice mass as melting proceeds and deposits the water in the pou' of the ice
condenser control volume. The dynamic response of the inlet an. sutlet doors
to the ice condenser compartment is readily simulated with the Control
Function package In ME!“0R.
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A simple ice condenser test problem wvas constructed to cowpare the response of
the MELOOR model with a CONTAIN [7] caleulation of the same problem. This
test problem simulated a simple LWR steam blowdown Inte contalmment,
discharging 200,000 kg of superheated water (540 K) and 1 kg of fission
product aerosel into a 500 w® reactor cavity velume over a period of 20
seconds. The resulting stéam entered an lce condenser compartment contalning
1000 m* of fce, and the gaseous effluent from the ice condenser entered an
upper containment volume of 59,500 w'. The MELCOR model predictions were in
good agreement with CONTAIN results for pressure response, steam condensation,
and fission product deposition, as shown in Figures 1 and 2.

Fatural clveulation within the reasctor pressure vessel has been shown in
several PWR analyses to have a major {mpact on core and vessel heating rates
and the timing and location of vessel failure. In comparing cases with and
without natural circulation medeling it has been found that natural
cireulation delays vessel fallure by over an hour, leads to 25% greater
oxidatlon of the Zircaloy, and results in nearly 2000 kg of additional steel
(from the melting of control rod drives) in the melt ejected from the vessel
[8]. 1In addition, the mode of RCS failure (1.e., hot leg versus lower head)
can only be ascertained if natural circulation is wmodeled.

No model currently exists in MELCOR to treat natural circulation flows on the
scale required for credible and inexpensive crre heatup calculations The
MELCOR hydrodynamics models were not designed to model flow processes on A
fine scale such ar in TRAC [9], and the code’s capability to model natiural
cirevlation effects {s limited to flows through well-defined loops of several
typically quite la. se control velumes. Thus, although MELCOR can currently
model natural circulation coarsely with the hydrodynamics (CVH) package (but
neglecting the momentum flux terms, which may be {mportant for
multidimensional flows), the calculation cost would be prohibitive for
freended MELCOR applications {f the system were nodalized on a fine scale with
control volumes small enough to resolve the re-entrant core flows that may be
of Interest in, for example, a PWR TMLB' sequence.

Improvement in the treatment of natural ¢’reulation in MELCOR is underway to
model fine-scale circulation patterns within the core and between the core and
upper plenum. In addition, single-phase counter-current flow between the
reactor vessel and hot leg piping or steam generator will be treated.
Implementation of & natural circulation model in the Core package ls greatly
complicated, however, by the overlapping j:wisdiction with the CVN package.
Model development efforts have so tar focused on defining this interface
between the two packages. The principal difficultlies are ensuring that the
Core package natural circulation model does not lead to gross inconsistencies

in quantities (e.g., temperature, flow rates) predicted by the CVH package and

that numerical instabilities in caleulating flows are not introduced.
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The Core package, of course, can calculate any internal flows within a
particular core control volume without conflict with the CVH package, which
currently does not track detailed conditions within a control volume that are
determined by other packages. The internal flow wodel is now planned Lo he a
simplified vicsion of the CVH approach based on known flows at the doma
poundary. The interfacing problem eccurs at the boundary between two co..col
volumes (e.g., between the upper plenum und the core). To eliminate
inconsistencies between the two packages, one or the other must be solely
responsible for dete “ning flows at this boundery, or competing solutions
must somehow be roconciled.

Two basic strategies to resolving this probles have been {dentified. The
first is to require the CVH package to calculate the flow Atstributien across
the boundary using donor quantities based on local fluld conditions calculated
by the COR packapge (1.¢., local pressures, tewperatures, and mass
compositions). This flow distribution would then be used by the COR package
en the next cycle as new boundary conditions to recalculate and update the
internal flow distribution and local fluid conditions. The alturnative
strategy is to allow the COR package to calculate the flow distribution at the
boundary between control volumes and directly transfer these flows to CVH,
elther as explicit mass and energy sources and sinks for the assoclated
volumes or as imposed mass and energy flows through the conneoting flow paths.
Work on evaluating both strategles, especially to resolve concerns vegarding
numerical stability, 1s now in progress.

2.2 Direct Containment Heating Model

Direct containment heating phenomena have been shown to pose & potential
threat to reactor contalnments. The rapid disperssl of core materials and
resultant heating and chemical reactlions can lead to vapid pressure Increases
in the containment. MELOOR currantly has very limited capability to model
debris ejection and dispersal phenomena, and the MELCOR peer review concluded
that the lack of modeling compromises the code's use for seme important FRA
sequences as well as for audit calcuiations of the results of other codes,

A model has been developed within the coutext of the CONTAIN project that
represents the global response of the containment to such events (10].
CONTAIN treats only ex-vessel phenvmena, so the amount of melt ejected is a
parameterized boundary condition. Adaptation of direct containment heating
models from CONTAIN has begun, but MELOOR improvements to wodel DCH phenonuna
eve planned to {nclude additienal pavametric capabilities and user
flexibility, as well as a more generalized Interface to debris efection from
the reactor vessel. The planned model will allow MELCOR to calculate the
integrated response of the containment t- & DOH event without the use of fully
mechanistic modeling. The planned model will be sufficieatly flexible to
encompass parametrically the uncertaintirs currently beiny addressed by
ongoing experimental research and CONTAIN analyses,
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Core-concrete intera.tion phencmena are currently modeled in MELCGs by CORCON-
MODZ, which was incorporated ifnte MELCOR in 1986 without significant
wodification, with fission product release during these Intetactions treated
by the MELCOR implementation of VANESA [11!. The CORCON development staff s
planning release of a new version, CORCON-MOD3, which wi’' integrate VANESA
with CORCON and will include new or dmproved models for condensed phase
chemistry, bubble behavior, interlayer mixlng, oxidic and metallic phase
diagrams, and nonideal solution chemistry, as well as the addition of a tiwe-
dependent melt radius option.

We have begun the process of implementing CORCON-MOD3 inty MELCOR. Updates to
CORCON to create an interim version of MODY have been received fram the CORCON
code development staff and are now being reviewed for formal Incorporation
into MELCOR. We hope to receive the {inal updates to create the released
stand-aloneé version of CORCON-MODI later this fall, after which we will
finalize the MELCOR implementation of MODJ,

Severe IWR accidents often generate conditions under which core materials
begin to rapldly melt, oxidize, or othurwise Interact with one another. When
the molten materlals mix or contact certain other sollds, reactions can oceur
that produce new mixtures wi*h properties which may differ from those of the
reactants. For example, melting points (or liguidus and solldus temperatures)
may change significantly as materials Interact with one another or as the
composition of mixtures changes,

The exact analysis of all the reactions and products that could concelivably
occur is virtually impossible at this time, However, to accurately describe
the course of an accident it s necessary to consider and effectively treat
the materials interactions that will significantly affect melt progression.
In the past, the MELCOR Core package Included only a crude model for treating
materials interactions. User input allowed certain solid materials to be
transported by molten Zircaloy or molten steel. This model was Intended to
simulate parametrically the movement of fission-product -bearing materials
(1.e., tuel) with molten Zircaloy. Each wolten material was treated
separately in a sequential fashion; there was no consideration of i{ndependent,
milticomponent phases.

We are presently working to improve the MELOOR Core package treatment of
waterials interactions. Because the basic data for such an improvement is
sparse and still uncertain, and because in a large system code like MELGOR,
flexibility rather than detailed modeling s the more important ebjective, the
approach being adopted will emphasize modularity and adaptabllity, The
proposed new materials Interactions model will replace the current treatment
of melting, candling, and freezing of individual core materials by similar
treatment for a mixture of materials. Additionally, the mixture will have the
potentlal to dissolve solid materials at temperatures below their solidus if
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pnase interactions permit. The details of each phyrical process will be
contained in one or more subroutines that n be easily replaced or modifled
as varrarted by nev phencmenclogical resea..n. Certaln parametric features of
the model will be adapted from BWRSAR [12], but the general approach will also
have much in common with that used in MELPROC [13) and SCDAP [14).

2.8 . Jover Plepum Modeling Studies

The Boiling Water Reactor Sevetre Acclident Technology program at Oak Ridge

National Lsboratory (ORNL) {& conducting studies to Investigate the effects of
more sophisticated modeling on ijower plenum debris behsvior and reactor vessel
failure and assess the need for lmprovement, In particular, their objectives

are to incorporate specific locally.developed BWR accident response models for

lower plenum debris beds into MELCOR and examine their behavior in an
integrated MELCOR enviromnment. To that end, the relevant sub utines have
been extracted from PWPCAR and are being incorporated into MELCOR, bypassing
the current Core package models for cells in the lower plenum.

These studies are scheduled for completion at ti.  end of 199] ard will likely
result In specific recommendations for additional MELCOR wodeling chanpes or
enhancements, Toge! ‘er with the NRC, Sandia will evaluate the ORNL
recommendations and ass. s the proposed modeling changes and enhancements.
This assessment will determine the amount of additional work regquired to
integrate the changes in accordance with MELCOR design philesophy ard coding
conventions, a steq essentlial to long-term maintenance of the new modols

. FUTVRE DEVELOPMENT

Addltional improvements are planned for MELZOR {n the n~ar future, as
described in the following sections. Most of these Improvements addrevs
specific deflciencies ldentified during the MELCOR peer review and assosament
programs.

Concerns have been raised recently regarding the sensitivities of certairn
results calculated by MELCOR to machine type, time step size, and small
changes in modeling parameters. These sensitivities severely lmpact the
overall ecredibility of the code and {ts capability to perform weaningful
sengltivity and uncertainty studles, one of its principal design objectives,
The MELCOR peer review recommended that resolution of these sensltivities be
given the highest priority,

These problems have long been recognized by the code development staff but
have only recently been brought to user attention by the availability of
computing environments in which seve:al systems ave available to a single
user. These sensitivities are not unique to MELCOR, but are typical of large
complicated, integrated systems codes. One major cause Is "event" driven
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A major difficulty in the CVH package was recently discovered when trying to
run the FLECHT-SEASET natural c¢irculation test for the assessment program.
Severe problems in code performance were sxperienced at the beginning of
circulation of two-phase mixtures across the top of the steam generator tubes.
The models in the CVH package for the treatment of two-phase pools and the
loaic for depletion of control volume atmospheres are suspected as likely
causes, We plan to conduct a more rhorough diagnosis of the source(s) of the
problems observed and to investigate and possibly implement simple fixes.
Major modificavions to these two models may be required, however.

3.4 Fission Product Releage

An updated version of the CORSOR mo.el [15] for fisslon product release,
suitable for implementation in MELCOR, has been develrpud at Battelle
Columbus, as documented in an October 19%0 draft report for the NRC. This
version has incorporated improvements in the release formulation and the
release coefficients, including consideration of mass transport limitations
and the use of the Booth model for diffusion of fission product species. We
plan to review the new rodels, implement them in the code, and test them in
the M" .COR environment.

3.5 Water Condensation

Deficiencies were identified by the MELCOR peer review in the treatment of
condensation of water at thu pool/atmusphere {nterface in a contrel volume and
on structures in the Heat Structure package. In particular, for subcooled
quisscent pools the calculation of natural convec ion from a stably strarified
warm saturated liquid larver (at the interface) to the subcooled tulk is
physically incorrect and can lead to substantial over-predictions in steam
condensatir rates. We plan to eliminate the first-order ervor of such an
unphysical modeling approach and evaluate ways to accovnt for the translent
nature of conduction in guiescent, stable pools.

The heat structure condensation model does not account for the resistance of
the condensate film in the presence of noncondensibles, and the use of
correlations based on a low mass transfer limit will result in incorrect mass
transfer coefficients under high mass transfer conditions, Results from
CONTAIN caleulations have confirmed the need for modeling these effects in
some shorter terr transients. We plan to revise the model te include both
effects, similar to the current CONTAIN model, with extensive testing of the
revised model on a variety of calculations to determine the impact of the new
model and to ensure ifs robustness.
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Heat transfer from debris to water as it relocates from the core region to
form a debris bed or pool in the lower plenum, with full or partial quenching,
was identified by the MELCOR peer review as a very important missing model .
Adaptation of the coarse mixing model in the Fuel Dispersal Interactions (FDL)
package, used for ex-vessel debris heat transfer calculations during low
pressuie debris ejection, {s planned to treat in-vessel debris streams as
well,

The formation of fully or partially coolable debris beds {n the reactor cavity
with assoclated heat transfer (prior to the initiation of core-conerete
interactions) was also {dentified by the MELCOR peer review as a very
important missing model. Following a review and careful determination of the
requirements of such a model and its Interfaces te the CORCON core-concrete
interactions models, we plan to implement a debris bed wodel that takes into
account appropriate dryout heat flux limitations.

Several filssion product transport phenomena not currently treated by MELCOR
were identified by the MELCOR peer review as very impor:ent missing models.
The existing MELCOR deposition models are most suitable for analysis of
contalrment volumes, and the use of an input value for the diffusional
boundary layer thickness, valid for containment, i{s questionabls in primary
system llows where flow and geometry effects dominate. The peer review
committee has suggested that specific models now available for deposition from
flowing gas streams onto surfaces, including inertial deposition from
turbulent flow, diffusional deposition from turbulent flow, impaction from
flow direction changes, and impaction oun chstacles, be examined for
implementatior inte MELCOR,

Other significant omissions are the effect on vapor pressure of dilutioen in
mixed deposits, and the intevaction of these deposits with surfaces
(chemisorption) There is also now a considerable amrunt of information
available on aqueous chemistry that could form the basis for a first order
wodel (at least for fodine chemistry). The scrubbing of rission product
vapors, now neglected, should be added. We plan to reassess all the phenomena
described abose in light of research over the past ten years and examine
existing approximate or simple models for these effects for implementation
into MELCOR.

4.  ASSESSMENT

One of the key findings of the peer review was the need for expanded MELCOR
assessment. A comprehensive, multi-year, assessment plan has heen developed
and activitlies are underway to begin addressing this need Only a very small
porticen of the plan has been accomplished to dute, but it is a high priority
to obtain assessment results tor each of the major phenomena treated by the
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code as soon as possible, in particular to provide {nput for developing usex
guldelines, The plan anticipates the participation of a number of
organizations, including universities and foreign institutions.

A draft assessment plan was submitted to the NRC in March 1991, That draft
summarized previous and current NRC MELCOR assessment activities, reviewed and
prioritized assessment needs for the different phenomenclogical areas modeled
hy the MELCOR code, proposed some general procedural and documentation
requirements for a useful, efficient assessment program, and identified a
number of specific MELCOR assessment tasks to be done by various participants
in the next few years, sorted into an assessment program time line. This
first draft has been reviewed within the NRC and sent to a few other national
laboratories for further comment, and an updated draft is due In March 1992,

Assessment calculations have bern completed recently and documented for the
LACE LA4 aerosol transport experiment, the FLECHT SEASET natural circu'ation
tests, the HDR V44 steam blowdown experiment and T31.5 hydrogen mixing
international standard problem (1$P23), and the PHEBUS B9+ core damage
international standard problem (ISP28).

In the LACE .erosol experiment IA4, the behavior of double-comronent,
hygroscopic and ronhygroscopic, aerosols in a condensing environment was
monitored, Results using MELCOR 1.8.1 gave good agreement with experimental
data for most aspects of both the therwal ‘hydraulic and the acvrosol behavior
Comparisons were also made to CONTAIN calculations. Sensitivity studies were
done on time step effects and machine dependercies; thermal/hydraulic
parameters such as condensation on heat structures and on pool surface, and
radiation heat transfer; and aerosol parwmeters such as number of MAEROS
components and sections assumed, the degree to which plated aerosols are
wvashed off heat structures by condensate film draining, and the effect of non-
default values for shape factors and diameter limits. A letter report on this
assessment analysis was sent tc the NRC in June 1991, and a formal report [16]
was published in Octeber 1991.

We have also completed MELCOR 1.8.1 caleulations for the FLECHT SEASET natural
circulation experiments done in a scale-model Westinghouse-PWR test facilivy,
with code results compared to experimental data. Sinple-phase liquid and two-
phase natural circuiation cooling modes were studied, as well as reflux
condensation. Sensitivity studies were done, for both single-phase and two-
phase natural circulation conditions, on time step effects and machine
dependencies; nodallzation studies and studies on several code modeling
options were also done. Good agreement was found between prediction and
observation for steady-state, single-phase liquld natural circulation. The
code could reproduce the major thermal/hydraulic response characteristics in
two-phase natural circulation, but only through a number of nonstandard input
modeling modifications; MELCOR could not reproduce the requisite physical
phenomena with "normal”™ input models. Because the same response is observed
in similar tests at other facilities over a range of scales and is expected to
occur in full-scale plants as well, the ability of the user to “"match" the
observed behavior through a small set of nonstandard input uodeling changes
allows MELCOR to Le used in PRA studies in which such physics are expected to
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be encountered, while awaiting corrections to the code models ipvolved. The
inability of MELCOR to correctly represent two-phase natural circulation more
severely impaccs its potential use in those accident management applications
where a greater degree of accuracy would be required. The time step control
algorithm in MELCOR did not run this problem efficiently; a substantial
reduction in time step resulted in significantly less escillation predicted at
the cost ~f only a small increase in run time. A letter report on this
assessment analysls was sent to the NRC in October 1991, and a forwal report
[17] is now being reviewed for publication,

Earlier, MELCOR was used to simula.e the HDR experiment V44, a reactor-scale
steam blowdown experiment conducted by Kernforschungszentrum Karlsruhe (KfK)
at the decommissioned HDR reactor facility near Frankfurt, West Germany.

Those analyses were run with a version of MELCOR containing most, but not all,
of the code changes incorporated in MELCOR 1.8.1. Results were compared to
experimental data, to results obtained using an older MELCOR version (1.6.0)
and to a CONTAIN calculation, vith good agreement demonstrated. Sensitivity
studies were done on the time step control used, on the degree of noding
detail included, and on heat transfer coefficients and the user-specified
characteristic lengths used in calculating energy transfer between control
volumes and heat structures. A letter report on this assessment analysis [18,
was sent to the NRC in March 1991, but no formal report is cuirrently planned.

The analyses described above were done as part of a4 technical assessment
program, In addition, Sandia has submitted MELCOR analyses for several recent
international standard problems, as part of a separate program. In general,
MELCOR has done a very credible job in reproducing the essential fea’ es
these standard problems.

MELCOR has been used to simulate PHEBUS test B9+, an In-pile severe fuel
damage experiment done at the Cadarache Nuclear Center in France to
investigate cladding oxidation, the mechanical behavior of a zirconia layer
containing molten zircaloy, dissolution and relocation of the melt, as part of
International Standard Problem (ISP) 28. Those analyses were run at the start
of FY91 with MELCOR 1.8.0, and are now being repeated with MELCOR 1.8.1.
Comparisons of the thermal behavior of the bundle during high fission power
heating and oxidation phases show good agreement with the test data.
Sensitivity studies were done on core nodalization detail, Insulation thermal
conductivity used, inlet mass flow and core power (within experimental
uncertainties), radiation view factors, and convective heat transfer
coefficients, A letter report on the MELCOR results [19] was submitted to the
standard problem group in December 1990, and a letter report on the posttest
recalculations with the 1.8.1 code is planned.

HDR test T31.5 was analyzed with MELCOR 1.8.0 for the ISP23 exercise., 1In this
experiment, a steam source was injected into one of the containment
compartments to simulate a pipe rupture or loss-of-coolant accidernt. As with
the HDR V44 test and analysis, both short-term containment. pressurization and
temperature buildup, and long-term cooling and natural convection, were
exapined. In a fcllow-on phase in this experiment, a mixti.re of hydrogen and
helium gases was injected to investigate hydregen transport and mixing in a
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large multi-volume contairnment. letter reports were written on both the blind
pretest analyses [20] and the posttest analyses and sensitivity studies [21].

MELCOR 1.8.0 was also used to analyze the TM1-? standard problem. This
allowed for comparisons of the model predictions in MELCOR te~ both full-scale,
plant data and to the results of more mechanistic analyses. The calculations
vere cnpable of simulating the course of events in the accident and predicting
the major trends, although improvements needed Iin various models were
identified. The most recent results were presented at last year's Water
Reactor Safety Information Meeting [22].

While MELCOR has been used extensively to analyze BWR accident scenarios, the
TMI-2 analysis was the first use in a PWR configuration. Recently, & pair of
demonstration calculations were done for the MELCOR Peer Review, in which a
station blackout scenario was analyzed from full-power steady state operation,
through core damage and relocation to reactor cavitles, including containment
pressurization, hydrogen burns, etc., for both a typical PWR and a typiecal
BWR .

Work is currently in progress on calculations for the LOFT LP-FP-2 integral
test and the ACRR ST-1/8T-2 in-pile fission product release and collection
tests. The LOFI LP-FP-2 assessment analysis will examine primary systenm
thermal /hydraulics, in-vessel core damage, and fission preduct and aerosol
release, transport, and collection, individually and in interaction, in a
"top-down" configuration, while most of the other assessment analyses
completed or upcoming examine such phenomena in & more isolated, "bottom-up”
situation. Additional calculations planned for the near future include the
CORA 13 core damage international standard problem (ISP31); the ACRR DF-4 in-
plle BWR fuel damage and relocation experiment; the Semiscale §-SC-7 integral
PWR steam generator tube rupture test; the Marviken-V ATT-2b and ATT-4 aerosol
transport and deposition experiments (in a primary system piping geometry, in
contrast to the open containment geometry studied in the LACE LA4 assessment
analysis); the SURC-2 large-sca.e urania-concrete interaction test; PNL ice
condenser tests 11-6 and 16-11 (which a'so were used recently to validate the
CONTAIN ice condenser model): and the ACRR MP-1 in-pile late-phase melt
progression experiment.

