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ABSTRACT

This three-volume report contains papers presented at the Twenty-Fifth Water Reactor Safety
Information Meeting held at the Bethesda Marriott Hotel, Bethesda, Maryland, October 20-22,
1997. 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 in this country and abroad.
Foreign participation in the meeting included papers presented by researchers from France, Japan,
Norway, Russia, Spain and Switzerland. 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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804-982-5464 804-982-5473
wij@virginia.edu

M. KENNARD

NAC INTERNAT'L-STOLLER NUCLEAR FUEL
485 WASHINGTON AVE

PLEASANTVILLE, NY 10570 USA
914-741-1200 914-741-2093
stolierp@computer.net

H. KIM

COMMONWEALTH EDISON

1400 OPUS PL, SUITE 500
DOWNERS GROVE, IL 60517 USA
630-663-3072 630-663-7181
nfshk@ccmail.ceco.com

W. KIM

KOREA INSTITUTE OF NUCLEAR SAFETY
PO BOX 114, YUSUNG

TAEJON, 305-600 KOREA
82-42-868-0327 82-42-861-9945
kQ95kws@pimpoimt kims.re.kt

A. KISSELEV

NUCLEAR SAFETY INST., RUSSIAN ACADEMY OF SCI.

BOLSHAYA TULSKAYA STR. 52
MOSCOW, 113191 RUSSIA
095-955-28-73 095-952-57-01
kso@ibrae.gc.ru

K. KOLLATH

GESELLSCHAFT FUR ANLAGEN UND REAKTORSICH
SCHWERTNERGASSE 1

COLOGNE, 50667 GERMANY

004922a22068-6a9 004922a22068-888

P. HOFMANN

FZK KARLSRUHE

P. O. BOX 3640

KARLSRUHE, 76021 GERMANY
49-7247-82-2517 49-7247-82-4567
peter.hofmann@imf.fzk de

W. HOUSTON

SEQUOIA CONSULTING GROUP, INC.
5285 ATLANTIC VIEW

ST. AUGUSTINE, FL 32084 USA
904-461-8774 904-461-8794
whouston@sequoia-cg

J. IRELAND

LOS ALAMOS NATIONAL LABORATORY
PO BOX 1663, MSF606

LOS ALAMOS, NM 87545 USA
505-667-8777 505-665-5204
john.ireland@lanl.gov

R. ISLAMOV

IBRAE RAN

USACHEVA 29-3-186
MOSCOW, 113191 RUSSIA
7-095-9552655 7-095-9557095
isl@ibrae.ae.ru

B. JOHNSON

UNIV. OF VIRGINIA

THORNTON HALL

CHARLOTTESVILLE, VA 22903-2442 USA

F. KASAHARA

NUCLEAR POWER ENGINEERING CORP.
4F 17-1, 3-CHOME TORANOMON MINATOKU
TOKYO, 105 JAPAN

813 5470 5470 81 3 5470 5454
kasahara@nupec.or.jp

H. KHALIL

ARGONNE NATIONAL LABORATORY
9700 SO CASS AVE, BLDG. 208
ARGONNE, IL 60439-4838 USA
630-252-7266 639-252-4500
khalil@ra.anl.gov

H. KIM

KOREA INSTITUTE OF NUCLEAR SAFETY
P.O. BOX 114, YUSONG

TAEJON, KOREA

82 42 868 0230 B2 42 861 9945
ko88khj@pinpoint kins.re.kr

M. KIRK

WESTINGHOUSE ELECTRIC
1310 BEULAH RD.
PITTSBURGH, PA 15235 USA
412-256-1066 412-256-1007
kirkmt@westinghouse.com

R. KNOLL

FLORIDA POWER CORP.

15760 WEST POWERLINE ST.
CRYSTAL RIVER, FL. 34428 USA
352-563-4543 352-563-4575

D. KOSss

PENN STATE, DEPT. OF NUCLEAR ENGINEERING
231 SACKETT BLDG.

UNIVERSITY PARK, PA 16802 USA

814-865-5447 814-865-2917

koss@ems.psu.ed

X

J. HOLM

SIEMENS POWER CORPORATION/NUCLEAR DIV.
2101 HORN RAPIDS RD.

RICHLAND, WA 99352 USA

509-375-8142

D. HOWE

LOCKHEED MARTIN/KNOLLS ATOMIC POWER LAB
PO BOX 1072

SCHENECTADY, NY 12301 USA

518-395-4624

M. ISHII

PURDUE UNIVERSITY

1290 NUCLEAR ENGINEERING
WEST LAFAYETTE, IN 47906 USA
765-494-4587 765-494-9570

B. JACOBS

SOUTHWEST RESEARCH INSTITUTE
6220 CULEBRA RD.