2. CONCLUSION

MELCOR computer code development has reached the point where it is now being
successfully applied in severe accident analyses., However, as stated In the
MELCOR Peer Review report, MELCOR is not a completed code and additional
development and assessment is needed before MELCOR can reascnably satisfy its

design objectives and be applied with confidence to its targeved applications.

Plans are now in place to address the most important findings of the peer
review. Numerics issues are being aggressively pursued, the remaining few
missing models are being developed and implemented, deficiencies in existing
models are being addressed, and a comprehensive assessment program has been
initiated.
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We envision that MELCOR 2.0.0, with a targeted release in late 1993, will
include all capabilities originally envisioned for the code plus additional
capabilities that were nct originally mandated (for example, limited
applicatior: in accident management). We believe that the bulk of the serious
deficiencies will have been eliminated by this time. Furthermore, although it
will by no means be complete, a substantial assessment base will have been
established to guide analysts in using the code and giving credibility to its
caleculated results.
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NEW CONTAINMENT MONELING FEATURES OF THE CONTAIN CODE®

K. .. Murata, D, C. Williams, R. G. Gido, R. O, Griffith,
K. E. Washington, and D, Y. L. lLouie*
Sandia National Laboratories
Albuquerque, NM B7185

ABSTRACT

Two revisions of the CONTAIN code, CONTAIN 1.11 and 1.12, have
recently been released. The purpose of this paper is to highlight
the new features of these revisions and to discuss other new code
features currently under development. The features of CONTA'N 1.11
discussed here include a quasi-mechanistic concrete outgassing
model, the connected structure option for heat conduction between
compartments, and a new approach for modeling forced convective h2at
transfer., The direct containment heating (DCH) models released as
part of CONTAIN 1.12 are also discussed, New code features
currently under development include a revised gas combustion model
and a new nmultifield DCH model. New features of the revised
combustion model include the treatment of spontaneous recombination
and diffusion flames. CONTAIN plant calculations comparing the old
and the revised combustion models are presented, The new festures
of :he multifield DCH model are discussed, and demonstration
calculations using this model to analyze a small scale experiment
are presented.

INTRODUCTION

The CONTAIN code is the United States Nuclear Regulatory Commission’'s (USNRC)
best-estimate code for the integrated analysis of phenomensa in rvreactor
containments during severe accidents. While the most recent complete set of
documentation applies toc the CONTAIN 1.10 code version,[l,2] two major
revisions beyond CONTAIN 1.10 have recently been released. The purpose of
this paper is to highlight the new features of the recent revisions and to
discuss the new code features currently under development. Discussiurs will
be limited to those features that address containment issues either rthrough
new or significantly improved modeling or by providing the user with & means
of conveniently assessing uncertainties for those modeling areas in which the
phenomena are poorly understood. The variants of CONTAIN that model reactors
with heavy water or liquid metal c¢:ulant are nor discussed here but are
documented elsewhere.[3,4]

This work supported by the United States Nuclear Fagulatory Commission and
performed at Sandia Natiornal Laboratories, which is operated for the U &
Departrent of Energy Urder Contract Number DE-ACO4L-76DPNO789.

Loc Alamcs Technical Associates, Albujuerque, NM.
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Tre CONTAIN 1.11 code revision was not widely distributed. However, it
contains a number of new features including (1) & quasi-mechanistic concrete
outgassing model, (2) the connected structure option for heat conduction
between compartments, or cells, and (3) a new approach for calculating forced
convective heat transfer. The concrete outgassing wmodel addresses a
potentially important source of steam that could significantly affect
pressures, the distribution of heat loads, and the steam inerting of hydrogen
burns. The connected structure option allows heat conduction between cells
through a common wall to be modeled, while allowing a full range of processes
to be modeled at the wall-atmosphere interfaces. The new approach for forced
convective heat transfer calculates forced convective velocities from flow
path velocities for use in heat transfer correlations and in the direct
containment heating (DCH) models. The CONTAIN 1.11 features are discussed in
the first major section below.

The principal new feature of CONTAIN 1.12 is the DCH modeling. The DCH
models, which had previously besn used in unofficial versions of CONTAIN,
represent a major extension of code capabilities. The basic single field
debris model (SDM) treats the interactions of suspended core debris droplets
with the atmosphere and with structures. It is similar to the interim model
used in earlier analyses.[5] However, the modeling of debris trapping has
been made more mechanistic. Cavity dispersal models, which were not part of
the interim model, have alsc been Incorporated inte CONTAIN 1.12. The DCH
models are discussed in the second major section below,

New code features currently under development include a revised gas combustion
model and improved models for DCH. The revised combustion model incorporvates
updated flame speed and burn completeness correlations and introduces two new
types of continuous burn models. The need for continuous burn modeling was
clearly indicated in earlier DCH analyses.[5] Continuous burns are als>
recognized as a potentially important mode for burning hydrogen in
containments when igniters are operating. To demonstrate the revised model,
CONTAIN plant calculations comparing the old and the revised models are
presented. The effects of the burn modeling on the predicted pressures and
therr.al loads within a contaimment are discussed. New DCH modeling is also
under development to remove modeling limitations identified in earlier
analyses. In particular, a multifield debris model (MDM) for suspended debris
droplets has been develuped to replace the SDM used in CONTAIN 1.12, und the
debris chemistry model has been extended to treat chromium and alumiaum. The
multifield formulation is designed to track debris droplets with Jifferent
debris composition, temperature, and size, whereas only average debris
properties can be tracked in the SDM. Thus, the effects of distributions in
droplet composition, temperature, and size and the correlations between these
quantities cannot be readily evaluated in the SDM. Demonstration calculations
of a small scale DCH experiment are presented to illustrate the importaunce of
the multifield approach.
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Figure 1. The temperature profile or "structed as a function of the distance x
within the ith structure node for o. gassing purposes. According to the text,
the shaded avea is proportional to the amount of evaporable water that has

been released from the concrete.
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Figure 3. The transient response of two connected structures, inftially at
300 K, that are suddenly subjected to a 1000 K gas temperature on the x « 0
face and a 300 K gas temperature on the face at x = 0.02 m. The structures
are each 0.01 m thick. The timestep is 10 s.

Figure 3 {llustrates an extreme case for the transient response of a 2.0 om
thick iron plate represented by two connectad structures, (Note that an
accurate calculation of this transient response requires a post-COSTAIN-1.12
bugfix.) The plate is initially at 300 K. The left face at x = 0 is suddenly
exposed to a gas at 1000 K at t = 0 s, whereas the right face is exposed to &
gas at 300 K. The convective heat transfer coefficient at each face is taken
to be 2000 W/m?-K, a value that is typical of condensation heat transfer The
calculational timesteps are taken to be 10 s, which is a facter of two larger
than that given by the diffusion length criterion. The ireration of the
temperature profiles to a self-consistent solution is illustrated by the
calculated results for the first, third, and seventh timesteps, The
calculated temperature discontinuities shown in Figure 3 at the midplane are
reasonable even though this example represents an extreme nase. Because the
exposed face boundary conditions are also calculated explicitly, in actual
applications it is desirable that the variations in the surface temperatures
at the exposed faces vary much more slowly per timestep than shown here In
such a situation, the temperature discontinuities shown in Figure 3 would be
considerably smaller,



A New approach for Forced Comvective Heat Transfer Moedeling

CONTAIN is a control-vilume ccde in which gas velocities and womentum arn
neglected within cells for che purpese of calculating atmosphere thermodynamic
states and intercell ftlow. This stagnant cell approximation is, however,
supplementcd by natural convective heat transfer correlations for use In
calculating heat transfer to structures, In addition, the user may specify
forced convective heat transfer coefficients in tabular form for situations in
which natural convectioa is neot appropriate. Such forced convective heat
transfer mav be appropriate during a blowdown or for heat transfer structures
of relatively small chavacteristic length that are sitting in the mnatural
convection field of lavger struct ires. It has been argued, for example, that
such coupling between st ructures is important in the analysis of the lA-4
experiment. (8] The difficulty with the tabular method of specifying forced
convective heat transfer Is that the user often does not know a priori which
velocities to use. A new approach in CONTAIN 1.11 allows forced convective
velocities to be calculated from flow path velocities, provided the
containment nodalization is sufficiently detailed to capti.2 the flow pattern
in question. This approach allows the user to specify the general linear
gombination of velocities in the flow paths attached to a cell that define the
forced convective velocity for a particular structure, By default, the forced
convective velocity is defined as the average of cell inlet and outlet
velocities, The inlet velocity is calculated by assuring that the incoming
flows mix together and channel intu a user-specified hydraulic avea. By
default, the hydraulic area used for the inlet and outlet velocities is the
cell volume to the two-thirds power. This option should make it considerably
easier for the user to model forced convective heat transfer,

DIRECT CONTAINMENT HEATINC MODELS IN CONTAIN 1.12

The DCH molels are the principal new models in CONTAIN 1.12. They are a
refinement of unreleased interim models that were exercised extensively to
analyze experiments and to investigate the important physical processes that
determine DCH loads in nuclear power plants.!5] The single field uebris rodel
(SDM) is the basic debris droplet interaction model. Debris chemical
reactions involving Zr and Fe in the debris with oxygen and steam in the
atmosphere are modeled, using transport rates determined by both gas- and
drop-side diffusion. Debris-structure and debris-gas heat transfer are
modeled, as well as other debris-structure interactions, such as debris
trapping. The intercell transport of the droplet field is calculated directly
by the implicit flow solver, where it is treated as s separate fleld from the
gas field but presently assumed to flow without slip with respect to the gas

A number of refinements and additions to the original interim rodel(3] are
reflected in the SDM, One refinement {s in the Fe chemistry, which now uses
an equilibrium model, as opposed to one in which the Fe reactions go to
completion. The trapping model has also been expanded to offer the user a
wider variety of methods for calculating trapping rates. The original
approsch of a user-specified trapping rate has been retained, but since the
user ofte . specified a race corresponding te settling, an option for
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gravitational-fall-time (GFT) modeling of the rate may now be specified
directly. 1In addition, a new time-to-first-impact (TFI) model uses a jet
expansion law and the distance to the first surface encountered by the jet to
calculate trapping rates. Finally, the TF1 approach 18 coupled to @
Kutateladze criterion to deterzine trapping rates in the time-of-flight
(TOF/KU) option. 1In the latter option, If the debris is re-entrained after
the first impact according to a Xutadelaze criterion, it is assumed to strike
& second surface. The debris is assumed to be trapped on that surface if the
re-entrainment criterion for that surface is not satisfied. For re-entrained
debris, either the mean cell convective velocity or CFT criterion may be used
to determine the final trapping rate

Two models are present in CONTAIN 1.12 to describe the details of the debris-
steam interactions in the cavity: CORDE(9] and GASBLOW[10]. CORDE models a
number of processes in the cavity, beginning with the debris/steam blowdown
from the vessel, wh ¢h is assumed to start from an instrument tube failure.
The ablation of the hole in the vessel is mudeled concurrently with the jet of
molten debris and steam from the vessel. The jet initially is composed of
molten debris until steam blowthrough, after which the jet becomes a two-phase
mixture of steam and debris.

CORDE assumes that the debris will accurulate largely &5 a liquid pocl on the
cavity fleoor prior to steam blowthrough from the vessel. After stean
blowthrough, the molten debris is assumed to be pushed away from the region
beneath the vessel and to form a hydraulic step, CORDE models entrainment as
occurring from this step. As in the SDM heat transfer and chemical reactions
of the entrained debris are modeled. The amount of debris dispersed from the
cavity will depend on a number of precesses, including impaction on surfaces,
re-entrainment, crusting of debris o~ surfacss, a»d4 levitation by gas flow in
the vertical direction.

Because of the similarities between CORDE and GASBLOW, only the GASBLOVW models
that are substantially different from those in CORDE have been implemented. A

ignificant difference in the GASBLOW modeling is that debris entrainment is
assumed to occur from the entire cavity ! oor, tot just the hydraulic step
Seven different CASBLOW models for the entixinment process and three different
GASBLOW models for heat transfur to the ablating vessel wall are available as
options within the CORDE implementation,

1t should be noted that although the CORDE module im CONTAIN 1.12 was tested
on several full scale containment problems, numerical difficulties have been
encountered in applications to small scale systems, Although the e problems
have reportedly been addressed in the latest version of CORDE[9], tuls versiaon
has yet to be evaluated and officially incorporated into CONTAIN.

RECENT CODE DEVELOPMENT
This section discusses recent code develornment that extends the models present

in CONTAIN 1,12, These extensions are presently being incorporated into a new
code version, CONTAIN 1.2 The first subsection below discusses the revised



gas combustion model and presents the results of sample plant calculations
exercising the revised model. The second subsection discusses recent DCH
modeling features, including the ability to treat chromium and aluminum
chemistry and an extension of the SDM to multiple fields.

The Revised Cas Combustion Model

The hydrogen deflagration modeling in CONTAIN 1.12 is based on the HECTR 1.5
code.[11] With the advent of the HECTR 1.8 code,[12] the correlations used
for flame speed and burn completeness in CONTAIN 1.12 appeared to be out of
date. Also, the deflagration model applies only to one of the several types
of burns of interest in containment analysis. Thus, the gas combustion model
has been revised to include the HECTR 1.8 correlations for flame speed and
burn completeness. Also, two additional types of burns are modeled: diffusion
flames, which can occur when a combustible gas enters a compartment containing
oxygen, and bulk spontanecus recoubination, which is expected to occur at
suflicies tly high temperature. One further change is to use a new diluent
inerting criterion that takes into account the inerting effect of excess
nitrogen, which is the amount present in excess of the ratio with oxygen found
in air. The diluting effect of excess nitrogen is important to consider if
previous burns have occurred. It should be noted that nitrogen {s not
considered to contribute to diluent inerting in either CONTAIN 1,12 or the
HECTR 1.8 code.

The purpose of the diffusion flame model is to al. '« the user to explore the
effects of burning hydrogen in a jet rather than in a deflagration invelving
premixed gases. The burning of premixed gases could be physically reasonable
when igniters ave first tuined on, or when igniters are on and the atmosphere
subsequently deinerts. However, in cases in which hydrogen {s being
introduced to containment with igniters on and the atmosphere is not inerted,
quasi-continuous burning such as calculated in the diffusion flame mocel may
be physically more reasonable. The effect of such quasi-continuous burning is
{llustrated in the sample plant calculations discussed below,

The diffusion flame model is a relatively simple one that is not intended to
be fully mechanistic. The parametric nature of the model steas principalls
from the fact that the dynamics of the diffusion flame are not modeled. Vhilc
the user may specify the inerting concentrations above which the diffusinr
flame cannot initiate, there is no modeling of the aynamics of ine f)ame front
that determine whether the diffusion flame is stable. For example, the
tendency of the flame to blow out at high jet velocities is not modeled
There is also no explicit modeling of entrainment processes tiat woulu cause
some of the bulk hydrogen (if any) in the cell with the diffusion flame to be
carried into the flame and recomhined. The diffusion flame model, given non-
inerted corditions and the presence of an ignition source in the downstream
cell, simply burns the combustible gas flowing into a cell through a flowpath
or from an external source, utilizing the oxygen in the cell. Note th't there
is presently no provision for jet self-ignition, which can happen., for
example, when the incoming gas is sufficiently hot. The diffusion flame and
spontaneocus recombination models are solved implicitly with the interesll flow
and atmosphere thermodynamic models to prevent numerical stabilirv problems.
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The bulk spontaneocus re:ombinatiun model 1s also a simple parametric model.
I'he mode]l uses a recombiration *hreshold temperature and a recombinalien rate
const. . :t are specified by the user, This wmodel provides a physically
reasonat description of s;contaneous recombination for DCH parametric
studies.[5] The unconditionsl hydrogen burn (UCHB) approach used in previous
DCH studies to simulate spontaneous recom* ‘nation utilizes the CONTAIN
deflagration model with a user-specified t.ame speed and with ignition
thresholds set to zero. The UCHR wmethod requires determining a suitable
"ignition time" in each cell in advance, and code restarts with input changes
are in addition required if cenventional deflagrations prior te the start of
spontaneois tecombination are also modeled. The UCHR approach also introduces
numerical artifects such as "dead-time,” during which no burning is allowed.
Calculations comparing the new spontaneous recombination model with the UCHB
erproach are discussed in the next sectlon,

, The sample
plant calculations discussed here are intended to illustrate the effects of
the changes in the gas combustion model. Although a DCH event is involved,
the principal focus of these calculations is the hydrogen behavior, nat the
DCH behavior. Thus, the effect of different models or assumptions regarding
hydrogen behavior is investigated but only a base case is considered with
respect to the DCH parameters. In addition only the single-field DCH model in
CONTAIN 1.12 is used in the plant calculations,

These calculations are based o1 a Surry TMLB' scenario. The scenario selected
corresponds to one that was previously used to study the mitigation effects of
intentional early depressurization (ED) of the pressure vessel on the DCH
event.[7] In early depressurization, the pressure vessel is postulated to be
depressurized, to the extent possible, through opening of the pressurizer
relief valves and head valves at the point of steam generator dryout,
Although the calculated vessel pressure at vessel fallure, 1.5 MPa, is much
lower than the set-point pressure of the pressurizer relief valves, it is
assumed to be sufficlent to cause a DCH event. Significant mitigation of the
DCH loads, however, is found because of the reduction In the finventory of
steam and hydrugen in the vessel, which reduces the driving force for the DCH
event.

The plant configuration is shown in Figure 4. As indicated ir this flgure,
Cell 1 corresponds to the reactor cavity; Cell 2, the basement and lower
annulus; Cell 3, the upper and middle crane wall annulus; Cell 4, the dome and
steam generator cubicles; and Cell 5, the pressurizer compartment,

As discussed in the earlier studyv,[7] the pressure vessel conditions and the
steam and hydrogen sources to containment for the ED scenario prier to vessel
breach were calculated at INEL using the SCDAT/RELAP codes. These sources are
directed into the pressurizer compartment (Cell 5). The steam and hydrogen
blowdown rates from the vessel and the core debris entrainment rtates during
the DCH event were calculated separately, as described in the earlier study.
Fifty percent of the core is assumed to participate in the DCH event.



Figure 4, The 5-cell woadel of the Surry .cotainment
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Teble |
Hydrogen Burn Modeling Features Used
in the Surry Piant Calculations

W

Deflagrations Diftusion Spontaneous |
_Flames Recambination
Case 1 x
Case 2 X x
Case 3 x 5 x

* Uses the UCHB approach

The sample calculations performed here address the effect of hydrogen burns

prior to vessel breach and during the DOH event. A series of five sample
calculations were run, as summarized in Table 1. The hydrogen burning
modeling In the runs was varied as follcs: In Cases 1-3, independently

powered ignitors are assumed to be turned on at all times, and in Cases 4-5,
fgnition sources (except for bulk spontaneous recombination induced by the hot
debris) are assumed not to be available. Furthermere, in Case 1, the hydrogen
in the prot em is assumed to burn only according to the new deflagration
model, even during the DCH event after vessel breach. 1In Case 2, the hydrogen
is also assumed to burn only according to the deflagration medel prior teo
vess.' breach. During the DCH event, however, both deflagrations and bulk
spontaneous recombination are modelsd, 1In Case 23, both diffusion flames and
deflagrations are modeled. In addition, during the DCH even., spontaneous
recombination is modeled. In Cases 4 and 5, it {s assumed that because of the
absence of ignition sources, no hydrogen is burned prier to the DCH eveny

However, bulk spontaneous recombination is assumed to occur during DCH. In
Case 4, the spontaneous recombination is modeled using the new approach,
whereas in Case 5 the unconditional hydrogen burn (UCHB) approach discussed
above i{s used.

The calculated results will be discussed in the following order: First, the
deflagration behavior calculated in Case 1 with the revised modeling will be
compared with that obtained with the old modeling. Second, the effect of
diffusion flames un the hydrogen burn history prior to vessel breach (Case 1)
will be discussed. Finally, the effect of the revised wodeling on the DCH
event will be discussed.

Figure 5 gives the dome pressures calculated in Case 1 with the new modeling,
Only the period prior to vessel breach, which occurs at 32000 seconds, is
shown., Three groups of def .agrations occur, at approximately 11000, 24000,
and 26000 seconds. The first group corresponds to a propagating burn
invelving the basement and annulus (Cells 1, 2, and 3); the second, a set of
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Table I,
Compariscn of Deflagration Burna
Obtained With the Old and New Burn Correlations
in the Surry ED Scenano

8urn Group 1: Burn Group 2: Burn Group 3:

Prc pagating Muitiple Burns | Propagt ting Burn
Burn in One C Il

New | ©Oid | New | Gid | New | Oig
i A L
Initiating Cell 1 1 5 5 5 5 .