SAN ANTONIO, TX 78238 USA
210-522-2032 210-684-4822
bjacobs@SwRl.edu

R. JOHNSON

PACIFIC GAS & ELECTRIC CO.
PO BOX 770000, MC N98B

SAN FRANCISCO, CA 94177 USA
415-973-1784 415-973-0074
flj3@pge.com

K. KAUKONEN

TEOLLISUUDEN VOIMA OY
OLKILUQOTO, 27160 FINLAND
358-2-836813222 358.2-83813209
kari.kaukonen@tuo.tuo.elisz.fi

M. KHATIB-RAHBAR

ENERGY RESEARCH, INC.

P.O. BOX 2034

ROCKVILLE, MD 20847-2034 USA
301-881-0866 301-881-0867
mkr-eri@radix.net

H.D. KIM

KOREA ATOMIC ENERGY RESEARCH INST.
DUKJIN-DONG 150, YUSONG-GU

TAEJON, 305600 KOREA

82-42-868-2664 82-42-868-8256
hdkim@kaeri.re.ler

R. KIRK

COUNCIL FOR NUCLEAR SAFETY
CENTURION PO BOX 7106
CENTURION, 0046 SO AFRICA
2712663550 27126635513
dkirk@cns.co.za

D. KOKKINOS

LOCKHEED MARTIN/KNOLLS ATOMIC POWER LAB
PO BOX 1072

SCHENECTADY, NY 12301 USA

§18-395-7039

P. KRAL

NUCLEAR RESEARCH INSTITUTE - REZ
REZ

NEAR PRAGUE, 25068 CZECH REPUBLIC
00420-2-66172447 00420-2-6857954
kra@nri.cz



P. KRISHNASWAMY
'BATTELLE

505 KING AVE.

COLUMBUS, OH 43201 USA
614-424-5998 614-424-3457
kswamy@battelle.org

R. KUSHNER

BETTIS ATOMIC POWER LABORATORY
PO BOX 79

WEST MIFFLIN, PA 15632-0079 USA
412-476-5395 412-476-5700

J. LAKE

LOCKHEED MARTIN IDAHO TECHNOLOGIES CO.
PO BOX 1625

IDAHO FALLS, ID 83415-3860 USA

208-526-7670 208-526-2930

lakeja@inel.gov

J-. LEE

KOREA INSTITUTE OF NUCLEAR SAFETY
19 KUSUNG-DONG, YOUSUNG-KU
TAEJON, KOREA

82 42 868 0143 82 42 861 1700

Y-W.LEE

KOREA INSTITUTE OF NUCLEAR SAFETY
WANGGUNG APT 4-308

ICHONDONG, YONGSAN, SEOUL, KOREA

M. LIVOLANT

INSTITUT DE PROTECTION ET DE SURETA NUCLEAIR
8pP.6

FONTENAY AUX ROSES CEDEX, 92265 FRANCE
146567179 146549511

michel.livolant@ipsn.fr

L. MARTIN

SOUTH TEXAS PROJECT NUCLEAR OPERATING CO.
PO BOX 289

WADSWORTH, TX 77483 USA

512.972-8686 512-972-8577

{emartin@stpegs.com

8. MAVKO

JOSEF STEFAN INSTITUTE
JAMOVA 39 d
LJUBLJANA, 1001 SLOVENIA
386-61-1885330 386-61-188538661
borot mavko@Js.si

8. MCINTYRE
WESTINGHOUSE ELECTRIC
P.0. BOX 355

PITTSBURGH, PA 15230
412-374-4334
mcintybh@wesmail.com

S. MIXON

NUS INFORMATION SERVICES
910 CLOPPER RD.
GAITHERSBURG, MD 20878 USA
301-258-2442 301-258-2589
smixon@scientech.com

S MONTELEONE

BROOKHAVEN NATIONAL LABORATORY
BUILDING 130

UPTON, NY 11973 USA

516-344-7235 516-344-3957
smontele@bnl.gov

W. KUPFERSCHMIDT

ATOMIC ENERGY OF CANADA, LTD.
WHITESHELL LABORATORIES
PINAWA, MANITOBA ROE 1L0 CANADA
204-753-8424 204-753-2455

K. KUSSMAUL

UNIVERSITY OF STUTTGART
PFAFFENWALDRING 32
STUTTGART, D-70569 GERMANY
49-711-685-3582 49-711-685-2835
kussmaul@mpa.uni-stuttgart de

C. LECOMTE

INSTITUT DE PROTECTION ET DE SURETA NUCLEAIR
B.P.6

FONTENAY AUX ROSES CEDEX, 92265 FRANCE
146547736 01465495.11

catherine.lecomte@ipsn.fr

S.LEE

KOREA ELECTRIC POWER CORP.

150 DUGJIN-DONG, YUSUNG-KU

TAEJON, KOREA )
82 42 868 2795

S. LEVINSON
FRAMATOME TECHNOLOGIES, INC.
3315 OLD FOREST RD.OF54
LYNCHBURG, VA 24501 USA
804-832-2768 804-832-2683

levi Q@fi tech.com

A. MARION

NUCLEAR ENERGY INSTITUTE
1776 | ST., N\W

WASHINGTON, DC 20008 USA
202-739-8000 202-785-1898

M. MASSOUD

BALTIMORE GAS & ELECTRIC
1650 CALVERT CLIFFS PARKWAY
LUSBY, MD 20657 USA
410-495-6522 410-495-4498
mahmoud.massoud@bje.com

G. MAYS

OAK RIDGE NATIONAL LABORATORY
P.O. BOX 2009, 8LDG. 9201-3

OAK RIDGE, TN 37831 USA
423-574-0394 423-574-0382
gtm@ornl.gov

J. MEYER

SCIENTECH, INC.

4814 LELAND STREET

CHEVY CHASE, MD 20815 USA
301-468-8425 301-468-0883
jmeyer@scientech.com

D. MODEEN

NUCLEAR ENERGY INSTITUTE
1776 1 ST, NW

WASHINGTON, DC 20008 USA
202-739-8000 202-785-1898

R. MONTGOMERY
ANATECH CORP.

5435 OBERLIN DR.

SAN DIEGO, CA 92121 USA
619-455-6350 619-455-1094

xi

S. KURATA

CHUBU ELECTRIC POWER CO.
900 17TH ST, NW SUITE 1220
WASHINGTON, DC 20006 USA
202-775-1960 202-331-9256
kurata@chubudc.com

P.LACY

UTILITY RESOURCE ASSOCIATES
SUITE 1600, S1 MONROE ST.
ROCKVILLE, MD 20850 USA
301-294-1941 301-294-7879

G.LEE

KOREA NUCLEAR FUEL CO.

150 DEOGJIN-DONG, YUSONG-GU
TAEJON, 305353 S. KOREA

82 42 868 1832 82 42 862 4790
gwiee@rdns knfc.co.kr

W-J. LEE

KOREAN ATOMIC ENERGY RESEARCH INSTITUTE
DUKJIN-DONG 150, YUSONG-GU

TAEJON, 305-353 KOREA

82-42-868-2895 82-42-868-8990
wilee@nanum.kaeri.re.kr

T. LINK

PENN STATE, DEPT. OF NUCLEAR ENGINEERING
231 SACKETT BLDG.

UNIVERSITY PARK, PA 16802 USA

814-863-3251 814-865-8499

tm1110&psu.edu

P. MARSIL!

AGENZIA NAZIONALE PER LA PROFESCIONE DELL'A
VIA VITALIANO BRANCAT! 48

ROMA, 00144 [TALY

39-6-5007-2128 39-6-5007-2044
marsili@edultg.anpant

M. MATSUURA

HITACHI, LTD.

175 CURTNER AVE., MC 725
SAN JOSE, CA 95125 USA
408-925-8151 408-925-4459
matsuuraM@sjcpoS.ne.ge.com

H. McHENRY

NATIONAL INSTITUTE OF STANDARDS & TECHNOLOG
325 BROADWAY

BOULDER, CO 80303 USA

303-497-3268 303-497-5030

harry.mchenry@nist.gov

D. MITCHELL

FRAMATOME COGEMA FUELS
3315 OLD FOREST RD.
LYNCHBURG, VA 24506-0935 USA
804-832-3438 804-832-3663
dmitchell@framatech.com