Peak Pressure (10° Pa) | 207 199 | 178" | 180" | 3.09 2.39
Peak Temperature (K) 638 633 954’ 825" 843 762

Cumulative H, Burned | 79.3 | 737 | 939 | 121.9 | 3830 | 3039
(kg)

Initiating Time (s) 10680 | 10680 | 24080 | 24040 | 25619 | 25728

Group Burn Time (s! 772.8 | 1271 I 9.2 368’ §2.0 137.1
i R R e e e

"Refers to initial burn only

multiple burns in the pressurizer compartmert (Cell 5); and the third
corresponds to a propagating burn in all five containment cells. The
cheracteristics of these burns are also given in Table 11, under the column
labeled "New."

The observed burns either shortly follow or coincide with the three periods in
which the steam/hydrogen mixtures vented to containment are particularly rich
in hydrogen, The fact that thes burns do not always involve the pressurizer
compartment {(Ce.l 5) is duz to steam inerting. The burns that do occur in the
pressurizer compartment are in fact deinerting burns; i.e., ones whose timing
is dictated by the point at which the diluert wole fraction drops below the
inerting limit (by default, 55%) The deinerting of the pressurizer
compartment coincides with the venting of hydrogen-rich steam, ydrogen
mixtures into the precvsurizer compartment, which tends to decrease the steam
mole fraction.

For compivison, the burn characteristics obtained In the old deflagration
modeling are also presented in Tabls 1I, One can see that the burns with the
new modeling have a significantly shorter burn time than with the old
modeling. This is consistent with the expected differences between the old
and new flame wvelocity correlations at high concentrations of diluent, which
in the present calculations is primarily steam. For atmospheres with steam
concentrations close to the inerting limit of 558, one would expect the new
correlation to glve higher flame wvelocities then the old correlation, for a
given hydrogen concentration. Conversely, for relatively dry atmospheres, the
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new correlation gives lover flame velocities. The faster burns are consistent
with the calculated steam concentration of approximately 50% during the burns.

As shown in Table II, the amounts burned in the propagating burns (Burn Groups
1 and 3) with the new correlations are substantially larger than with the old.
This fact is belleved to be. primarily the result of the change in the burn
completeness correlation, although the amounts of hydrogen burned for a given
burn completeness may also be indirectly affected by the changes in the €leome
velocity correlation. For exampls, in cells with highly restrictive flow
paths, a faster burn will not allow as much gas to be expelled from the cell
during the burn, which will allow more to burn in the cell, Conversely., in
cells with large heat transfer areas and nonrestrictive flow paths, a s wer
burn will allow more heat to be transferred from the gas during the burn,
which will reduce the gas expansiun rate and allow more hydrogen to burn,

The relationship between th o0ld and new burn completeness correlations
depends on both the hydrogen mole fraction at ignition and the diluent mcle

fraction, At 50% diluent mole fraction, the new completeness correlation
glves a higher completeness up co B% hydroger, at which the completeness
becomes unity., For somewhat lower diluent mole fractions, burns are more

complete at lower hydrogen concentrations with the new correlation (at 40%
diluent, the point at which higher completeness is obtained with the new
correlation is 6.6% hydrogen,. For relatively low diluent concentrations, the
new correlation gives a lower completeness than the old.

It should be noted that the number of burns occurring in the second burn group
in Table I1 differs substantially between the new and old correlations. Two
burns occur in succession in the pressurizer compartwent (Cell 5) in this
group wi*th the new correlations, whereas six burns occur in succession with
the old correlations. This difference is believed to be due to the inclusion
of the effects of excess nitrogen in the new diluent inerting criterion, which
tends to inhibit burns within a cell as oxygen is depleted. The large number
of multiple burns in Cell 5 with the old correlations tends t decrease the
hydrogen reaching the surrounding cells., This decrease contributes to the
relacive weakness of the third burn when the old correlations are used.

The diffusion flame modeling in Case 3 apparently changes the character of the
hydrugen burns appreciably. (The burns in Case 2 prior to vessel breach are
identical to those in Case 1.) This change is most clearly seen in the total
hydregen burned, since the diffusion flames do not increase the pressure
appreciably above the background value calculated in the absence of burns.
Figure 6 compares the cumulative total hydrogen burned, prior to vessel
breacn, for Cases 1 and 3. The continuous initial rise in the hydrogen burned
in Case 3 indicates that the hyirogen burns initially in rhe fori. of diffusion
flames in these cells and not as a deflagration. The sporadic nature of the
diffusion flame burning shown in Figure 6 is due to the fact that the
compartment atmosph res typica'ly have steam mclar fractions close to the bulk
inerting limit of 0.55 (the default value for diffusion flames) and in
addition the intercell flows typically have steam/hydrogen molar ratios close
to the flow inerting ratio of 9 (the default wvalue). While local
deflagrations stil) uccur in the pressurizer compartment (Cell 5) around 24000
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Figure 6. A comparison of the cumulative hydrogen burned in Case 1 and Case 3
versus time.

and 26000 seconds in Case 3, the diffusion flame modeling alters the hydrogen
distributions sufficiently to eliminate the propagating burns that occur in
Case 1 at 11000 and 26000 seconds,

As indicated by Figure €, the total hydrogen burned prior to vessel breach is
considerably less with the diffusion flames modeled in Case 3 than without.
As discussed below, the additional hydrogen present in Case 3 increases the
severity of the containment loads from the DCH event at vessel breach when
spontaneous recombination is modeled. However, whether more or less hydrogen
is burned with diffusion flames is clearly scenario dependent. 1f the
diffusion flamos had burned more efficlently (i.e., if inerted conditions were
not present part of the time) or {f a major deflagration had not occurred in
the absence of diffusion flames, then the relationship between the amounts
burned in the two cases could be inverted,

The diffusion flame model controls mot only the burning of intercell gas flows
but also the burning of external sources such as the steam/hydrogen mixture
vented into the pressurizer compartment (Cell 5) from the primary system.
However, the user-specified bulk steam inerting mole fraction for diffusion
flames in the present calculations is set to the default value of 0.55 (the
same value used for deflagrations), and thus, when inerted, the pressurizer
compartment is inerted against both deflagrations and diffusion flames. When
this compartment deinerts through the influx of a hydrogen-rich steam/hydrogen
mixture, the resulting deflagration typically dominates the hydrogen burning,
although some diffusion flame burning of the mixture could alse occur.
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Cases 4 and 5, which do rot have burns prior to vessel breach, are of interest
primarily with re:pect to the burns occurring during the DCH event following
vessel breach at 33000 seconds.

fhe discussion of the burns during DCH is simplified considerably by the fact
that at the time of vessel failure, the upper containment is inert in Cases
1-3 so that diffusion flames and deflagrations cannot inftiate. 1In Case 3, a
small amount of hydrogen (a few kilograms) is burned in a diffusion flame in
the lower containment (Cell 2) during the DCH event, but this amount is
negligivie. In addition, in Cases 4 and 5 diffusion flames and deflagrations
are assumed to be absent. Thus, all five cases can essentially be discussed
in the context of the high temperature bulk spontaneous recombination process.

In previous calculations of the present scenario,[7] the containment was not
calculated to be inert during the DCH event when deflagrations occurred prior
to vessel breach. Thus, deflagrations could also occur during the DCH event.
The change from noninert to inert conditions with prior deflagrations reflects
the fact that the new inerting criterion takes excess nitrogen inte account,

Figure 7 gives the dome pressure calculated in each of the five cases during
the DCH event. Case 1 (which models only deflagrations according to the
default criteria before and during DCH) gives the lowest pressure, since no
hydrogen is in fact burned during DCH. Cases 2-5 assume that spontaneous
recombination occurs during debris dispersal. Except for Case 5, these latter
cases differ primarily in the amounts of hydrogen burned prior to vessel
breach. As discussed above, in Case 2, deflagrations are modeled before
vessel breach. In Case 3 both deflagrations ard diffusion flames are modeled
before vessel breach, while in Case 4 and Case 5 no burns are modeled prior to
vessel breach. Cases 2-4 use the new spontaneous recombination model after
vessel breach, with a threshold tempecature of 773 K, while Case 5 uses the
UCHB approach, with a flame speed of 5 m/s and an ignition time corresponding

to the time of vessel breach. This v ‘ue of the flame syeed was chosen to be
conservative in the sense that hydrogen burning at this rute significantly re-
enforces the pressures that would otherwise be generated during DCH.  For

comparison purposes, the recombination rate in the spontaneous recombination
model was taken to be the inverse of the burn time in the UCHB approach

Figure 8 gives the total amounts of hydrogen burned in the five casés as a
function of time, including the hydrogen burned prior to vessel breach. One
can deduce from this figure that the change in peak pressure from the baseline
provided by Case 1 ls approximately proportional to the amount of hydrogen
burned during DCH up to the point of peak pressure, which is not teo
surprising.

What is surprising is the sensitivity of the peak pressure to the existing
hydrogen present in containment at vessel breach, A mass balance shows that
approximately 440 kg of hydrogen is generated from the metal-steam reactions
during DCH, with another 5 kg present in the vessel at vessel breach. This is
to be compared to the 515 kg vented into contaimment prior to vessel breach.
The change in peak pressure from Case 2 to Case 3 (more than a factor of twe
relative to that between Case 2 and Case 1) corresponds to a change in
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existing hydrogen of 150 kg, which is only one third of the amount generated
during DCH. This sensitivity coculd be explained if much of the hydrogen
generated during DCH were confined to the oxygen-poor lower reglons of
containmert, or if the generation of the hydrogen occurred relatively late.
Examination of the hydrogen distributions at the end of the calculations at
33060 s shows that an amount corresponding to about two-thirds of the
generated hydrogen is retained in the basement and lower annulus. This
observation explains the sensitivity of the peak pressure to the existing
hydrogen in the present scenario. Note that this sensitivity may not be
present to the same degree in fully pressurized scenarios because more vessel
steam would probably improve the transport of hydrogen from DCH to the upper
containment,

The distinct difference in the timing of the hydrogen burning between Case 5
and the other cases is due to the fact that a constant burning rate is assumed
in the UCHB approach and an exponential burning rate I1s assumed in the
spontaneous recombination model. The pressure trace and amount burned for
Case 5 also reflect an artifact introduced by the use of the deflagration
model for "continuous burning®; namely, the oscillations in the " urning rate
after the point of peak pressure. These are due to the “"dead time" in the
deflagration modeling, which is the period after the end of one deflagration
during which a second deflapration cannot start, Also, the sudden jump
observed in the pressure in uvase 2 n2ar the peak pressure is a numerical
artifact related to flow oscillations caused by the explicit nature of the

debris chemistry model, and thus the jump should be ignored as a contribution
to the pressure.

Recent DCH Modeling Improvements

Improvements to the DCH modeling in CONTAIN 1.12 are presently under
development for inclusien In the future CONTAIN 1.2 code version. The first
is an extension of the debris chemistry model to include reactions Invelving
Cr and Al in addition to Zr and Fe. While Cr chemistry is of interest in
plant analysis, the principal motivation for this extension lies in being able
to analyze DCH experiments that use Fe-Al thermite to simulate core debris,
The previous approach for modeling Cr and Al reactions treated Cr and Al as an
equivalent amount of Zr. Since one can define the equivalent amount in terms
of either the hydrogen or energy produced and since it is important to produce
the correct amounts of both, the equivalent ameu ' of Zr was computed . the
basis of hydrogen generated, and the Zr enthaly functions were modi. .«d to
give the appropriate heat of reaction and specific ‘e t. Needless t. sav,
such an approach is cumbersome and requires significant alterations in inpw:
wvhenever the debris simulant composition is changed.

A second improvement is an extension of the droplet interaction model to
include multiple fields. The SDM can, of course, track only a single droplet
size anc only the average debris temperature and composition in a cell. The
pitfalls of such a representation are related to the fact that distributions
of composition, temperature, and size may exist among the debris droplets,
For example, newly entrained debris, with a relatively high metal content, may
constitute only a small fraction of the airborne debris. In this case



' averaging the new debris in with the ol¢ burned-out but still airborne

£ debris ecould introduce serious distortio: s in the metal burnup and heat
transfer rates, Because of metal burning, new drops are likely to be much
hotter than the average, yet could represent much less than the total heat and
mass transfer area available for airborne debris. The limitations of the SDM
and the approaches previously taken to compensate for these limitations are
discussed in detail in Reference 5. However, without a multifield model there
is no good way to assess gquantitatively the distortions introduced by the

| single field approach. Recent DCH experiments, furthermore, indicate that the
debris size distribution is very broad. As indicated by the MDM demonstration
calculations discussed below, use of a single droplet size is not adequate for
these very broad distributions, at least for small scals experiments in which
the efficiency of debris interactions is not very high,

The MDM presently has a nusber of ways to characterize the multiple fields.
Different sizes may be assigned to the various flelds., Debris droplets
entrained at diflerent times may be assigned to different debris fields, or
“generations.” Also, debris droplets may be assigned to different fields
according to compositior. The MDM is still under development. Tts final form
will be dictated by .ne needs of ongoing experiment analyses and by the
modeling details required to extrapolate the results of experiment analyses to
full scale.

MDM Demonstration Calculatjons., This section discusses a series of

demonstration calculatfons that have been completed with the MDM. These

calculations investigate the sensitivities preseit with respect to debris
; droplet composition, history, and size distr’butions in the analysis of &
' small scale experiment. The {importance of the MDM In predicting scale
dependencies for small scale experiments is also discussed.

These calculations are based on the Integrol ®ifects Test (IET) series being
conducted at Sandia National Laboratories. For these experiments the Surtsey
facility has been modified to represent the lower compartments and structures
of the Zion plant in a 1:10 linear scale. The calculations use & l4-cell
CONTAIN model that was developed to perform pre- and post-test analyses of the
IET experiments. The initial conditions and sourres used were derived from
the IET-1 experiment.{13] <Calculations using a rescaled lé-cell model were
also performed at 1:39 scale, which corresponds to that of experiments to be
, performed at the CWT1 facility{l4] at Argonne National Laboratory and the
results are compared to those at 1:10 scale.

P S S~

It should be emphasized that the present calculations were undertaken to
investigate the modeling sensitivities that can be examined specifically with
the MDM and to investigate the effects of these sensitivities (n predicting
scale dependencies. For these purposes it is not necessary to do a best:
estimate calculation for IET-1, as long as the results agree reasonably well
with the experiment. Thus, features such as the quasi-mechanistir~ trapping
models available in CONTAIN 1.12 and the recent Cr/Al chemistry models were
not used in the present calculations. Consequently, they rhould not be
construed as representing a4 best-estimate analysis for IET-1
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Table 111 gives the results from the various calculations for the pressure
rise, the amount of steam reacte.,, a. the heat transfer from the debris
during debris dispersal. The sensitivit. being examined in each case are
discussed in conjunction with each individual calculation below, The “1E®
series of calculations used the normal 1:10 experimental scale, and the "CW"
calculations used 1:39. The airborne debris droplet size distribution in each
case was chosen to be consistent with the recent experiments in the Surtsey
facility. Unless othervise indicated in the table, only a single size was
used, with a drop diameter of 1 mm. In the casr of multiple sizes, a
lognormal distribution was used, with a wass median diameter of 1 mm and &
peometric standard deviation of 4, Unlike the mass and energy in the problem,
which were assumed to scale like the volume, the droplet sizes were assumed
not to change with scale. An invariant size distribution is consistent with
the assumption that intensive parameters, such as gas kinetic energy

densities, determine the size distribution. It should be noted that in
CONTAIN only the airborne debris is allowed to react with and transfer heat to
the atmosphere. The area for heat and mass transfer with respect to the

debris thevefore scales like the volunme,

The calculations in Table 111 labeled 1E-BO, I1E-Bl, and CW-BO are bounding
cases given for comparison purposes In 1E-BO and CW-BO the debris is
excluded, and the prersure rise is due only to the steam blowdown from the

Table 1.
The Pressure Rise, Parcentr Je of Steam Reacted,
and Energy Transferred from the Debris, Caiculated With
Various Particie Distribution Assumptions

Description aP (MPa) Energy
Steam Transter
Biowdown Only
| ie:81 | Adiabatic Equitibration | 0638 74% | 79%
X SOM 0.076 26% 17%
1E-2 MDM, 2 bins 0.07! 21% 16%
IE-3 MDM, 1 Bin 0.080 34% 17%
IE-4 MDM, 2 Bins,
10 Generations 0.075 21% 16%
IE-7 MDM, 20 Bins, 10 Sizes 0.088 3% 22%
CW-BO | Blowdown Only 0.022 -
Cw-1 SDM 0.036 10% 5%
CW-2 | MDM, 2 Bins 0.034 6% 5%
CW-7 MDM, 20 Bins, 10 Sizes | 0.058 18% 13%
Bsoane ko
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pressure vessel, In 1E-Bl the debris is assuned te react and come to
thermodynamic equilibrium with the gas In en adiabatic, well-mixed wvolume
Thus, 1E-Bl gives the maximum possible pressure rise, reacted steam, and heat
transfer.

In the I1E-1 calculation, the SDM was used, with relative debris-gas velocities
selected to correspond to gravitational terminai velecities. (The latter
velocities were used to provide & bacls for comparison with the MDM
caleulations, for which the nev quasi-mechanistic trapping and convective
velocity models were not invoked.) The results from Table 111 for 1E-1 show a
pressure rise of only 0.076 MPa. Only 268 of the available steam reacts and
178 of the debris energy is transferred to the gas. By compacing these
numbers with those for the adiabatic bounding calculstion, 1F.Bl, one can sece
that the debris interactions are relatively incomplete. This 131 apparently
due to the fact that the uirborne debris does not have sufficient time to
interact with the zas before being trapped and effectively removed from the
problen,

A number of calculations were rum to check on the sensitivity to droplet
composition. The variation of vomposition between different droplets could be
important {f the metals are assumed to be Iinitially segregated from the oxides
in the fresh debris droplets. Thus, to the extent possible, the metals were
assumed in the present calculations to be completely segregated initially.
(The distribution of compositions that arises when fresh debris {s mixed with
oldir, burned-ou. debris in the same cell 1s handled through the use of
different droplet generations, as discussed below.) In 1E-2, the MDM was used
vith two compositional bine, one for metals and their reaction sroducts wnd
ene for Alg0,. As shown in Table 111, somewhat less steam is reacted than in
«E-1. In IE-3, only one bin was used, and considerably more steam was rescted
than in 1E<1. This difference between IE-2 and 1E-3 is due to the fact that
the total reactive droplet surface area increases when the metals are assumed
wlacd with the Al 0, in one bin and the droplet size is kept fixed. Although
the SDM is & single field model, the 1E-1 and 1E-3 calculations do not pgive
the sime results, primarily because the approximate " :rvat® and “"zrrat'
formilism was invoked in the SDM to keep track of the ss wed gregation of
wetals. This formalism calculates the reactive dr-eciet wirace area by
assuming that the metal burnup has reached steady s. o wiinic a ¢+11, a
condition that was not achieved in thr present caleulations. Consequontly,
while this formalism prevented tie steam from reacting to ¢ » extent found |

IE-3, 1t predicted somewhat more reacted steam than 1s c¢: “rect for the
segregated case.

In. 1E-4, the sensitivity to droplet history was checked by splitting the
entr: ned debris into ten generations with respect to the time of entralnment
and into two compositional bins. As indicated above, the use of & nunber of
generations could be important if fresh droplets in a cell are mixed with
oldcr, burned-out droplets, or if droplets of the same composition in the same
cell for some reason have signficantly different thermal histoeries.
Essentially the same results were obtained in I1E-4 as in 1E.-2, as could be
exprcted because the debris does not have much time to resct or transfer heat
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to the atmosphere before being trapped or transported to .he n'xt cell
downstream.

Because of the relatively inefficient debris-gas Interactions in the present
caleulations, the use of an appropriate droplet size distribution could be

important. For inefficient interactions, the smaller droplets I(h a
distribution should react more completely and thus contribute propovtionately
more to the pressure rise than the larger droplets. To check on the

sensivivity to size distributions, caleculations were v  with 5 and 10
different droplet sizes, with sepatate bins for metals and oxides. The
droplet sizes were selected as discussed above. Since the caleculated results
for 5 and 10 sizes were found similar, only the results for 10 slzes (1E-7)
are given. As shown in Table 111, the pressure rise, reacted steanm, and heat
transfer all increased significantly in IE-7 relative to 1E.2.

The sensitivities piesent in extrapolating from 1:10 scale to 1:39 scale can
be inferred fron the "CW" caser stown in Table 111. These calculations were
Aone with a rescaled Surtsey lé-cell deck, ¢s discussed above, Each “CW

ileulation corresponds to the "IE" calculation with the same number.
Altheugh the steam-only case, CW-BO, gives comparable trosults, in the other
"CW" cases the pressure rise, reacted steam, and heat transfer are
signiiicantly smaller than in the corresponding "1E" calculation. The
decreased effect of the debris is due to the fact that both the debris
trapping time and the duration of the DCH event are approximately proportionsl
te the linear scale., Thus, the time available in the "CW" calcula' ons ‘or
the debris to react and transfer heat to the atmosphere 1s reduced
censiderably conpared to the "1E" calculations,

The raties by which the pressure yise attributable to the debris, thle
percentage of steam reacted, and heat transferred are reduced in going from
1:10 to 1:39 scale can be derived from Table 111. These ratios are summarized
in Table IV, Quite clearly, these ratios are sensitive to the assumed droplet
size distribution and, tov & lesser extent, the treatment of droplet

Table IV.

Ratios b Which the Pressure Rise Attributable 10 the
Debri. the Amount of Reacted Steam. and the
Energy ‘ransfer From the Debris Are Reduced in

Going From 1:10 (IET) Scale 10 1:38 (CWTI) Scale

| mms—
Cose Pressure Reacted Energy

Rise Steam Transier
SDM 3.7 2.6 34
MDM, 2 Bins 42 35 3.2
MDM, 20 Bins, 10 Sizes 7 1.8 1.7

10
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comp~sition, Furthermore, the use of a distribution of sizes appecrs to
reduce the dependence on scale cunsiderably. It should be aoted that these
conclusions depend strongly on the CONTAIN asssumption that only suspended
debris droplets interact with the atmosphere. Alternative modes of
interaction, such as betwveen the gas #nd debris films on surfaces, have been
proposed for which the expe.ted Aependence of the pressure vise on scale 1s
relatively weak. Also, {f the droplet diameters had been taken to be wmuch
sualler than assumed here, there would in general be wuch less sensitivity to
slze distribution and composition and much less dependence on scale than
caleulated here. However, wmuch smaller diameters would also lead to more
efficlent debris intaractions, which may not be consistent with the
experimental results [13)

SUMMARY AND CONCLUSTONS

The new features of the CONTAIN 1. 11 and CONTAIN 1.12 code revisions have been
revieved, Tre numerical robustness of the CONTAIN concrete outpassing
algorithm {n CONTAIN 1.1]1 has been significantly improved through a centinucus
tracking method for the outgassing interface. Also, the connected gtructure
option has been shown to be a visble way to overcome architectural limitations
in CONTAIN in the modeling o heat conduction between cells. This optien
allews heat conduction between cells to be modeled, while allowing the full
CONTAIN sulte of models te be used for the atmosphere-structure interfaces.
This flexibility could be fmportant in modeling the inner containment chell in
passively coolea contalnment designs, Finally, a nev approach for calecuiating
forced convective heat transfer has been discussed

The DCH models present in CONTAIN 1.12 have been reviewed, Improvements in
the SDM over the original interim model include equilibrium Fe chemistry and
improved modeling of debris trapping. The features of the CORDE and GASBELOW
cavity dispersal models, which enly recently have beern incorporated inte
CONTAIN, have also been discussed.

A revised gas combustion model is currently under development. This model
includes updated flame velocity and burn completencss correlations for
deflagrations as well as new modeling for spontaneous recombination and
diffus'on flanes, The revised model has been everciscd in a set of plent
calculations based on a Surry early depressurization scenario, In these plant
caleulations, the revised wodel was found to give considerably stronger
deflagration burns than the old model. These stronger burns were found
consistent with the behavior of the nevw correlations at high stean
concentrations. When invoked, diffusion flame modeling was found to have &
large effect in suppressing deflagrations. The peak pressures penerated
during the DCH event following vessel breach were found to be surprisingly
sensitive to the existing hydrogen at vessel breach and thus to the prior
hydrogen burn history. This sensitivity is apparently due to the low
efficiency in the early depressurization scenarlo for transporting hydrogen
gonevated during I'UH to the upper containment. This efficiency may not be as
low in fully pressurized scenarios because more steam would be avallable to
transport the hydrogen generated during DCH.
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Abstract

The chemical interactions that may occur in a fuel rod bundle with increas-
ing temperature up to the comp'ete melting of the components are de-
scribed. The materials behavior of BWR and PWR fuel rod bundles has been
studied in integral experiments (CORA program) and extensive separate
effects tests. The kinetic results of the most important chemical interactions
are represented. In most cases, the reaction products have lower melting
points or ranges than the original components. This results in a relocation of
liquefied components, at temperatures often far below their melting points.
In addition, the influence of thin oxide layers, which form on Zircaloy sur
faces during normal reactor operation, on the chemical interactions is indi-
cated. As 2 recult of the various studies three distinct temperature regimes
can be defined in which liquid phases form in the fuel rod bundles in ditfer
ent, but 1arge quantities. Their influence on damage progression and on
possible accident management measures to avoid an uncontrolled core
melt-down accident are described
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1. Introduction

The accident at the TMI-2 reactor, Harrisburg, has shown that ever if the design
basis accident temperature limit of 1200 °C is clearly exceeoed due to a small leak
in the cooling system of a light water reactor (LWR), along with & temporary fail-
ure of the emergency cooling system, this does not necessarily lead to an uncon-
trolled core meltdown accident. Despite severe damage to the fuel elements and
other reactor components as a result of melting of wide core regions, it was possi-
ble to transfer the TMi-2 core into a toolable configuration |1] Comprehensive
research programs have been initieted to provide the data base and subsequent
understanding of those physical and chemical processes which dominate the init-
ation, progression, termination and environmental consequences of severe acc-
dents (2]

One of the ongoing research programs on core-melt progression phenomena s
the CORA program which will be described in detail in this paper [3]. To study se-
vere accidunt sequences, which imply severe fuel damage (5FD), fuel rod bundles
are heated electrically in the CORA experiments at an intial heatup rate of about
1K/s in the presence of steam. The maximum temperatures attained are around
2400 °C_ The hot fuel rod bundle i either cooled slowly or by means of a quench-
ing device which simulates cold emergency cooling water entering the reactor
core from the bottom simulating flooding conditions. Thus, the conditions pre-
vailing in the CORA facifity simula.e partial sequences of still controllable acci-
dents o1 even severe accioents involving core meltdown. As soon as the major un-
derlying damage mechanisms are knawn, information can be provided inter alia
on how long the core still possesses a geometry capable of teing cooled during
high temperature transients.

Regarding the chemical behavior of reactor core matenals 't can be stated that
most components enter into reactions with each other or with the environment
(steam) when the temperature is sufficiently high because the multicomponent
system is not stable thermodynamically (4]

2. CORA Experimental Facility

The CORA experimental facility with the fuel rod test bund'e in its centar has
been represented schematically in Figure 1. The superheated steam from the
steam generator and superheater enters the test bundle at the bottom end. The




steam that is not consumed and the hydrogen produced in the zirconium-steam
and stainless steel-steam reactions flow from the upper bundle outlet through
two parallel condensers into a mixing chamber where the hydrogen 1s sufficiently
dilutad with air to avoid the nisk of an oxyhydrogen explosion Beneath the test
bundle a cylinder filled with cold water 15 positioned which can be rased for
quenching the heated test bundle Above the high temperature shield there is a
surge condenser which serves as an additional safety measure for CORA plant op-
@ration (3]

The test train consists mainly of the test bundle accommodating 2 m long fuel rod
simulators which are held in their positions by three gri¢! spacers (two Zircaloy
spacers and one Inconel spacer) and are surrounded by a shroud A maximum of
59 rods can be introduced into each bundle. In the 25 rod bundle 16 rods are
heated over 1 m length (Figure 1). Heating is carried out electrically using tung-
sten heating elements, which are installed in the center of the heated rods and
surrounded by annular UO; pellets. The total heating power avalable is 96 kW
which can be distributed among the three groups of heated rods. The unheated
rods are filled with solid UQ; pellets and hence correspond in their construction
exacliy to LWR rods (3]

The most important materials used for the fuel rod simulators are originai PWR
cladding tubes made from Zircaloy-4 and UO; pellets. Both types of fuel rod simu-
lator, heated and unheated, can be exposed to an internal pressure of up to 10
MPa so that the influence of ballooned and burst cladding tubes on the material
behavior at high temperatures can be studied Moreover, the test bundles can
contain absorber materials, an (Ag,in,Cd) alloy for PWR 1ests, and B4C for the
BWR tests

The advantages of the CORA out-of-pile exper. mental facility include, above all,
the accessibility o. the test bundle after testing The high temperature shield can
be lowered down and the bundle can be viewed in the “fruzen” condition with.
out requiring any man.pulation whatsoever. In this way, the danger of the me-
chanical impact on h..avily embrittied components and their post test fragmenta-
tion can be avoided. Another advantage offered by the CORA facility s the possi-
bility of quenching heated fuel elements with cold water. This allows the extent
of damage to the core during reflooding to be determined [3].

Manifold and comprehensive test instrumentation makes it possible to study the
progressionof the bundle damage thoroughly as a function of temperature. For
instance, the temperature in the test bundle is measured by means of high tem.
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pe'ature thermocouples and two colour pyrometers. The composition of the gas,
especially the hydrogen cuntent .n the test atmosphere, is determined using two
quadrupole mass spac.rometers. Employment of so-called videoscopes (video
cameras with an optical system for observation through the pressure vessel and
the instlation material of the fuel rod bundle itself) allows the development of
damage of the bund'e to be continuously recorded on video and on photograph-
ic films.

3. TestProgram and Objectives

The CORA program currently provides a total of 21 internationally coordinated
tests with UG, bundics. To be able to investigate the differences in damage se-
quences in the cores of pressurized water reactors and boiling water reactors, the
west bundles have Leen designed appropriately This applies also to the configura-
tion of the rods with the different absorber materiais (Ag,In,Cd) and B4C. The ar-
rangement of the fuel and absorber rods in the PWR can be seen from Figure 1
for a small and for a large fue! rod bundle. The BWR core cell design of the CORA
bundle is illustrated in Figure 1 for the large bundle only

The gbjectives of the CORA program are to investigate out-of pile the integral
materiai behavior of PWR and BWR fuel rod bundles up to about 2400 °C.

Ofspecial irterest are the

a) oxidation behavior and the critical temperature at which the temperature es
calation starts as a result of the exothermal Zircaloy/steam interaction,

b) fragmentation of embrittied fuei rods, particularly during cooldown and wa-
ter quenching; characterization of the resulting debris,

¢) onset of liquid phase formation due to chemical interactions of bundle com-
ponents such as fue! rods. absorber materials, spacer grids, and stainless steel
structural materials with each other,

d) influence of liguid phases and molten components on bundle damage pro-
gression,

e) extentof UQ; and ZrO; dissolution by molten Zircaloy or a-2r(0) ,
f) relocation and solidification behavior of liquid matenals,

g) extentof bundle blockage formation,
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h) coolability of the damaged fuel elements by simulating a rising water level,
quench behavior,

1) timing and magnitude of H; generation,

j) development of material behavior models in combination with CORA and sup
porting separate -effects tests,

k) quantification of safety margins presently existing in the safety systems of op
erating reactors, and to explore possibilities of ending a high temperature
tiansient before i can lead to an uncontrolled core meltdown,

I) performance of out-of-pile reference tests with the possibility to study many
parameters for comparison with the imited number of in-pile experiments in
the ACRR, LOFT, NRU, PBF, PHEBUS reactors and the TMI 2 accident [2].

The CORA experiments have been performod under various boundary conditicns
The paraineters which have been varied are. maximum temperature, system pres-
sure. initial heatup rate, rod internal pressure, steam supply, termination of the
test (slow cooldown or water quenching), bundle size, chemical conditions of the
bundle components (as-received, pre-oxid zed)

The completed and planned CORA experiments are listed 'n Table 1 The table
shows that by November 1991 a tc al of 14 experiments have been performed
successfully with different boundary conditions The CORA 2 and CORA-3 tests
had peen plannad as reference tests using no absorber material to observe the
fuel rod/cladding interactions as well ar the interactions of the Inconel spacer grid
with the Zircaloy-4 cladding material The CORA-3 test was ca ‘1ec out as a high-
temperature experimert (max temperature about 2400 “C). Typical PWR absorb-
er materials (Ag,In,Cd) were inserted in the CONA-5 and CORA-12 test bundles to
evaluate the effects of absorber material on core damage Moreover, CORA-12
was the first PWR test in which the hot bundle was quenched by cold water, simu-
lating flocding conditions. CORA-16 was the first test involving BWR maternials,
without quenching, to study the interactions that occur between the B4C absorb-
er material and the stainlass steel of the control blade and then the stainless steel
from the blade with Zircaloy 1rom the channel box walls and the fuel rod clad-
ding. CORA-17 was the first BWR test with cuench.ng In the CORA-15 bundle all
rods, except the two absorber rods, were exposed to a high internal pressure in
order to study the influence of ballooning and bursting of the fuel element clad-
ding tubes on the material behavior of the bundle In CORA-9 a higher system
pressure (rod external pressure) of 10 bar was simulated to cause the cladding
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tubes to collapse onto the fuel The CORA-7 and CORA- 15 tests were the first PWR
and BWR experiments, respectively, involving a larger number of fuel rods (57
and 59, respectively compared to 25 for the smaller bundles) They served to
study the axial and especially the radial melt distribution and the formation of
crusts (blockages). The tests CORA-7 and -18 were terminated below 2000 °C to
obtain more information on the chemical composition of the intermediate inter-
action products and relocated mo'ten matenals. CORA-13 was a PWR test which
was quenched from & higher temperature than that in the test CORA-12 CORA.
13 was selected as an International Standard Problem (15P-31) by the OECD/CSNI.
CORA-29 was the first PWR test with pre-oxidized bundle components. The max
2rQ; layer thickness on the cladding outer surface was about 12 ym. CORA-31
was the first BWR test with a much lower initial heatup rate of about 0.3 K/s, com-
pared to about 1 K/s for all the other previous tests, to study the fuel rod bundle
(core) behavior for a severe acodent initiated from a shutdown power plant
CORA-30 was an analogous PWR test with an even lower inital heatup rate of
0.2 Ks.

4. Test Sequence and Post-test Examination of the Bundle

The test sequence can be broken dov.n into three phases. During the initial 3000 s
the bundls 15 heated with argon, which has been preheated to approx. 600 °C in
the steam superheater. Within the time interval of 3000 s to approx. 5000 s
electric power is supplied which increases linearly with time from 6 kW to a pre-
determined maximum value Beginning at 3300 ¢ superheated steam (2 g/s 10 6
g/s) is fed into the test bundle ir addition to argon (8 g/s) The test is terminated
by reduction of the electric power and simultaneous interruption of the steam
supply. Cooling of the test bundle proceeds either slowly in flowing Argon or
quickly by quenching with cold water [3].

After the test the degraded bundle is carefully photographed, cast into epoxy re-
sin for preservatior. of geometry of the damage and, after disassembly from the
test facility, it is cut to prepare transverse and longitudinal sections. The subse-
quent preparation of metallographic micrographs is the prerequisite of investiga-
ting the manifold material interactions between the components of an LWR fuel
element Besides the examination of the - crostructures, analysis of the chemical
compositions of the reaction products formed and of the solidified melts is of par-
ticular importance. Using a scanning electron microscope, energy dispersive X-ray
(EDX) and wavelength dispersive X-ray (WDX) analyses are made [5]. With the re-
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sults in hand, information can be provided on the type of chemical interactions
and their extent by a comparison with results obtained in parallel studies on sin-
gle effects The additional assessment of the structures formed on the basis of in-
formation available from phase diagrams, moreover, furnishes indications of ma-
ximum temperatures which have been reached locally, the formation of molten
phases and their resolidification temprratures

5. TectResults

It is not proposed here 1o present and discuss the results of the individual CORA
tests, the intention is rather to present in a more comprehensive framework the
general fuel rod bundle and matenal behavior [4,5,6,7,8,9,10)

51 Separate-Effects Tests

To be able to describe in detall the integral matenial behavior ef the test bundle
subjected to a temperature transient the results of separate-effects studies must
also be discussed These results regarding the temperature dependence of the re-
actions and the chemical composition and microstructure of the reaction products
formed in that procoss are important to explain the observed final condition of
the bundles and the approach adopted in post-test examinations [6,7,8,¢,

The kinetic results of the separate-effects tests performed are summarized in Fi-
gure 2 ihe reaction zone growth rates for important LWR core material couples
are plotted versus the reciprocal temperaturc. The chemical interaction rates vary
over several orders of magnitude. The faste.  teractions occur between Zircaloy
and stainless <teel, (Ag,In,Cd) alloy and Zircaloy, and Zircaloy and Incone! 718, For
each material couple a critical temperature exists above which rapid and comple-
te liquefaction of the specimens occurs. In all cases these cnitical temperatures are
well below the melting points of the individual materials. As one can recognize,
liquetaction of the matenals, including UO; fuel, can occur well below 2000 °C.
Oxide layers on the surface delay the chemical interactions, but cannot prevent
them (4,5,6,7,8,9]

52 General sundle Behaviour

All CORA experiments exhibit similar macroscopic post-test appearance in the up-
per part of the test bundles Partial to complete oxidation and embrittiement of
the cladding and fragmentation of cladding as well as of fuel takes place This al-
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so holds for the hind of cladding deformation known as "flowering” which is
mainly to be found in the upper regions of the bundles and is caused by differen.
ces in the zirconium oxide growth around the cladding circumference on the ou-
ter and inner surface . (he resulting hoop stresses are eventually relieved by axial
splitting and flattening of the cladding tubes

In contrast tc the upper regions, the appearance of the lower zones in the bundle
is more dependent on the presence of absorber material with respect to the
amount and distribution of accumulated fragments and relocated se ified melts
(blockage zones).

5.3 Macroscopic Appearance of the Bundle after the Test

The macroscopic post-test appearance of the CORA-5 test bundle s represented
in Figure 3 as an example. This is a PWR test bundle vith a central (Ag.In,Cd) ab-
sorbet rod, two Zircaloy-4 grid spacers and one Inconel grid spacer. The maximum
measured cladding temperat.:« was about 2000 “‘C. Wide spread destructicn of
the test bundle, along with seve ox:dation of the Zircaloy cladding tubes, the
formation of metallic and ceramic melts, whch solidify at different axial elevati-
ons and give rise to bundle blockages of different sizes, can be recognized. The
micrographs of cross-sections prepared at different axial elevations of the bundle
(Figure 3) make the extent of damage ¢'#arly visible The lower cross-section (208
mm) shows clearly the original fuel rod and absorber configuration consisting of
16 heated and 8 unheated fue' rods as well as ane absorber rod with a Zircaloy
guide tube At the same time, relocated metallic melts, some of them attacking
the Zircaloy cladding material chemically, can be recognized. The upper cross:
section (853 mm) shows a cut through the zircaloy grid spacer plane The cladding
material has almost completely melted down, while dissolving some of the solid
UO; fuel. Some of the solidified melt can be found again in the central bundle zo-
ne (408 mm) where strong oxidation of the claddiny material can be observed.
The still metallic portion between the ZrQ; layer and UO; had meited and reloca
ted; the annular cavities formed are clearly visible (Figure 3) [10)

Reaching higher temperatures, as in test CORA-3 (about 2400 °C), resulted in very
severe damage of the fuel rod bundle with extended UO; fuel and ZrO; dissoluti-
on by molten oxygen-poor Zircale: beyond about 1760 °C, the melting point of
Zircaloy-4 (Figure 4). The liquefied and molten materals (including UO;) reloca-
ted and formed a complete blockage of the bundie cross-section in the lower part
of the bundle on solidification (Figure 4, langituainal section 70 - 170 mm). Both
metallic and ceramic molten materials were de.ected 1he microstructures of the
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solidified melts indicated UO; fuel dissolution by molten Zircaloy to various ex
tents, Part of the metallic melt relocated within the bundle, even down to the
bottom of the bundle (Figure 4, cross-section elevation 20 mm) and had melted
the cladding and dissolved some of the UQ; fuel [S] The metallographic structu

res seen in the destructive post test examination of the CORA tests correspond
very closely to those obtained in TMI-2 core rragment and core bore examinations
[4,13) and by in-pile experiments [2]

54 Temperature Escalation

The critical temperature above which uncontrolled temperature escalation takes
place due to the exothermal zirconium/steam reaction crucially depends on the
heat loss from the bundle, i e on bundle insulation. With the good bundle insula
w0 in the CORA test facility, temperature escalation starts between 1100 and
1200 °C giving rise to a maximum heating rate of 15 K/s. The maximum tempera

tures attained are about 200C “C, the oxide layers formed and the consumption of
the available steam set limits on the temperature escalation due 1o rate

controlled diffusion processes The temprerature escalation starts in the hotter up-
per half of the bundle and the oxidation front subsequently migrates from there
hoth upwards and downwards [5)

5.5 Melting of the Cladding Material

After attainment of the meiting point of the Zircaloy cladding material at about
1760 "C and/or of oxygen stabilized a-21(0) at approx 2050 “C the Zircaloy melt
flows over large distances, starting from locations where the oxide layer an the
cladding tubes might be penetrated due to chemical and/or mechanical effects
However, the longer simultaneous contact of Zircaloy with the fuel and 2rO; en
the cladding tube surface exists, the more UQO; dissolution predominates because
it proceeds faster than the dissolution of 2rQ; [4]. The cladding integrity can be
destroyed far below the melting point of Zircaloy by eutectic interactions with In
conei grid spacer or absorber matenals (stainless steel or absorber alloy) resulting
in liquid phases at temperatures as low as 1250 °C

56 UO; Fuel Dissolution

Vigorous chemical interactions take place between the metallic melts from the
cladding maternial and the sohd UO; pellets In this way, the UO; 1s hquefied at
about 1000 K below its melting point (2850 °C) while forming a (2r,U,0) melt (4]
UO; liquefaction results in an increased release of fission products and initiates a



mechanism of “low temperature” relocation of the fuel in the reactor core The
(Zr,U,0; melts formed solidify in cooler zones forming metallic cooling channel
blockages (crust formation) or, due 1o interactions with steam, forming ceramic
(2r,U0)0; masses. All CORA tests have made the considerable dissolution of the
JO; pellets in the upper bundle zones evident [5,10). Whereas at the maximum
temperatures achievable purely ceramic melts cannot yet be formed, the relocati-
on of the melt with high uranium and oxygen contents can be observed, in the
process of solidification the melts decompose forming ceramic phases with metal
lic phases as secondary constituents (Figures 3, 4).

5.7 Grid Spacers

571 Inconel Spacers

The Ni base alloy Inconel 718 reacts with the Zircaloy cladding material forming a
eutectic. According to separate-effects tests, the first liquid phases occur from
1000 “C onward, and above 1250 “C they cause rapid liquefaction of the Inconel
spacr and part of the 2ircaloy cladding Only small quantities of Inconel (or stain-
less steel) are necessary to dissolve large quantities of Zircaloy. 2rO; layers present
on the Zircaloy surface delay the eutectic interactions with Inconel and shift mel-
ting down of the grid spacer and the Zircaloy cladding towards higher tempera-
tures but are unable to prevent it. Hovsever, in all cases Inconel liquefaction due
to the reaction with Zircaloy takes place below its melting point (1450 “C) [7) It
was possible to observe this liquafaction directly in the CORA experiments, mel
ting down was completed within a few seconds. The zirconiuzin-rich melt genera-
ted severely damaged the fuel rods around the spacer grid The melt produced in
this interaction was found to have been distributed over the whole lower half of
the bundle and some of it was collected in the zone of the lowest grid spacer

§.7.2 2ircaloy Spacers

The chemical behavior of the Zircaloy spacers differs clearly from that of the In-
conel spacers. The upper grid spacers positioned in the hot bundle zone undergo
partial melting and contribute to the hquefaction of solid UQ; The lower, colder
grid spacers act as “materia! cawcher” for solid and liquid bundle components and
thus exert a majo, influence on the development of coolirg channe! blockages
(crusts).







develop from approx 1000 “C upwards; rapid liquefaction occurs above 1250 °C
(81

Both, the boion carbide/steel melt formed and the melt constituents react
eutectically with the coolant channel wali made of Zircaloy, giving rise to Zircaloy
liquefsction around 1250 “C. in this way, the Zircaloy cladding material 1s already
liquef.ed well below its melting point of 1760 “C. The result of this lowering of
the melting point is the beginning of UO; dissolution at “low"” temperatures. in
the upper bundle zone the Zircaloy cooling channel wall s destroyed se that the
melt can spread radially and relocate downward. As a result, coolant channel
blockages develop in the bottom part of the bundle

5.10 Influence of Quenching

Quenching of the hot bundles by water caused further fragmentation and an en-
hanced 2r/H;0 reaction resulting in a temperature rise at the top of the bundle,
althcugh the electric power supply was shut off, and in additional hydrogen ge-
neration. Some further meltdown of matenal in the upper bundle regions was
observed due to the additional exothermic Zr/steam interactions and the resul-
ting h.gh temperatures

The watet entering the bundle and the developing steam cause a thermal shock
on the embrittled materials, generating new surfacas. The steam reacts with the
metallic components of the newly formed surfaces, and, as & result of the exo-
thermai Zr/H;0 reaction, local temperature escalations take place again. The ad-
ditional hydrogen formed at this point in time is quite considerable, ie up to
about 80 % of the tota! hydrogen [11]. In the LOFT experiment FP-2 the percenta-
ge of hydrogen gercrated during the reflood was approx 80 % [12).

5.11 Hydrogen Generation

The results from the CORA tests support the conclusion that hydrogen generation
during severe accidents will continue, assuming a sufficient steam supply, up to
compiete consumption of the available Zircaloy and stainless steel. One of the
mechanisms for reducing hydrogen generatior is the removal of hot matenals
from the high temperature oxidation zone into a cooler zone. During the tests,
because little material relocated from the high temperature region to the steam-
cooled region, hydrogen generation continued until either termination of the
test or complete consumption of the available Zircaloy and stainless steel. Re-
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flood of the hoi bundle (quenching) resulted in an additional strong hydrogen
generation as de:.ribed in section 510

512 Influence of Bundle Size

The larger tuel rod bundies (CORA-7 and CORA 18) with 57 and 59 fuel rods, re
spectively, commpared with 25 fuel rods in the smaller bundles, did not show any
different material behavior In general, simiar physica! and chemical phenomena
were observed as in the smaller bundles Temperature escalation started at about
1200 “C and continued even after shut-off of the electric power, as long as steam
was available The (Ag.In,Cd) absorber rods or B4C absorber blades failed at
arourd 1250 “C and initiated the damage prugression within the bundles. After
*he ests, the upper parts of the bundles were free of any absorber material This
material has relocated to the lower, | @ cooler, part of the bundle

5.13 Influence of Heat-up Rate

The only CORA experiments performed so far with lower heat-up rates of 0 2 K/s
and 0.3 K/s, respectively, (CORA-30 and -31) compared to 1 K/s demonstrated
clearly that no temperature escalation due to the exothermal Zircaloy/steam in

teractions takes place The chemical interaction energy formed caused only an in-
creased heatup rate between 1200 and 1800 “C of about 1 K/s The oxide layer
which has formed on the cladding outer surface during heatup delays the chem;-
cal interactions between Zircaloy and steam since the diffusion of oxygen
through the ZrO; layer is the rate determining step The Zircaloy wil' be almost
completely oxidized, or at least converted into u-2r(Q), before reaching the mel-
ting point of oxy :n-poor (as received) Zircaloy at about 1760 "C As a result, lar-
22 UO; fuel hquefaction by molten Zircaloy will not take place, this means smal

ler fission product release rates and it requires much higher temperatures (=
2850 “C) before UO; melting and relocation occurs

6. Summary of the Major Results

This is a summary of major results from the CORA experiments and separate-
effects investigations performed so far

Temperature escalation due to the zircomum-steam reaction starts in the
upper, i.e hotter bundie half at about 1100 “C and propagates from there
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downwartds and upwards The maximum temperatures measured are ap-
prox. 2000 “C.

Fuel rod faillure in the test bundies without absorber material starts at the
leve! of the Incone! grid spacer Incone! reacts eutectically with Zircaloy as
early as 1000 “C while farming hiquid phases 210, layers on the external si-
de of the cladding tube delay melting and shift its onset towards higher
temperatures, although they cannot prevent melting Above 1250 °C the
«pacer is complerely hquetied within a short period of ime

The behavior of the Zircaloy gnid spacers depends on the temperature attai-
ned locally. The ypper spacer (hot zone) partly melts and contributes to the
chemica! dissolution of UO;. The lower spacer 15 located in a relatively cold
zone where it acts as a material citcher where melt rivulets and melt dro-
plets as well as solid embrittled cladding tube and tuel fragments are
caught

The unoxidized part of the 2ircaloy cladding first melts in the upper bundle
zone because of the higher temperatures rrevaling thete Due to the pro-
gressing chemical dissolution of UO;, meits consisting of (Zr,U,0) develop
with different contents of uranium and oxygen which relocate into the bot-
tom part of the bundle after the 2r0); layer has faled The melt sohdifies in
the colder zone, causing coolant chanael blockages of different sizes

Thick 2rO; layers on the external claading tube surfaces prevent substantial
amounts of metallic Zircaloy melt frem relocating, so that the 2ircaloy re-
mains in contact with the UO; fuel Thin ZrO; layers are dissolved chemically
by metallic Zircaloy This causes the oxide layer to rupture locally and the
(2r,0,U) metallic melt to escape

Maost of the melt relocates along the surface as rivulets (candling) and, to a
minor extent, in the free fall as droplets, 1 e without contact with other sur

faces (slumping). Film flow type of melt relocation down the rods was not
observed.

At the higher test temperatures of 2400 °C, compared to 2000 °C, larger
amounts of molten material are produced se that the blockage zone in the
lower bundle region is clearly larger The formation of a distinct crust consi-
sting of metallic material was observed, on which the metallic and ceramic
melts formed later accumulated
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Cladding tube and fuel fragments of various sizes accumulate on the soli-
dified lumps of melt which develop and are relocated while the bundle con
tinues 1o cool down The smallest particles are as UO; powder and are of the
order of micrometers in size

In the presence of PWR absorber matenal (Ag,In,Cd) the seguence of fai ure
starts with the release, relocation and resolidification of the (Ag,In,Cd) melt
However, most of the melt reacts with the Zircaloy cladding material for
ming a wnetallic melt of the type (Ag.In.2r) Due to its zitconium content this
melt 1§ capable of dissolving UO; even helow the melting point of Zircaloy
On account of the different solidification temperatures of the melts a stre '
fication develops such that the metallic lumps of melt rich in absorber mate-
rial are superimposed by metallic and/or ceramic (2r,U,0) blockages fo, med
later

In the expetiments involving BWR absorber material (B4C) the first molten
phases occurred from approx. 1250 °C upwards after failure ¢f the absorber
red cladding made of stainiess steel After failure of the steel cladding the
BaClsteel melt produced reacted with the Zircaloy of the coolant channel
walls forming melts of eutectic compositions The reaction caused the chan
nel wall to be destroyed and hence the melt to propagate towards the outsi
de and mainly downwards As a consequence of this, partial coolant channel
blockages develop in the lower bundle section

Water quenching (flooding) of the hot degraded fue! rod bundle caused ad-
ditional fragmentation and an enhanced Zircaloy/stem interaction resulting
in a renewed temperature rise, a meltdown of material, and in an additio-
nal strong hydrogen generation.

Conclusions

Core melt progression 15 a noncoherent stage-by stage process that results
in melting and hquefaction of materials mainly due to eutectic interactions
at different temperatures.

Control rod materials can separate by liquid relocation processes from fuel
rod materials at temperatures as low as 1250 “C. Therefore, reflood water
must be sufficiently borated to avoid recriticality and power generation du-




ring early phase core degradaiion, that means, prior to the disintegration of
the core into a rubble bed

Significant molten UO; relocation can begin at the Zircaloy melting tem:
perature of about 1760 °C, that means about 1000 K below the melting po-
int of UO; The low-temperature early fuel relocation 1s important for the
release of fission products and the redistribution of decay heat sources in a
damaged core

Reflood of a damaged core can fragment oxidation-embrittied Zircaloy
cladding, fracture solidified once-molten materials (blockages), induce lo-
cally a renewed temperatuse rise and strong additional hydrogen generati-
on. Accident management strategies must consider the consequences of re-
flood phenomena.

The results of the integral CORA tests and of separate-effects tests allow
thedefinition of three temperature regimes in which large quantities of |i-
qu'd phases form which cause tuel rod bundle (core) damage (Figure 5):

«+ 1200 - 1400 °C: localized core damage

+ 1800 - 2000 “C: extended core damage

+ 2600 - 2850 “C: total core destruction

The extent of damage depends on the initial heat-up rate and the maximum
temperature reached Accident management measures which delay the core
uncovery result in smaller initial heat-up rates of the core and, hence, in a
reduced formation of liquid phases up to about 2600 °C (Figure %).

The present knowled ge of early-phase core melt progression provides bet
ter understanding of the physical and chemical processes contributing to
the degradation of a reactor core with increasing temperature (for examg
le, the TMI-2 accident) and provides a reasonable basis for code develop-
ment and validation

For BWR core material behavior in severe reactor accidents, the use of other
materials (BaC/Zircaloy) instead of the present ones ("aCstainiess steel)
would result in a greater flexibility for accident management measures,
because meltdown weuld be delayed in time and shifted to higher tempera-
tures.

It can be summarized that the CORA experiments and single-effect investigations
have contributed substantially to the understanding of the material behavior in
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reactor acauents. The comparison of the out-of pile CORA test results of matenial
behavior with the results of in-pile experiments (2] as well as the results of the ex

aminations of TMI-2 specimens, some of which were analyzed in the KfK Hot Cells
[13], shows very good agreement. Moreover, the CORA experiments have prov

ded new firdings on damage initiation and propagation in LWR fuel rod bundles
These findings are of particular importance regarding possible accident manage-
ment measures. The modelling of low temperature liquefaction and quenching
effects is not yet included in most computer codes.
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Max.
Test | Cladding | Absorber Other Test _
No. | Tempera- | Material Conditions Date of Test

tures
P, « 2000°C : UO; refer , inconel spacer Aug. 6, 1987

4

3 2400°C UO; refer , high temperature Dec 3, 1987
9 « 2000°C | Ag, In, Cd PWR-absorber Febr 26, 1988

12 « 2000°C | Ag, In, Cd quenching June 9, 1988
16 | « 2000°C B4C BWR-absorber Nov 24, 1988
15 « 2000°C | Ag,In, Cd | rodswith internal pressure March 2, 1989
17 « 2000°C B4C quenching June 29, 1989
9 = 2000°C | Ag, In, Cd 10 bar system pressure Nov 9, 1989
< 2000°C | Ag,!n ., Cd | 57-rod bundle, slow cooling Febr 22, 1990
18 | < 2000°C BaC 59 rod bundle, slow cooling June 21,1990
13 | = 2200°C | Ag,in, cd [OFCEBT e e ™| Nov. 15,1990
29* | = 2000°C | Ag, In, Cd pre-oxidized Apnl 11,199
31* | = 2000"C B4C slow initial heat-up (= 0.3 K/s) July 25, 1991
Oct. 30, 1991

30* = 2000°C | Ag, In, Cd | slow initial heat-up (=0 2 K/s)
28* | = 2000°C BaC pre-oxidized

planned for 1992

Initial heat-up rate

’ very high temperature, ——
10 2400°C | Ag,In, Cd lower part of bundle in H;0 planned for 1992
3 | ~2000°C [ Bec | 9Ty COrEcONGIONS NOSIEAM 4 ianned for 1992
A . very high temperature
27 2400°C 84C lower part of bundle in H0
25 « 2000°C BaC 10 bar system pressure
26 = 2000°C BaC fast heatup, quenching
steam-rich conditions,
24 = 2000°C B4C quenching
32* | ~ 2000°C | Ag,In, Cd quenching from the top

. T P AR 4 S
« 1.0 K/s, Steam flow rate, PWR: 6 g/s, BWR 2 g/s, quench

rate (fiom the bottom) = 1 cm/s
* further proposed experiments

Table 1: CORA test matrix. Up to now 14 PWR and BWR related tests have been
performed under ditferent boundary conditions
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nd Cross cection elevation m

Cross section elevation: 208 mm

Figure 3: Post-test appearance of the simuiated PWR bundie ( ORA-S with one

(Ag,In,Cd) absorber rod and Zircaloy guide tube. The maximum tem
perature in the bundle was about 2000 (
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Boiling Jet Mc# 2ling on IFCI = Preliminary Report
M.J. Rightley

Sandia National Laboratories

ABSTRACT

Simulations of the breakup and penetration of high temperature thermite jets into
water have been performed using the integrated fuel-coolant interaction code, IFCI.
The work 10 date has been directed towards assessing the model performance against
data obtained from an experimental test series performed at Sandia. The tests, part of
the EJET series, were extensively photographed to allow for direct digitization of the
melt profile data thereby allowing a direct comparison of the IFCI predictions to the
test data. This document is a preliminary report tor Task 1, Molten Jet Model
Evaluation, of the Molten Fuel-Coolant Interaction Program.

The IFCI simulation of test EJET-1, with initially saturated water, showed reasonable
performance in predicting early time leading edge penetration rate and initial jet
spreading as shown by comparisons of the molten thermite volume fraction. A
transition to a bulk boiling temperature regime which was observed in both tests was
not modeled adequately by IFCI. An attempt to simulate test EJET-0, with initially
subcooled water, failed at very early times due to an automatic decrease in the time
" to an unacceptable value caused by nonconvergence of the numerical algorithm.
I+ . ~liminary assessment results suggest (1) the need to include the steam vobime
in the data comparisons, (2) an improvement of the boiling model in TFCI to
w7 the bul' oiling question and (3) use of a finer noding scheme to improve the
sotly resoluty o of TFCI before the code is applied to addressing accident
L4 o aent concerns at reactor scale.
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L INTRODUCTION
1.1 Program Background

Postulated severe accidents in 4 nuclear reactor include he possibility of high
temperature molten core naterials contacting water and producing an explosive fue!-
coolant interaction (FCI). The IFCI computer code (integrated fuel-coolant
interactions ) was developed as a tool to provide researchers with a best estimate tool
to studies FCls in reactor geometries. Since it was developed hased on known
physical laws and the results of avaiiable experiments, it can be used to aid in the
interpretation of experimental results and to help study the phenomenological aspects
of the experiments themselves 'l 1%

A NRC program entitled "Molten Fuel-Coolant Interactions” (FIN #A1030) was
developed te apply the IFCI code to study FCIs through an assessment of the code’s
performance against available experimental data and parametric analyses at reactor
scale. Task 1 of this project involves an assessment of the boiling and fragmentation
models in IFCI against the EJET series of boiling jet experiments performed at
Sandia. This document is a preliminary report on the progress of the assessment of
IFCI against the EJET tests as described in the work statement for this task in the
NRC Form 189. It includes a comparison of the IFCI predictions of the breakup of
the molten thermite jet in a saturated water test (FJET-1) and the results of &
preliminary attempt to apply the code to a subcooled experiment (EJET-0),

1.2 Report Organizatioa

The report is divided into three primary sections: IFCH input information, comparison
results and a summary and future work section. The mput information is included to
provide an understanding of the na.ure of the process of setting up a “simulation” of an
experiment on IFCI and it also provides suggestions for possible methods of improving
the perform- .. » of the code without significant mc difications. The results section
presents the 1t Cl output and the experimental data and discusses the implications of
the comparison results. Some time was expended in developing a "post-processing’
technique that allows the experimental data and the IFCI data to be presented on the
same plot. This method is briefly discussed based on its relevance to the comparison.
Finally, the summary and future work s tion includes ideas for possible code
improvements and plans for termination of the Molten Jet Model Evaluation task,

2. IFCHINPUT INFORMATION

This section presents the relevant information concerning the input variahle values for
the EJET simulations on IFCI. The differences in the input decks for specific lests
are discussed in the results section.
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Figure 1. FIET Simulation Noding Scheme

3.1 EJET-1

3.1.1 Test Parameters and Description. The initial IFCI simulation was of test
EJET-1 (the first test was named EJET-0). The second test was chosen due to the
subcooled nature of the coolant in test EJET-0. It was anticipated that problems in
the bulk boiling model in IFCI would cause a subcooled eoolant simulation to be
unsatisfactory. The coolant temperature for EJET-1 was 362K. As was mentioned
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A L3 Comparison of Melt Profile Data to IFCI Data. The results of the post-
processing data analysis are presented in Figures 2 through 7 for times (in seconds
after initial malt/water contact) of 0.08, 0.7, 1.32, 1.94, 2.56 and 3.1, respectively. After
3.1 seconds, the melt had essentially expanded to fill the entire water chamber. The
plots show the spatial location of the visible interface between the water and the
melt/steam mixture as diamond shaped points. The IFCI data are presented ay
contours of the ap, product with values of 10, 100 and, space permitting, 300 kg/m’
lnbelqg. Note that molten stoichiometric thermite has a density on the order of ~4000
kg/m~, so the contours shown in the 3.1 second simulation are, at their maximum,
approximately one order of magnitude below the vzlue representing a volume fraction
of unity.

The test data shown in the plots illustrate the initial jet spreading to twice the inlet
diameter (Figure 2). Although the IFCI data shows a similar initial spreading
characteristic, thg contours that are observed to spread represent volume fractions on
the order of 10 (Figures 3 and 4). However, any conclusions that might be drawn
irom this point must be deferred until similar plots of the steamn volume fraction are
obtained. Recall that the experimental melt profile data represent the visihle
interface between the water and the melt/steam mixture and, as such, some
judgement is necessary to properly interprer the 1FCI predictions, Certainly, some
further study of this simulation concerning steam volume fractions is in order and will
be addressed in the final report.

As is clear from looking at the plots (especially Figures 3, 4 and §5), the 1FCI data is
satisfactory in terms of predicting the leading edge penetration rate and the spreading
of the jet prior to the rapid expansion that is first observed in the plots in Figure 4.
This secondary rapid expansion of the jet, which is also observed in subcooled tests at
retatively later times, is thought to be caused by a transition into the bulk boiling
regime. (An unsuccessful attempt to model the subcooled test EJET-0 also seems to
indicate that the bulk boiling model in IFCI is not correct.)

At times around 1.3 s, the IFCI model shows bottom comact of the lowest contours of
ap,. The IFCI data appears 1o follow the leading edge of the test data closely,
elthough a comparison of the contour labeled "100" and the leading edge of the data
illustrates that the data appears to be "moving faster” than the 1FCI predictuons (see
Figures 3, 4 and 5). The test data shows bottom contact some time before t=1.9s
(Figure 5). Due to the size of the bulk boiling-associated rapid expansion of the
thermite jet, it is difficult to ohserve any pile up of melt on the tank bottom, Figure 6
shows that the 1FCI contour labeled "100" has already contacted the bottom and
considerable pile-up has occurred. It is not clear from the data, however, that the
expanded jet has reached the bottom at this time. In the judgement of the author,
based on repeated viewings of the film records of the test, the wide section of the jet
has not reached bottom and Figure 6 actually illustrates the pile up "meeting” the wide
jet at some point above the water chamber floor, Figure 7 appears to verify this claim
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although the reason for the narrowing of the flow from 1=26 s to t=31 s is
unexplainable and probably is attributable to error in the data (collecting accurate
data near the bottom of the tank at late time is difficult),

32 KET0

The basic experimental set up for the EJET-0 test is identical to that reported for
EJET-1" The primary difference is that EJET-0 was conducted with subcooled
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.

water at a temperature of 303 K. The results are similar to EJET-1 including the lack
of a eoherent jet (implying rapid fragmentaticn), the almost immediate spreading of
the jet to twice the crifice diameter and the secondary later time rapid expansion
| associated with a boiling transition. An impoitant difierence in the results (which is
| expected) is that the secondary rapid expaision occurs around 2.5 s compared to 1.3 s
for the EJET-1 test supporting the hypothesis that the threshold and transition into
the new boiling regime is water temperature driven

106



axigi Jetan

Tt vy ek g RSl oy g e TS T, Ay e e i g S e it
2.0 1 T

o Legend

8 Contour 10 ma> giphy = 36-035
Contaour 1700 =2 glnbg = 3t -02

Contour 300 ==% omhe = BF =02

_‘4'\"
e &

< I
| % aa ! q'\‘-\“‘J,‘//r/’

s 7 L ; <
‘{ ™ I / : ! T‘ \ I\ N
v i AN G |
: & ARy v,“ / ,‘ i \w e
el = ,'. T \ / / J‘v \ 3
| | T \ LA e
f 1 / ,J .l 5
I ‘f / i
g/
\ /B
! | \R /‘,qg- ]
O EJ bos \.‘ 2% Y ) E ';é‘ A ' o
r % gf‘.r\ \ . S m T3 -/
Time I T he N, 7
'j r) et it s i S NP | e . PN TSP T A._ i | Sl ".n - i ~ FESRS— Ji,, ol b i

il 13,3 0.0 0.2 .4

radial digtance

Figure 4. Predicted V5. Measured Jet Breakup (t=1.325)

An IFCI simulation was set up to model the EJET-0 test. The input deck was
identical to the EJET-1 input with the exception that the initial temperature of the
water (fluid 2) was changed to the value measured in EJET-0. The execution attempt
was unsuccessful and the program was terminated after a few time steps. The failure
of IFCI to run with the same input deck but a decrease in the water temperature also
implies that the boiling model in IFCI may be the calprit.
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4. SUMMARY AND PLANS FOR TASK TERMINATION

The computer code IFCI was used to model two tests of the penetration and breakup
of a high temperature molten material (stoichiometric thermite) into a tank of water.
The two tests were identical with the exception of the initial water temperature. The
IFCI predictions appeared to reasonably simulate the early time behavior of the jet
including the initial spreading and the rate of penetration of the leading edge. A
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Figure 6. Predicted Vs. Measured Jet Breakup (1=2.56 5)

phenomenon thought to be associated with the onset of a boiling regime transition
(possibly from subcooled to bulk boiling) was observed in the photographic records of
both tests at different times. This behavior was not observed in the IFCI data for the
initially saturated water test (EJET-1). The IFCI simulation for EJET-0, in which the
water was initially subcooled, failed at very early times due to an attempt to reduce the
time step to an unacceptable value (IFCI will automatically reduce the tme step to
ensure that numerncal errars remain below an acceptable level, or if the pressure
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Figure 7. Predicted Vs. Measured Jet Breakup (t=3.15)

iteration in the fluids solution merhod fails (0 converge).

Prior to running simulations of the remaining two tests, EJET-2 and EJET-3, three
points need to be addressed. The first concerns the choice of the molten thermite
(fluid 4) as the IFCI output variable to be plotted against the test data. The volume
fraction of the steam inside the "glowing" section of the jet is not directly obtainable
from the test data. So, whether the visible interface recorded by the digitization is, in
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fact, the houndary between the molten thermite and the water or is actually steam
determined 1emains to be seen. Performing the same data analysis for the steam
volume fraction (IFCT fluid 1) as was done ‘or the thermite is warranted for the data
taken from EJET-1. It is possible that a combination of the two fluids is required to
completely address the extent ot the jet mixture region.

Secondly, the appareni failure of 1IFCI to aduquately model the transition into buik
boiling in EJET-1 and the total breakdown of the code for the EIVFT-0 simulation
indicates that further study of the boiling mode!s in IFCI is warranted.

Finally, for the simulations attempted to date, the noding scheme has been relatively
coarse it order to assess the behavior of the model at minimum computational cost.
A significant improvement in performance may be obtained by utilizing a finer mesh
in critzcal areas of the numerical domain,

It appears that the simulation of the breakup of a high temperature malien jet in
water is adequately modeled t  IFCIL. Further assessments of the code’s performance
against other codes (such as TEXAS, PM-ALPHA and THIRMAL) would be usetul
to confirm the performance of IFCI. When the bulk boiling model in IFCT has been
corrected, the assessment of the code against the boiling jet tests wiil simply be a
matter of "fine tuning" the code in preparation for the conttnuation of the total
assessment of IFCI (Le., subsequent tasks in the Malten Fuel-Coolant Interaction
programy),




'r

B = o . e B L I L o e e e B W R i e b e .

T - e Tl e e

REFERENCES

1. Young, MF,, 1987, IFCI: An Integrated Code for Calculation of All Phases of
Fuel-Coolant  Interactions, NUREG/CR-5084, SANDS7-1048, Sandia National
Laboratories, Albuquerque, NM, September,

2. Young, M.F,, 1989, “Application of the Integrated Fuel-Coolant Interaction Code to
a FITS-Type Pouring Mode Experiment', Dynamics of Detonations and Explosions:
Explosion Phenomena, Edited by A.L. Kuhl, J.C. Leyer, A A. Borisov, and W.A.
Sirignano, Progress in Astronautics and Aeronautics, Vol. 134,

3. Marshall, BW. Jr,, and M. Berman, 1986, An Experimental Study of Isothermal
and  Boiling Liquid Jets, SANDS6-2909C, Sandia National Laberatories,
Albuquerque, NM.

4. Beck, D.F,, 1988, Melr Temperatures in Iron Oxide-Aluminum Thermites,
Memorandum to M, Berman, Sandia National Laboratories, August.



A

=
'
&
3
: ADIABATIC EQUILIBRIUM MODELS
FOR DIREC ONTAINMENT HEATING
-
'
L
& b A
a0~
J
. n
L Y
j i X ‘e
» 0
L4
L3
f
1 0
b }
‘J
A )
L4
14
i -
§ \




e e T e T P— i — i e e

The above processes will heat the containment atmosphere, often to the point at which
steam can no longer inert the combustion of hydrogen. In this analysis, preexisting hydrogen,
hydrogen in the blowdown gas, and hydrogen produced from metal/steam reactions in the
conwinment are assumed to bum slowly to the extent that oxygen is available globally.
Impulsive pressure loads due o possible hydrogen detonations are not considered.

Derivation of the single-cell model is being documented by Pilch and Allen [1990]. The
relevant results are summarized here. Thermal equilibrium between airbome debris and the
containment atmosphere,

AE
AU _ AP 2 ' (h

— . ® i

ve [ Ul y)

yields a simple bounding expressior for the DCH load. Here

AU = total internal energy pained by the containment atmosphere,

u* = initial internal energy of the entire containment atmosphere,

AP = pressure rise in the containment resulting from the DCH event,

r = initial containment pressure,

AE, = maximum energy that could be added to the containment atmosphere by
the i" process, and

y = heat capacity ratio.

The heat capacity ratio appears because at thermal equilibrium between airborme debris
and the atmospliere the debris still carries sensible heat that is not available for containment
pressurization. The heat capacity ratio is defined by

NC
L @

v

where
Ny = number of moles of debris participating in DCH,
Ce = molar heat capacity of debris,
N = number of gas moles initially in the containment,
N, = number of sas moles added to the centunment by RC'S blowdown, and
C, = molar heat capacity of the containment atmosphere.

The molar inventory of the atmosphere and the RCS can be expressed in terms of containment
and RCS initial conditions as
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RT"
NG = ShosTace 4
RuTl(‘S
where
¥ = witial pressures in the containrent and RCS, respectively,
Ny = volumes of the containment and RCS, respectively,
R, = universal gas constant, and
;i iy = init:al gas wmperatures in the containment and RCS, respectively.

The number of debris moles participating in DCH can be related to the initial numoer
of debris moles in the RCS,

N, & fof NS (8)
where
- = fracuon of melt initially in the RCS that is ejected into the reactor cavity
fae = fraction of melt ejected into the reactor cavity that is dispersed into the
containment, and
N, = moles of molten debris initially present in the RPV at the time of vessel

breach.

DCH experiments and analyses [Pilch and Tarbell, 1985] suggest that virtually all molien material
in the bottom of the RPV at the time of vessel breach is ejected into the reactor cavity (i.e., fy,,
« 1.0). Experiments in the Zion, Surry, and Watts Bar geornetries [Tutu et al., 1990; Tutu and
Ginsberg, 1990] have failed to demonstrate that any cavity design will prevent dispersal of debris
from the reactor cavity into the containment atmosphere for RCS pressures greater than about
4 MPa; consequently, f,. = 1.0. This is contrary to subjective speculation by IDCOR [1985].

Four processes contribute to containment pressurization during DCH:

l. RCS blowdown,
. exchange of debris thermal energy with the containment atmosphere,
3 chemical energy released by oxidation of metallic constituents of airborne core

material by the containment atmosphere, and
4. combustion of hydrogen in the atmosphere.
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Working expressions for these processes are discussed next.

The internal energy of the RCS is given by

Pl
o, * e =
Y

where

Y =  CJC, is th isentropic exponent of blowdown gas.
Virtually all this energy is convected into the containment during RCS blowdown.

The thermal energy contribution represents the total internal energy of airborne debris
referenced to the initial temperature of the atmosphere

AE = N‘[uJ(T_") - u,(r")l ™

where
Uy = molar internal energy of airborne debris,
T, = initial temperature of aiborne debris, and
T° = initial temperature of the containment atmosphere.

The specific internal energies are composition dependent,
UM = 32 fuu D )

where

f,, = mole fraction of i" species in the airborne debris, and
Uy, = molar internal energy of the i" species in the airborne debris.

The chemical energy term accounts for the exothermic oxidation of the metallic
components of airborne debris,

AE, = N, Y f.Ah, 9
!



where
Ah,, = molar heat of reaction of the i™ component of the debris.

Two sources of oxidant in the containment atmosphere are oxygen and steam. The debris will
preferentially oxidize with O, when available, and this 15 the more enecgetic reaction. If debris
does react with sicam, however, then hydrogen s produced that may subsequently combust with
the available oxygen; in which care, the net energy release of the cycle is the same as if the
debris burned with oxygen.

Reaction energies based on metal/steam reactions are recommended, provided the
resulting hydrogen production is explicitly accounted for in the hydrogen combustion term. Th...
facilitates comparison with experiments in which the atmosphere is inerted (no oxygen), but in
which steam is available for reaction with the metal. There may be reactor applications when
a similar situation arises. The energy contribution resulting from hydrogen combustion is given

by
AE,. = N,,Ah, (10)

where

Nia = total number of hydrogen moles in the containment atmosphere, and
Ahy, = molar heat of reaction for hydrogen combustion.

The total amount of hydrogen available tor combustion can be exy 2ssed as

Nz = JuN® * BuawesNaes * Ny (1)
where
fia = mole fraction of hydrogen initially in the containment atmosphere,
fancs = mole fraction of hydrogen in the RCS at the time of vesse! breach, and
fisrn = moles of hydrogen produced by metal/steam oxidation.

Global oxidant limitations for debris oxidation and hydrogen combustinn generally do not exist
for pressurized water reactor (PWR) containments, and they are not explicitly accounted for in
this screening model. The magnitude of these energy terms will require adjustment should
oxidant limitations arise in any other applications.

The earliest considerations of DCH [NRC, 1985] identified cavity water as a potential
mitigator of DCH. Simple encrgy arguments support cavity water as a mitigator because energy
absorbed in vaporizing water will not contribute to increased atmospheric temperature. Although
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vaporized water adds moles of steam to the containment atmosphere leading to increased
pressure, the resulting pressure rise would be considerably less than if all the energy went into
heating the atmosphere. Consequently, cavity water is a potentially midgating factor.

This simplistic energy argument does not reflect the kinetics of debris/water interactions.
Experiments [Spencer et al., 1987; Allen et al., 1991b] have shown that cavity water can enhance
debris dispersal from the cavity; however, the screening model already assumes nearly complete
dispersal from the cavity for RCS pressures greater than 4 MPa. CONTAIN calculations
[Williams et al., 1987] have indicated that efficient water interactions in the cavity can increase
the peak pressure by as much as 20 percent compared to a dry scenario for a wide range of water
masses (100 MT). Only modest increases in peak pressure and hydrogen production [Spencer
et al., 1987; Henry et al,, 1991; Allen et al., 1991b] have been observed in experiments. The
latter already is accounted for fully in the equilibrium models. Analyses of these expenment
results suggest that only a small fraction of the available water participates in the interactions.
This conclusion is supported by other experiment observations [Tarbeli et al, 1991] where violent
debris/water interactions in the cavity expel the bulk of the water from the cavity as a slug. For
these reasons, the neglect of cavity water in the screening model is judged o have minimal
impact on predicted results,

2.0 Two-Cell Adiabatic Equilibrium Model

The two-ceil adiabatic equilibriurit model extends the previous results in order to capture
part of the mitigating effects assnciated with containment compartmentalization, which prevents
the efficient mixing of airborne debris vith the entire atimosphere by confining the bulk of the
debris to the subcompartment of the containment.  Thermal equilibrium between debris and gas
in the subcompartment retains more erergy in the debns as unavailable for add:tional heating of
the atmosphere. This effect is termed thermal saturation. Conceptual development of the maodel
follows, as it has not been documented elsewhere.

The containment is divided into two volumes: upper dome and subcompartment. For
a PWR, the subcompartment typically comprises the reuctor cavity and the region generally
located beneath the operating floor, bounded by the crane wall and the refueling canal wall. The
upper dome comprises the remainder of the containment. Debris can be dispersed from a PWR
cavity through two possible flow paths. The first flow path exists so that incore instrument guide
tubes can have access to the lower head of the reactor pressure vessel, Debris dispersal through
this path will enter the containment subcompartment.

A second path for debris dispersal is through an annular gap surrounding the reactor
pressure vessel. Debris dispersed through this path enters the upper dome of the containment,
The annular gap usually is filled partially with reflective insulation. The insulation 1s mostly
void with layers of metal foil retained by thin sheet metal. The fate of the insulation under
severe accident conditions is a matter of speculation. Some researchers argue that the insulation
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will crumple up and restrict the flow path, while others argue that the insulation will be blown
out of the way or compressed against the RPV, thus presenting the maximum flow area for debris
dispersal. The analysis presented here allows for the possibility that both flow paths can exist.

The premise of the two-cell model 1s that DCH occurs independently in the
subcompartment and the upper dome. The total energy imparted to the atmosphere is the sum
of the subcompartrent and upper dome contributions,

z AEU Z AEL: 12
AU = AU, + AU, = = 5 )
* ¥ v,

50 that the resulting pressure rise is given by

AU _ AP LA, LA (13

= *

U Pt U v ) UM ey

where

ViV, = heat capacity ratc for the subcompartment and upper dome
respectively, and
AE, ; AE,, = maximum contribution of the i process in the subcompartment and
the upper dome respectively.

On a containment-wiae basis, W is usually a second order effect; but the lacal heat
capacity ratio, y,, could be very significant in the lower contrinment regions. Consequently,
thermal saturation of a subcompartment has the potential to mitigate sigificantly containment
loads. The local heat capacity ratios are defined by

ILNL
v, = .._..._.._’_’f.i_..._ (14
V\ 'N“ - ntN:y"r
(1 - f,N
v, = SN (15)

a1 - £,N + (- 1N,
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where

fy, = fraction of the total containment volume occupied by the subcompartment, and
f,, = fraction of the total flow area from the reactor cavity that communicates with
the subcompartment,

The assumption here is that the debris and blowdown gas enter each cell in the same fractions
as the flow areas. The HIPS-8C experiment [Pilch et al , 1988] lends partial :redibility to this
assumption

Consider the contribution of RCS vlowdown to the atmosphere energy. The total is the
sum of the individual contributions for each cell
AU, = JAE, | O - [)AE, , (16)
Ly Lo+,

which, after some rearrangement, can be written as

AU, = 1, 22 (a7)
1 =y
where the efficiency is given by
1+ vy 1 + vy
n = 1. + (1 =-1) . (18)
b ' T« v, e v

The thermal and chemical energy contribution can be developed in a simila. fashion since debris
is also apportioned between the cells according to the flow areas. The resuits are

AU, = 7, : (19
1 »y

A(J" = n' AE’ (20)
I+ vy

where 1,=n=n, are identical because all terms are flow-area weighted.

The contribution due to hydrogen combustion requires a little more care because
preexisting hydrogen is apportioned between the cells by volume fractions, while hydrogen
carried with the blowdown gas or formed by metal oxidation is apportioned by flow aiea
fractions. The contribution due to hydrogen combustion is given by



AU, = My,

where

FofulN°® + fu(fmx.fN:CS + N ;,..) 1 +y

2n

M

SuN® * fnnesNacs * Ny L+,

(U= SN (1 = flfncdVics + Ny

(22)

JuN® + fnucsN;('s * Ny

.’m)l*v‘
| «

v,

In this formulation, it is 2assumed that sufficient oxygen exists to burn all hydrogen. Globally this
may be true, but the assumption is suspect in the subcompartment. The more bounding result
is favo.ed for screening models. However, H, located in the subcompartment conld be displaced

into the upper dome where it could still burn
The total containment response now can be written as
3 NAE,
AU _ AP 9

Ur Pc U0+

or alternatively as

AU_AP’n AP
ur P T|'Pe|1-cell

where the efficiency due to containment compartmentalization

average of the individual process efficiencies
3 nAE,

;

bl x

!

(2%)

(24)

given by the energy-weighted

(25)



3.0 Comparison With Expeniment Data

The LFP experiments [Allen et al., 1991a] provide useful data for assessing the utihity of
the adiabatic equilibrium models. In the LFP tests, the Surtsey vessel was divided into upper and
lower compartments by a concrete slab placed in the path of dispersing debris. The relative size
of the subcompartment was varied by positioning tie concrete slab at various heights above the
cavity exit. Large flow paths permitted easy gas flow between the cells. Virtually no debris was
found above the slab, however, the annular gap around the RPV was not simulated in these
experiments so that f,, = 1. Furthermore, the contzinment atmosphere was inerted in these
experiments, so the DCH contribution due to hydrogen combustion was eliminated. The tests
employed a 1:10 linearly scaled reactor cavity representative of tie Zion nuclear power plant.

Although the LFP tests simulate containment compartmentalization, they do not simulate
any of the complex structures or equipment located in typical reactor subcompartments. Twa
additional tests, which provided detailed simulation of the Zion subcompartment structures, are
added to the LFP data for model assessment. The first, SNLAET-1 [Allen et al.,, 1991c¢]
nominally represented a 1:10 linearly scaled mockup of the Zion containment; while the second,
FAI/DCH-4 [Henry et al., 1991] nominally represeated a 1:20 linearly scaled mockup of the same
NPP. The containment atmosphere was inerted in both these tests, and the annular gap around
the RPV was not simulated.

Figure 1 provides an assessment of the 1-cell equilibrium model. The axes represent the
piessure increment (AP) normalized by the initial containment pressure (P"). Figure 1 shows no
correlation of the 1-cell model with the experiment data. Predicted pressure increments all
exceed measured values, thus supporting the bounding nature of the !-cell equilibrium model.
Unfortunately, predicted values can exceed measired values by nearly an order ot magnitude.
Ma.gins this large are likely to be of limited utility in most reactor analyses.

Figure 2 provides an assessment of the 2-cell equilibrium model. Experiment results are
normalized by the pressure increment predicted by the 1-cell equilibrium model. In this manner,
comparisons can be made on an efficiency basis. The lowest efficiencies typically uecur for the
smallest subcompartment volumes. For these cases, the 1-cell model overpredicts the pressure
rise by nearly an order of magnitude. [n comparison, the 2-cell model predicts pressures tnat
exceed measured values by approximately a factor of 2, regardless of the degree of
comparumentalization. Th. i, the 2-cell model is favored strongly over the |-cell model as a
screening model.

Temptations to renormalize (tune) the two-cell model by this factor of 2 with the
experiment data should be resisted for two reasons. First, the margin berween model predictions
and experiment data might be explained by kinetic arguments that pit heat and mass transfer rates
against trapping rates. These kinetic arguments are potentially scale-dependent, resulting in a
smaller margin at reactor scale.
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The second reason for caution is that the two-cell model may nou be a rigorous bound to
the DCH load in compartmentalized geometries. Although most model assumptions are selected
to favor a bounding result, subtle kinetic a1 guments preclude such a strong assertion at this time.
More complex integral effects experiments (which include the potential for hydrogen combustion)
or numerical experiments using the CONTAIN code could lend more weight to the bounding
nature of the 2-cell equilibrium maodel.

The apparent correlation shown in Figure 2 between the 2-cell model predictions and
experiment measurements has important implications. The LFP tests [Allen et al, 1991a)
employed only the crudest representation of containment compartmentalization, while the
SNLJIET-1 test and the FALDCH-4 tests employed accurate and complex representations of the
Zion subcompartment geometry. Yet all the tests apparently are correlated by the simple control
volume representation inherent in the 2-cell model. This suggesis that the plant specific details
of subcompartment geometry are at most a second-order effect and that the dominate mitigating
effect on debris/gas heat transfer is thermal saturation of the subcompartment atmosphere. Thus,
DCH mitigation in compartmentalized geometries is predominantly a volume effect.

4.0 Reactor Analyses

The 2-cell equilibrium model is not intended to replace CONTAIN as the state-of-the-an
best estimate tool for calculating DCH loads; however, the 2-cell model could be useful in PRA
screening studies aimed at bounding the potential significance of DCH in a variety of reactor
plants. This is illustrated with an application to the Zion reactor where typical initial conditions
for a $2D accident (pump seal LOCA initiated by a station blackout) are given by Py =6 MPa,
Mae=53 tonnes, and P'=0.2 MPa with 4% preexisting hydrogen. Table | summarizes the results
for two cases; one with hydrogen combustion and one without hydrogen combustion. Clearly,
the potential combustion of hydrogen is a dominant contributor to the DCH load, and the 2-cell
model treats hydrogen in a very bounding fashion (i.e., complete oxidation of the metallic
component of dispersed debris and complete combustion of all hydrogen). Nonetheless, the
probability of containment failure is reduced to nearly zero based on predictions of the 2-ccll
model; by comparison, the 1-ceil model suggests that failure s virtually assured.

- Table 1 I—T

Peak Containment Pressure (MPa)

for Zion Predicted by the Equilibrium Models
s

Mode! Ziun-S2D Zion-S2D Conditional Probability
Without H; Combustion | H, Combustion | of Containment Failure

1-Cell Model 0.65 RE 0.85
2-Cell Model 0.43 ’ 0.78 0.04 Jl
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Simple DCH models could play an important role in bridging the gap between the
complexity of phenomenological codes such as CONTAIN and the reqairements of PRA
anaiyses. PRA analyses of DCH are served better by a computationally efficient tool that returns
j<ak containment pressure as a function of PRA -supplied initizl conditions at the time of vessel
breach. Best estimate computer codes are far too computationally burdensome to serve the need
directly; however, a response surface fitted to computer generated data could serve as a Jurrcgate
for the phenomenological code in the PRA unalyses. If phenomenological uncertainties exist,
then the response surface can be sampled in a Monte-Carlo fashion to quantify the total
uncertainty in peak containment pressure.

Response surface techniques have been applied successfully in other areas of NRU
research (e.g., NRC, 1989), but they have not been applied to the DCH probl- . One potential
shortcoming of the technique is the difficulty in finding a suitable response surface that is
applicable over the entire range of important parameters.  Although not quantitativery accurate,
simple phenomenologically based models, such as the 2-ccll model or perhaps a 2-cell madel
with simple kinetic enhancements, can capture the major parameter sensitivities while preserving
known phenomenological limits. The simple models can then be used as a sced for a more
accurate response surface by fitting a candidate function to computer generated data that has been
normalized by predic.ions of the simple model. In this manner, simple DCH models can be used
to help bridge the gap between best estimate codes and PRA analyses by increasing the
likelthood of finding a suitable response surface.

50 SUMMARY

Results of the 2-cell adiabatc equilibrium madel clearly demonstrate that the inherent
compartmentalization of reactor containments is a dominant mitigating factor for debris/gas heat
transfer. DCH mitigation in compantmentalized geometries is predominantly a volume effect.
Although viewed primarily as a bounding model, ths 2-cell model could be a useful tool for PRA
screening studies because it provides some discrimination as to the vulnerability of some plants
to possible DCH loads. The model is computationally simple, and it has the potential to serve
as a seed for a more complex phenomenologically based response surface describing DCH
containmznt loads.
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RESULTS OF RECENT NUPEC HYDROGEN RELATED TESTS

K. Takutni and A Nonaka, Nuclear Power Engineering Center
K. Moriya, Mitachl, Lid
Ji Ogata, Mitsubishi Heavy [nudustries, Ltd

ABS TRAC

NUPEC has started NUPEC Containment Integrity project
entitled "Proving Test on the Reliability for Reacdtor
Contalinment Vessel  since June, 1687 This is the
project for the term of eleven years asponsored by
MITI (Ministry of International Trade and Industry,
Japanese Governmént). Based on the test results,
compyter codes are verified and as t1he results of
analyiis and evalutation by the computer ocodes,
containment integrity is to be contrmed.

This paper indicates the results of hydrogen mixing
and distribution test and hydrogen burning test,

The NUPEC tes's conducted s0 far suggest that hydro-
gen will be well mixed in  the mode! <contajnment
vessel and the prediction by the computer code is in
excellent agreement with the data.

The NUPEC hydrogen burnin, test data is in qood
apgreement with the FIT8 datu at SNL that were ob-
tained at the |Gwer hydrogen concentration conditien,
New data bases have been added in the higher hydrogen
concentration by the NUPEC data

1. INTRODUCT 1ON

A reactor containment vessel is important because [t can hold
radioactive materials when an accident occurs Under present
establishment permit, it is able to maintain integri*y regard-
ing internal pressure, temperature. flammable gas (hydrogen),
ete.,  on the accident. In addition it is able to maintain
integrity even when a |arge amount of hydrogen gas 1|8 pro-
duced,

On the accident in the Soviet Union which occurred in April
1986, however, it was reported that a reactor contatument
vessel of sufficient performance had not been installed in
that nuclear plant In Japan, as a result, there occurred a
fear among population, especially people living nearby nuclear
power plants, that contalnment vessels used in Japan nuclear
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reactors might not be sufficlent neceasarily.

Therefore, it |la necessary to prove the integrity of reactor
containment vessels and 1o calm the fear of population on the
promot lon of nuclear powar gereratjon

In order 1o confirm the integrity of contajnment vessels under
conditions which are assumed when a large amount of hydrogen
is produced, hydrogen mixing and distiibution test, and hydro
gen burning test are conducted.

The hvdrogen mixing and distribution tests are to investigate
their Bbehaviors in the containment vessel with multiple com-
partments representing a typical large dry containment of »
PWR, The 1test vessel has a volume of 1,600m that 18 a .t
I /4th scale of an actuml PWR containment vessel. Compartnent
number 25 in the test vessel is the same as that of actual
plants, Hellum g, is used for this test instead af hydrogen
to avold unexpected explosion,

Hydrogen burning tests are conducted at NUPEC with the objec-
tives to investigate hydrogen burning phenomena Iinoluding
mitigation effect of steam, sapray, and nitrogen (nserting in a
containment ve<sel and *o conflem containment intearity
againgt hydrogea burning, The Hhydrogen burning tests are
tonducted by wusing a small scale cylindrical vessel with Saf
and a large scale spherical vessel with 2700l In the small
scale test, the effects of gases have been [nvestigated in
detail prior to the large scale test.

? Mydrogen Mixing and Distribution Test
2.1 TEST FAEBLIYY AND TEST CONDITIONS

The objective o1 this test is to investigate hydrogen distri-
bution and mixing behavior In the containmen®* with large
volume and many compartments for the case of t:r. relatively
large amount of hydrogen production. Figure 1 and 2 show flow
chart and test facility of hydrogen mixing and distribution
test, The diameter and height of the test vessel are 10m and
20m respectively. Compartment number 25 in the test vessel s
the same as that of actual plants, Figure 3 shows model com-
partment arrangement.

Having similar characteristic to hydroagen, helium Is used for
this test instead of hydrogen in order to aveoid unexpected
explosion. Fauivalent hydrogen concentration in this test 1is
less than 18%  The test facility has gas three supply systems
that are helium supply system, cooling water supply system and
steam supply system for simulating the burst of piping And
blow down:. Table 1| shows PWR mixing and distribution tg t
conditions. For BWR only analysis is performed.
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2.2 TEST RESULTS

Hydrogen mixing and distribution test was performed at Tadotsu
Engineering Laboratory of NUPEC from 1989 to 1980, And addi-
tional test will be performed from 1981 to 1892

Main test items are effect of natural circulation with helium
injection, effect of density difference between helium and
air, effect of steam injection, effect of spray water, etc.

Tatile 1 PWR Mixing and Distributton Test Conditions
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The Nndings from these recalibrn. an tests 1Y confirmed carlier speculations uggestions by the
computer code upplicants that the PHDR-supplied steam muss flow was indeed too high. This
is shown in Fig. 4 which compares the incorrect with the correct external stenm muss Nows
indicating » substantial difference between both of them. Vuarious meuwsurement infor stions

und verification procedures were used to confirm the corrected steam mass flow, do ails of
which are described in 1),

2. COMPARISON BETWEEN THE EXPERIMENTAL RESULTS OF E11.2 AND
Ell4

Figs. & through 10 present pairwise some major experimental results for pressures (Fig 8,
temperatures (Fig. 6), steum concentrations (Fig. 7. gus concentrations (g 80, velocities ut the
3 m position (Fig. 9 and temperatures in the annular gap between contalnment steel shell und
secondary concrete shell (Fig. 10),

In order to comprehend the transient histories of the different quantities under consideration,
Fig. 2 should be consulted to refer to the vartous experimental subphases. A detailed account for
112 was given in (7,

A piirwise cross-comparison of the figures reveals umong some similurities in the contalnment
response, gross differences in the stratification and gas concentration distribution patterns,
largely due to the axially differing break and release posiiion (E11.2: high: E11.4: low),

As shown in Fig. § in both experiments, u maximum pressure of around 2 bar is reached at the
end of the respective heatup periods us indicated in Fig, 2.

The different axial break release positions lead to substuntially different stratification patterns
in hath experiments as demonstrated in Fig. 6. Whereas for E11.2, u steep temperature gradient
exists between the lower and npper parts of the contalnment, which cannot be equalized even
by an additional steam release from the containment lower part, L1104 Is characterized by an
almost homogeneous containment atmosphere except ut positions below the hreak release
posttion. These differences have u major impact upon all other quantities as shown in the
following figures.

The differences in the thermal stratification translate further into substantinl differences in the
steam concentration behavior as shown in Fig. 7. Again, for B11.2 the axial steam
concentrations differs, about 100 vol % between top and bottom regions of the contuinment
whereas E11L4 shows close to homogencous steam concentration throughout the whole
containment (handwidth about 10 vol %) with the exception of the lowest containment part,

As o result of thermal and steam concentration gradients as well as the differences in impacts
by e accident mitigation management measures, such as external steam shell spraving, gas
concentration histories for E11.2 und Li1L4 show o totally different behavior. Whereas for
E11.2, the gas concentrution histories show extremely sensible responses as result of the various
experimental subphuses, such us steam addition, external spray, E11L4 is charucterized by w
neariy homogeneously distributed gas mixture throughout the whole extent of containment und
over the total test time. Clearly, for £11.2 the steam " puff” from the lower part and especially
the external dome steel shell spray have a dramatic effect upon the redistribution of the gas

(He'H,) whereas nothing similar can be observed during F11.4. As o result, close to the end of

the test time, just prior to venting, a substamic . gas concentration gradient remains for E11.2,
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All of the purticipating institutions received the sume set of input data information and
additional supplements as the exaluation process of the most important experimedtal inittal: and
boundary conditions evolved, However, no actual date of 112 or E1L4 charactenizing the
contuinment atmosphere were released prior to the sume deadline of both PHDR-exercises. |he
computational results had to be provided in the PHDR-Standard Format for a large number of
measurement positions for many different physical quantities.

After the deadline of both exercises, experiment 1L, was selected as the open post-test,
OLCDAOSNT International Standard Problem No. 29 4, 8, now in progress with a deadline of
Junuary 1992, At the kickof! meeting of ISP 29 4 the experimental data of E11.2 were mude
publicly available and the institutions purticipating (n the blind posttest PHDR- Benchmurk
Exercise on E11.2 received all of the experimental duts on mugnetic tape Tor thelr own use. In
nddition, each institution received a set of hurd copy plots comparing data with the individual
prediction. Both, magnetic tape dats and comparison plots enibled the individual institutions to

prepare presentations and reasonings at toe internationsl workshop of the PHDR. Benchmark
Exercise 8.

In view of the fact that ISP 29 s specified us an open standard problem, potential participants
in ISP 29 were allowed to attend the workshop on 112 to optimize information transfer and
minimize misconcep Hons,

The E11L 2-participants unanimounshy decided during the workshop to publish the comparisons

between data and predictions, provided, no quantitative reference is made to individual code
results,

[n the following, this paper strictly adheres to that decsion,
4. COMPARISONS BETWEEN DATA AND CODE PREDICTIONS

In arder to more ensily comprehend the differences in the experimental results between 11,2
and E11.4 us well as the differences betwecn predictions and data, the results for some mujor

physicul quantities are shown pairwise for the came positions in the contuinment in Figs. 11
through 15

T'he following discussion is ideally supplemented by the experimental background outlined in
Chap. A,

Fig. 11 provides an overview of both the experimental pressure histories as well as of the
compurisons with the code predictions. To evervhody's surprise, the participating institutions
overpredicted the experimental data by up to a tactor of 4. This type of discrepancy in one of
the controlling experimental parumeters has never happened belore in HDR-reluted exercises
and resulted in speculations and controsersies with respect to the rellability and guality of the
experimental duta as well as the input dats for the computations provided by PHDR.

A quantitative comparison between the left and right parts of big. 11 reveals that the
overpredictions are more severe for E114 than FIL2. Furthermore, the rvoute tor
overpredictions already starts in the early phases of the expecimental long-term heatup phase
for £11.2 and despite some substantial underpredictions (too high encrgy transter into structore)
by most codes during the early stage. Surprisingly lsrge are not only the deviations of the codes
tone noticeable exception for £11.2) compared to the data but also the differences among the
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code predictions for both F11.2 und L1114 This suggests qualitatively that not only one single
root-cause is respasible for all of the differences shown but that combinations of different
fuctors prevail for every individual code prediction.

Resides of the overpredictions, it is also of interest 1o look at the details of the predictive quality
for the individual experimental phuses outlined in Fig. 2. Concerning 111.2 and L1114 the
following observations can be made, including wlso the compurisons with the dome temperuture
us depicted in Fig. 12

El11.3:
The individual experimental phases: steam into RI808, overlapping steam and gas
irjections into RI80S, steam into R1408 (low contalnment position) are predicted quite
well us the detuiled histories of computed pressare and temperature indicate.
As the comparisons among the codes indicate many codes overemphasize the effects
upon the pressure histories.
The agreements are much better for the dome temperature both with respect to the
ubsolute value as well us the details of the temperature histories.
The subsequent experimental phase of natural cooldown after steam injection into R1408
hus been predicted quite well by some of the codes; however, there are also grave
discrepancies noticeable for at least half of the code results, predicting yvet another
pressurization with more or less steep pressurization gradient whereas in reality, the
pressure curve shows a slight decline - us expected. Interestingly enough, the predicted
temperatures do not show this peculiar behavior.
The predictive quality for the subsequent phuse of external steel dome spraving is
difficult to qualify; all codes depressurize from more oo less pronounced pressure pesks;
some codes show good agreement with the temporal pressure history,
The agreements with the measured temperature (Fig. 130 s much better.
The following experimental phases of natural cooldown s prodicted g <te well by all
“odes both with respect of containment pressure as well as temperature; in fact it is
surprising to see all codes to converge closels towards the data once they had
“ventured” far out.

A4

# of the uforementined observations also hold for the prediction for this experiment.

.owWever

. The deviations in predicted levels of pressures and temperatures compared with the data
are much more pronounced; on the other hend, the predictive quality for the individual
experimental phases und their details is seemingly better, although again in some cises
striking differences in gradients are recognizable,
Large differences prevail ut the end of the finsl natural cooldown period in contrast to
the abservation made for £11.2.

From the sum of the observations listed above the following mujor conclusions can be drawe
All codes put too much energy into the containment atmosphere (one exception for
B2 205 the amount differing among the participants.

. This effect is even more pronounced for E11.4 thar E11.2,
Some grave discrepancies and inconsistencies exist in the details.
Some very good agreements exists in the predicted details, especially for £11.4,

Natueally, as it is known by now, all of the participating codes where equally affected by
foremost:
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the incorrect externul steam muss Now specified as input und
the ommission by PHDR to specify the heat sink by the cooling lines 1o the sensors as
one of the important input data.

However, as indicated by the wide spread of computational results, there must be additional
sources for the differences among the code results as well as the code specific deviation from the
experimental duts curve,

Fig. 13 shows the comparisons between data and predictions for the transient gas distributions
in the dome for E11.2 and E11.4. As is apparent from both figures gas distribution histories
develop quite differently in both experiments mainly because of the difYerent positions of break,
steam and gas Injections (high for E1L2, low for E10L4). This strongly affects heatup,
stratification and gas distribution as already discussed in Chap. 2.

The code predictions show for

£11.2:

a Selected nodalizations, models and codes are unable to predict the high gas
concentration buildup us a result of the mitigative measure of external spray. Just to the
contrary; besides of too low predicted concentration levels at the beginning of gas
injection, the predicted gas concentrations sharply decrease, thereby showing just the
opposite behavior than the experiment. When final peak concentrations are reached in
the data, code results indicate minimom gas concentration. When  meusured
concentration decreases, one the condensation potentisl at the dome shell ceased,
predicted concentrations increase.

b) The differences among the codes’ predictions are seemingly smaller than for the other
quantities.
¢ All codes underpredict the gas concentration st the end of the experiment.

These results are the more surprising considering the qualitative agreement in the dome
temperarure al the same position «compare Fig, 3 left), because of this as well as the fuct that
the external spray and low steam injection periods are much later than the heatup period, when
the effect of the omitted heat sink is much less (compare Fig. 9 left), the heat sink issue cannot
solely be made responsible for the desviations observed, rather other fuctors contribute also,

El1.4:

) The differences between data and code predictions are seemingly smaller compared t
E11.2.

b The differences among the codes’ results are about the same as those observed for E11.2,

¢) Some pronounced deviations are noticeable for the external spray period,

d) For E11L.4 the external spray does not result in such a dramatic gas concentration

buildup as in E11.2: however, some codes predict more or less pronounced increases,
while they did not for E11.2, when they should,
¢l For the most part, all codes underpredict the gas concentration.

The somewhat improved tendency concerning agreement for most of the experimental time span
I the more surprising in view of the dramatic and substantinl differences in pressure and
femperature, the latter at the same position.

I B e R R R R R R R R R R RRRT TR,



2 T B R R R - R N— T ————— ———

sSome of the peculiaritics noted above cun be explained in terms of the temperatures and gaos
concentrations ot 12 m for 112 and E1'.4 as shown dn Figs. 14 and 15 respectively. The
following findings evolve from these fgures:

I
1§

Vi)
LY

9
11
Ell 4
1

2)

4)

Comparicg the experimental dats curves beoween Figs. 12 and 14 (eft), it is obvious that
the containment atmosphere Is clearly stratified, with the tewaperature ut that position
burely increasing despite the substantinl < sergy input into the containment 10 m higher
up (compare Chapt. 2, 1ig. 61,

It is only duriug the steam injection peciod from the lower part that the tempernture
increases and decreases aflerwards.

None of the codes predicted the stratification ut this position,

Most prodicted the temperature increase due to passiog steam correctly; but one code
even predicted o temperature decrease.

By comparing the oredictions shown in Figs. (2 and 14 it is uppurent that the codes
predict nearly homogeneons temperatures between 40 m and 12 m.

The same can be sald concerning the gas concentration shown in Fig, 18 deft). All codes
more or less oves predict the gas concentration increase which is ruther benign in the
measurement,

Espectully the injection perfod is substantinlly overpiedicted by dramatic spikes when in
reality the concentration is barely measurable. This indicates the drawbacks of lumped
purameter codes and too coarse nodalization in this region of the containment, among
other things.

With so much gas transported and distributed into the lower parts of the containment
by the predictions, it is certainly difficult for the codes to calcuinte concentintion
increases at higher positions (40 m, compare Fig. 13 due to external spray and lower
steam injection.

Some of these peculiarities were aiready noted during the 1318 exercise but obviously
did not enter the model considerations for E11,

Reasons  for the computed homogenization could  be  nodalization, uncealistic
recirculations, artificial mixing et

Experimentally, the contsinment atmosphere s not steatified but close 1o perfectly
homogencous, because of the low position of the injection port (compare Chapt, 20
Qualitatively the codes predict this corvectly (compare Figs. 3 und £ right) albeit with
the already mentioned deviations between duta and predictions as well as among
predictions,

Because of the homogencous atmosphere, the agreements for the gas concentration
between data und predictions ars omewhat better than thoe  bserved for E11.2 and of
about the same gquality as already discussed for the position. 0 m.

As before, some codes overpredict the external spray effect to o same extent as for the
40 m position.

In general, it is obvious that experiment E11L4 is much better suited than E11.2 for code success
because of its homogeneous features.

As discussed during the workshop 8 and schemautically shown in Figs. 16 and 17 other possible
sources of uncertainties introduced directly or indirectly into the PHDR input duta specifications
affecting more or less the codes’ results ure.



leaks develsping ut the interfuces between cteel shell und hatches ete. under hot,
pressurized long-term conditions: however an additionnl leak test at HDR (cold) proved
that the HDR-containment is leuk-tight for the condition of the leak test

errors in the experimental determination of mass flow rates, which unfortunately for the
exercises proved to be true

additional, unspecified fraction of inside steel shell expe od 1o direct stenm access, eg.
additional condensation, because of past deterioration of insulation muterial between
concrete and steel due to higa level shuker experiments simulating earthguike
excitations

unknown water ingress into porous concrete structures because of deteriorated wall
plaster and paint peeled off because of thermal, blasting, and jet impact by previous
HDR-experiments of different kinds in the pust

devintions of the thermal physical properties of the conerete structures compired to the
specified input data because of anisotropic rebar distributions in ditferent parts of the
HDR-structures

errors uncertainties in specifying the purging of the annular gap

RPY insulation

With the help of the recalibration tests und o course specification of the additional cooling lines
heat sinks, the primury causes for most of the differences between data = code predictions
have been resolved by now. However, the differences among the code predictions can only be
explained by additional sources of uncertainties which have been introduced by the code user
into the model and or are inherently embedded in the computer codes themselves by virtue of
ussumptions, physical models, corvelations und numerical methods,

During the workshop 8 the following list of potentin! contributors for the deviations was
assembled, which is also presented in Fig, 17 in o more condensed format:

negiect of energy transfer across the steel shell into and across the annular gap by
specifving isothermal or adiabutic boundury conditions

too comrse nodadization schemes not representative of the real Now

the course nodalization schemes wt the release levels chosen from past experience
simulating LOCA processes but not suitable for following plume - like behavior of light
guses injected into u post-accident containment atmosphere

too low energy transfer rates into internal structures, resulting in 100 high energies
remaining in the containment atmosphery for pressire built-up

present deficiencies in simulating counter-current flow phenomeni through vents in the
context of lumpea parameter codes and the busis of uvailable correlations

artificial mixing induced by the lumped-parameter method

too much mining and resultant homogenization introduced by wrong nodalization
schemes

not fully tested, patched on inclusion of gravity terms into typical LOCA-containment
codes

user ervors introduced in collupsing the 72.room PHDR data files into computational
models with lower numbers of control velumes (o decrease computational expenditure
wrong assumptions for specifying vent flow coefMicients

errors introduced in modelling internal structure.

This list is not necessarily complete s more insights will evolve through the 1NP 29 and other,

additionil open post-test computations, such us the one with the GOTHIC-Code (16, 17
discussed in the following chapter.
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£ OPEN GOTHIC-CODE ANALYSES OF K112 AND KLL4
£1  GENERAL FATHOMS AND GOTHIC FEATURES

FATHOMS, developed by SAL USA & o extensicr of the well-known code COBRANC, is 0
state-of - the-urt computer program used transient thermal hydrnulic analyses of multiphise
systems in comples geometries. It solves e consermation eguations for mass, momentum, and
energy for multicomponent, twosphase Oow. FATHOMS 5 0 FORTRAN code that cmn be
operated on computers ranging from PO and loweend workstations 1o mainframes and
supercomputers,

CAPP Is w completely graphics and menu driven pre postprocessor for setting up the input for
FATHOMS, running the culculutions, and selecting and obtaining graphical output from the
analysis. It allows for fust, Nexible creation and modification of computationsl models, while
greatly reducing the possibility of errors in the input.

The Nnite volume sppronch wsed in TATHOMS allows modeling in one, two, ar three
dimensions as well as lumped parumeter modeling. Combining lumped parameter noding with
multidimensional noding within o siogle problem s permitted using FATHOMS' versa
noding approgch. FATHOMS models the interdependent behasior of three sepurate Now fiekds
(K-equation mode!)

Continvous liguid
. Steam and noncondensable gus mixture
Liguid droplets

Concentrations of up o vight noncondensable guses ure tracked. T ATHOMS soives for the
temperature distribution in solid conductors and has models for Auid to solid and interfacial
heut trunsfer thut cover the entive runge of Now reglons,

More recently, FATHOMS has been further expunded into a full Y-equation model (3 Auids)
completely accounting for a fully separated drop model. Under EPRI sponsorship now it has
been renamed to GOTHIC 16, 17, A nuclesr plant utility working group, consisting of 20
mostly American utilities, has been ussembled with the objective to upnly for and obtain o NRC.
license for GOTHIC for containment LOC A analyses, equipment guatifications urd the like
These efforts involve diverse applications of GOTHIC to renl plant applications, as well as
stringent guality assurance programs concerning the code including a vast diversity of verifying
computations covering all known containment experiments.

§2  FATHOMS GOTHIC MODEL OF THE FEI1L2 AND ElL4 HDR-
EXPERIMENTS

In designing the FATHOMS GOTHIC computationnl model for the E11.2 and E11.4
experiments the following considerations were kept in mind

in To keep model development costs down, & single model should he used for both
experiments with about the sume degree of accuracy without the need for reroning

(21 Boecause of the axial differences in major release positions for 1112 und 114, sufficient
detail had to be factored into the model al both release levels
(N From the outset it was cear thut the annalar gap plavs an important role in the energy
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transfer path; therefore additionsl attention was paid to model it property by also
accounting for possible asymmetries in the containment Now paths, g staircase und
spiral staircase, Lo account for this, considerations were given not only to the axiul
extent of the gap, but wlso to its azimuthal noding.

4 From the TALE exercise it was known that the lurge dome space may affect the gas
concentraticn markedly and that gus concentration gradients may develop over its
appreciable height. In addition, becuuse the mitigative feature of the external spray was
to be examined during both experiments, the impact of which upon the containment
internal atmosphere was not known a priori, it was decided to use a true two-
dimensional model for the dome region coupled to the lumped-parameter representation
of the rest of the HDR-containment.

(81 Because 24 h (E11.2) and 84 h (L1140 problem tmes had to be covered for the very
complex HDR-multicompartment geometrs, a compromise had to be made between
computationsl expenditure and sclentific curtosity.

The final features of the FATHOM Cmodel accounting for the considerations given shove are
listed in Figs. 18 and 19, Accordingly, the model contained (he following major features:

41 lnmped-parameter nodes for the inside of the containment below the dome space

, 6 truly two-dimensional subspaces for the dome

. 9 lum ped-parameter nodes for the outside anoular gup with one node covering the upper
dome, two times four nodes representing staircase and s iral staircase sides, respectively
97 Now path junctions inside the containment
10 Now path junctions in the annular gap

. £4 heat structures representing concrete walls inside the containment
47 heat structures representing metallic structures inside the containment
. a3 heat structures representing the steel shell, which shows thet special attention was

paid to this energy transfer puth right from the cotset.

Because from previous experiments it was known that the Uchida-correiation may somew hat
underpredict heat transfer during long-term heatup, it was amplified by o fuctor of three.

The steel shell was simulated as a plate heated cooled from both sides. Special care was given
to simulate the external spray.

To account for deteriorated insulation between concrete and steel shell, it was assumed that the
steel shell comes in contact with the steam also st these Ications, On the other hand, the
associated concrete structures were only modeled as onessided heat condoctors.

With the model features listed above, the following computution times were achieved on the
workstation APOLLO DN 100060:

. Test E11.2, problem time: 24 h, computation time: 4.2 h
Test E11.4, problem time: 84 h, computation time: 21.6 h

The same model as described above has been used for the open GOTHIC predictions with some
readjustments as noted below.



53 COMPARISONS BETWEEN DATA, BLIND FATHGMS AND OPEN GOTHIC
PREDICTIONS

The following chiunges were introduced for the open post-test predictions by GOTHIC Vers, 1.4
for rerunning K11.2

i Correct external steam mass Now for hestup us shown in Fig 4
; Heat sink capability by cooling lines

X Containment steel shell modeling nccording the PHDR specification accounting for
concrete und insulation

4. Heat transfer to  internal structures  sccording  to the  Uchida-correlation  (no
amplification)

8 Heat transfer coefficient from steel shell to annular gep, h = § Wm' K

6. No uir exchange in annular gap

T chunges made for the E11L4 open posttest prediction were as fullows:

A Same changes 1-4, as above
B. Heat transfer coetficient from steel shell to anoular gap, h = 28 Wm'K
. Alr exchange in annular gap accounted for.

The following Ngures, Figs. 20 through A3 show palrwise arranged the comparisons of E11.2 and
11.4 with respect to the data, blind FATHOMS. and open GOTHIC.code predictions,

respect vely,
Without going into many details, the comparisons show the following:

I Correcting the externul steam muss Now and accounting for the heat sinks by the couling
lines, together with the other items listed ubove substantially improve the agreements
between data and GOTHIC. predictions,

I The improvements are especially noteworthy and consistent for all quantities and
positions for E11.4 including the gas concentrations and velocities, with only some minor
differences remaining.

1l.  For E11.2, the improvements, especially for the pressure, some temperatures, some
steam concentrutions and velocities, are remuarkable but not to th> extent as observed for
11,4, which is not surprising in view of the stratification,

v, Despite of noticeable improvements in predicting the steatification pattern for E11.2,
there is still need for further iImprovements,

2 Especially worthmentioning is, that despite of the improvements in all predicted
quantities, the post-test predicted H-concentrations remained about the same as for the
blind prediction (for which the fower initial peaks were caused by coarse sampling for
post-processing purposes). Top region 1 -concentrations ure still (oo low; bottom region
I -concentrutions remain too high.

VL The agreements for the velocities are acceptable to excellent.



VIL  The physical models for most AMM seem 1o work quite satisfactory.

Possibie causes for the remuining differences, especially for E11.2, are lsted in Fig. 17,
Becanuse of the very specinl GO THIC featores imulti-dimensionul, mixed dimensions) and the
code’s numerical eMclency, it is hoped that the deviations which may be attriboted to the
plume-like relesse behuviors, umplified by the top break position, can be resolved.

ISP 29 constitutes an opportunity for such an improved computation.

6. OVERALL CONCLUSIONS AND RECOMMENDATIONS

From gualitative and comparutive evidence presented in the foregoing the following conclusions
emerge:

L. Large-scale facility duta are needed for code qualification and verification.

I Long-term containment processes indicate guite different energy partitioning patterns
thun what can be extrapolated from past experience from typieal DBAT OCA
ntmospheres.

HI. Therefore, previous data bases are partially unsuitable for reliably covering and solving
present contalnment issues,

v, Hecause of the importance of computationsl tools in this area containment facilities are

ulso needed in the future o provide close to realistic data, The importance of this
contribution has been highlighted by virtue of the blind post-test PHDR-Benchmark
Exercises again,

v, The value of performing blind exercises to obtain a realistic picture of present code users
capabilities cannot be rated high enough, us the foregoing discussions show, even when
controversies arise,

VI The predictive qualities of contalnment analyses codes have been possibly overrated in
the past, espevially considering long-term effects,

VI, On the other hand. the guestion arises whether for real systems and or those being
designed sufficient informations can be provided to the extend necessary as needed to
obtain acceptable computational tesults (heat sources, sinks).

VIIL Long-term effects are charact eod by extreme sensitivities which pose stringent
requirements for lumped-parameter codes not previously anticipated.

IN. Given the stringent objectives of design gouls for mitigative measures as well as
advanced containment systems (passive heat removal) great care should be exercised by
applying code and nodalization strategies stemming from the past and presently
avail  Therefore, there remauins the explicit need for additional experimental data,

X Other aveus of containment analyvses, such us fire analyses, have already succeeded in
applying local multi-dimensional discretizations coupled to the common lumped-
parameter upprouch, thereby solving counter-current and plume rise flow phenomena.
This know-how has not been transferred vet to the thermal-hydraulic issues but is
readily available now.

XL The total set of international experiments (LACE, 12 (12, VANAM, HDR) and the
associated exercises altogether reveal commonalities und drawbacks with respect to the
abilities of codes which have not been either fully fed back to and or taken up by the
code developers and users

e L A R R R H I TR R R T
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MOST LIKELY FAILURE LOCATION DURING SEVERE ACCIDENT CONDITIONS®

J. L. Rempe and C. M. Allison
Idaho National Engineering Laboratory
EG&G Idaho, Inc.

P.0. Box 1625
Idaho Falls, Idaho 83415

ABSTRACT

This paper describes preliminary results from an analysis in
which finite element calculation results are used in conjunction with
analytical calculation results to predict failure in different LWR
vessel designs during a severe accident. Detailed analyses are being
performed to investigate the relative likelihood of a BWR vessel and
drain line penetration to tai) during a wide range of severe accident
conditions., Analytically developed failure maps, which were developed
in terms of dimensionless groups, are applied to consider geometries
and materials occurring in other LWR vessel designs.

Preliminary numerical analysis results indicate that if ceramic
debris relocates within the BWR drain line to a distance below the
Tower head, the drain line will reach failure temperatures before the
vescel fails. Application of failure maps for these debris conditions
to other LWR geometries indicate that in-vessel tube melting will
occur in either BWR or PWR vessel designs. Furthermore, if this .21t
is assumed to fill the entire peneiration flow area, the melt is
predicted to travel well below the lower head in any of the reference
LWR penetrations. However, failure maps suggest the result that
ex-vessel tube temperatures exceed the penetration’s ultimate strength
is specific to the BWR drain line because of its material composition
and relatively large effective diameter for melt flow.

1. INTRODUCTION

The mode and {iming of reactor vessel lower head failure has a controlling
effect on subseauent consequences during a severe accident. Because of
uncertainties related to the nature of vessel failure, the U.S. Nuclear
Regulatory Commission (NRC) is sponsoring a lower vessel head research program
to investigate plausible modes of reactor vessel failure to determine {a) which
modes have the greatest likelihood of occurrence during a severe accident and
(b) the -ange of core debris and accident conditions that lead to these
failures.' A1l major types of U.S. 1ight water reactor (LWR) vessels are being
consicdered, and both high- and low-pressure conditions are being addressed for
each veactor type. The research program includes anaiytical and finite element

—

a. Work supperted by the U.S. Nuclear Commission, Office of Nuclear
Regulatory Research, under DOE Contract No. DE-ACQ7-761D01570.
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calculations. In addition, high temperature creep and tensile data for
predicting vessel structural response were obteined.

This paper describes results from one aspect of this » search program in
which results from finite element thermal response calculations are used with
results from analytical calculations to predict which failure location is more
Tikely in different LWR designs. Preliminary results from an on-going two-
dimensional thermal and structural response for a boiling water reactor (BWR)
penstration and vessel are reported and compared with results from analytical
models. Then, analytical models are used to consider penetrations in other LWR
vessel designs.

1.1 Objectives and Problem Description

Several wajor questions related to vessel failure require detailed analyses.
Detailed thermal and structural response calculations are being performed within
the NRC Lower Head Failure Research Program. Primary objectives of the thermal
calculations, which are discussed within this paper, are to (a) assess the
relative importance of thermal fronts created by the debris in a vessel
penetration and upon the vessel lower head; (b) assess the sensitivity of thermal
response to debris composition, porosity, and heat removal from the lower head
and drain line; (c) provide input to the structural response analyses; and (d)
provide input to subsequent consequence analysis codes by specifying the fraction
of the debris that is molten at the time of vessel failure. Although these
objectives require detailed numerical techniques, results from a limited number
of num vical calculations can be used in conjunction with analytical results to
obtain ~eneral conclusions related to the nature of lower head failure.

Detailed calculations described within this paper center upon a BWR vessel
and its drain line penetration, A BWR design was selected because of design
information availability. A schematic of the BWR 4 vessel and drair '“=e is
shown in Figure 1. The vessel is composed of SAS33 Grade B, Class | steei The
lower head 1s somewhat thicker (0.20 m) than the sidewalls (0.16 m) so th: it
can be penetrated by 185 control rod guide tubes, 55 instrument tubes, and the
drain line tube. A support skirt, which is composed of SA302 Grade B steel, is
attached to the lower head. Surrvounding the lower head and support shirt is
reflective insulation composed of layered stainless steel, 7.6 cm thick.

Analyses in this paper focus upon the drain line because initial studies
indicate that this penetration is more likely to fail than other locations within
BWR vessels. The drain line peretration is located in the bottom of the reactor
vessel, six inches off the centerline. It directs flow to the reactor water
clean-up system to aid in the removal of suspended solids, provide a temperature
measurement of water in the bottom head area, and minimize cold water
stratification in the bottom head area. The portion of the drain line analyzed
in this study consists of the SA10S Class II carbon steel nozzle and the SA106
Grads B mating pipe. A schematic of the drain lTine penetration is also shown in
Figure 1. The pipe extends two feet vertically below the vessel before
connecting to in elbow joint.
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A preliminary study indicates that the drain line penetration is the region
most likely to fail for the following reasons:

. Primary stresses (those caused by system pressures) are estimated to be low
in the vessel and the drain line., Therefore, failure is most likely to
occur at elevated temperatures from the reduction o strength.

. Drain line thickness (0.7 c¢m) is much less tnun the vessel lower head
thickness (20.0 cm). Thus, if debris relocates onto the lower head and
into the drain line, the drain line may be susceptible to reaching failure
temperatures more rapidly than the vessel.

. Once high temperatures are reached, drain l1ine material is more susceptible
to high temperature failure than the vessel or other BWR penetration
material. The drain pipe material, 5A106 Grade B, is not recommended fog
use above 811 K. The ultimate strength of SA106 is 238 MPa at B11 K
whereas the ultimate strength of the vessel material, SA533B, is over
350 MPa at the same temperature.

. Although BWR instrument tube walls are thinner than the drain line, the
drain line has a larger effective diameter for melt flow, Furthermore K the
drain nozzle is directly open to relocating corium melt and no in-vessel
structure melting is required for melt penetration.

1.2 Iwo-Dimensional Thermal Response Model

A two-dimensional finite element analysis is being performed using the
COUPLE thermal analysis model in Version 3.0 of the SCDAP/RELAPS code .
Although not discussed in this paper, detqg]ed structural analysis for the vessel
will be performed using the ABAQUS code.

Separate analytical closed-form solutions to evaluate heat transfer from
debris to the penetration tube and the vessel are available. However, a two-
dimensional finite element numerical solution is needed to simultaneously
evaluate the relative importance of the thermal fronts transmitted from the
debris through the drain line and through the vessel lower head. SCDAP/RELAPS
offers a number of advantages over most two-dimensional heat transfer codes
because it simulates reactor thermal-hydraulic conditions, fuel liquefaction and
relocation, time- and composition-dependent debris pool formation, and natural
convection from & pool of molten debris.

Since a primary objective of this analysis is to determine vessel and
penetration thermal response, a simplified RELAP hydrodynamic model was used with
a detailed COUPLE model (the finite element conduction heat transfer model in
SCDAP/RELAPS) of the debris, vessel, and drain line configuration. As shown in
Figure 2, two representative RELAP circuits were used to represent the
hydrodynamic conditions through the vessel and through the reactor building
cavity., The first loop includes an eight subvolume “pipe" component (volumes
70-01 through 70-08) to model the heat removal from the debris to coolant in the
vessel. Liquid in the first subvolume (volume 70-01) is in contact with the
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Figure 2. RELAP hydrodynamic model used for modeling BWR vessel and drain line
penetration,

vessel inner surface and the debris, which is assumed to relocate into the lower
head and the penetration at the beginning of the transient. As vapor is
generated within this volume, it travels upward (from vc umes 70-01 to 70-03).
Pressure remains constant within the reactor vessel by allowing excess steam to
exit to a time-dependent "sink" component (volume 10). The second loop is
included to model the heat removal from the vessel outer surface to the reactor
building cavity (volume 250). Pressure within the reactor building cavity
remains constant by allowing excess vapor to exit to a time-dependent "sink"
component (volume 300).
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Figure 3 and Figure 4 illustrate the COUPLE models for the debris/vessel and
debris/vessel/drain line configurations. Models were constructed in r-2
geometries, axisymmetric with respect to the center of the vessel or with respect
to the penetration tube. Only a portion of the vessel was modelled in the drain
line mesh (Figure 4). The maximum radial width of this mesh was selected to
correspond to half of the distance between the center of the drain 1ine and the
center of the nearest penetrations in a BWk lower head (7.62 cm). The axial
length was based on the distance traveled bv the melt before 1t solidified within
the drain line pipe and the maximum expected debris height. Up to four types of
materials are included in the models. Both meshes contain carbon steel for the
vessel and drain line; a null material for the debris-to-vessel and debris-to-
drain line gaps; and a debris mixture, rconsisting of UC,, stainless steel,
zircaloy or zirconium oxide, and B.C. In addition, the mesﬁ for the drain line
contains Inconel for the vessel liner. Accuracy requirements for mesh
nodalization precluded the inclusion of this thin liner in the global vessel
mesh, As discussed in Reference 6, the insulation present around the outside
of the vessel will not impede water from contacting the vessel if the
containment is flooded. Hence, the outer boundary conditions for the vessel and
drain line can be simulated by applying the appropriate convective heat transfer
coefficient, Sensitivity studies were used to confirm that the nodalization
scheme and the timesteps chosen for these calculations performed were adequate.
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thermal analysis.
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Bounda:y conditions for each of the COUPLE meshes are also illustrated in
Figure 3 and Figure 4. Heat is convected away from the top surface of the debris
to the cooiant in vessei cubvolume 70-01. For the vessel calculations, heat is
convected along the vessel outer surface (along the surface with nodes 17 through
32) and the vessel support skirt surfaces (surfaces with nodes 1 through 16) to
the containment building. An adiabatic bound<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>