M. MODRO

IDAHO NATIONAL ENGINEERING & ENVIRONMENTAL
P.0. BOX 1525

IDAHO FALLS, 1D 83415 USA

208-526-7402

B. MORRIS

WESTINGHOUSE NSD

PO BOX 355

PITTSBURGH, PA 15601 USA
412.374-4205 412-374.5099
morrisbc@westinghouse.com



D. MORRISON

101 LION'S MOUTH COURT
CARY, NC 27511 USA
919-363-3034

K. MURATA

SANDIA NATIONAL LABORATORIES
PO BOX 5800

ALBUQUERQUE, NM 87109 USA
505-844-3552

A. NELSON

NUCLEAR ENERGY INSTITUTE
1776 1 ST, NW

WASHINGTON, DC 20006 USA
202-739-8000 202-785-1898

J. O'HARA

BROOKHAVEN NATIONAL LABORATORY
ET DIV., DAT, BLDG. 130

UPTON, NY 11973-5000 USA
516-344.3638 516-344-3957
ohara@bnl.gov

A. OHTA

MITSUBISHI HEAVY INDUSTRIES

3-1, MINATOMIRA! 3-CHOME, NISHI-KU
YOKOHAMA, 220-84 JAPAN
81-45-224.9637 61-45-224-9970
ohta@atom.hg.mhi.co.jp

0. OZER

ELECTRIC POWER RESEARCH INSTITUTE
3412 HILLVIEW AVE.

PALO ALTO, CA 94303 USA

650-855-2089 650-855-2774
oozer@epri.com

A. PEREZ-NAVARRO
UNESA/LAESA

PLAZA ROMA, F1,1
ZARAGOZA, 50010 SPAIN
34-976-532614 34.976322856

V. POKROVSKY

INSTITUTE FOR PROBLEMS OF STRENGTH NAN

2 TIMIRYAZEVSKAYA STR.
KIEV, UKRAINE
044-296.25-57 044-296-25-57

D. POWELL

PUBLIC SERVICE ELECTRIC & GAS CO.
PO BOX 236, MAIL CODE N21
HANCOCKSBRIDGE, NJ 08038 USA
609-339-2002 609-339-1448

J. PUGA

UNESA

FRANCISCO GERVAS 3
MADRID, SPAIN 28020 SPAIN
34-1-5674807 34-1-5674988
unesamuc@dial.eunet.es

D. RAO

SCIENCE AND ENGR. ASSOCIATES, INC.
6100 UPTOWN BLVD. NE
ALBUQUERQUE, NM 87110 USA
505-884-2300 505-884-2991
dvrac@seaborse.com

A. MOTTA

PENN STATE, DEPT. OF NUCLEAR ENGINEERING
231 SACKETT BLDG.

UNIVERSITY PARK, PA 16802 USA

814-865-0030 814-865-8499

atm2@pso.edu

S. NAKAMURA

OBAYASH| CORPORATION
SHINJUKU PARK TOWER, 3-7-1
SHINJUKU-KU, TOKYO 163-10 JAPAN
81-3-5323-3519 81-5323-3550
s.naka@o-net.obayashi.co.jp

J. NELSON

ELECTRIC POWER RESEARCH INSTITUTE
3412 HILLVIEW AVE.

PALO ALTO, CA 94303 USA

415-855-2825 415-855-8515
jinelson@epri.com

A.ODA

NUCLEAR POWER ENGINEERING CORP.
FUJITAKANKO TROANOMON BLDG. 6F, 17-1
MINATO-KU, TOKYQ 105 JAPAN
81.3-6470-5525 81-3-5470-5544

N. ORTIZ

SANDIA NATIONAL LABORATORIES
PO BOX 5800, MAIL STOP 0736
ALBUQUERQUE, NM 87185-0736 USA
505-844-0577 505-844-0955
nrortiz@sandia.gov

J. PAPIN

INSTITUT DE PROTECTION ET DE SURETE NUCLEAIR
C.E. CADARACHE - DAT 702

ST PAUL LEZ DURANCE, 13108 FRANCE
33-4-42253463 33442256143

joelle.papin@ipsn.fr

K. PEVELER

IES UTILITIES/DUANE ARNOLD ENERGY CENTER
3277 DAEC RD.

PALQ, IA 52324 USA

319-857-7801 319-857-7678

A. POOLE

OAK RIDGE NATIONAL LABORATORY
Y-12 PLANT, BEAR CREEK RD.

OAK RIDGE, TN 37831-8038 USA
423-574-0734 423-576-0493
aop@ornl.gov

T. PRATT

BROOKHAVEN NATIONAL LABORATORY
BLDG. 130

UPTON, NY 11973-5000 USA
§16-344-2630 516-344-5730
pratt@bnl.gov

C. PUGH

OAK RIDGE NATIONAL LABORATORY
P£.0. BOX 2009

QAK RIDGE, TN 37831 USA
423-574-0422 423-241-5005
pug@orml.gov

J. RASH

G E NUCLEAR ENERGY

BOX 780

WILMINGTON, NC 28402 USA
910-875-5612 910-675-5879
rashjewimpo3.wilm.ge.com

X1l

M. MULHEIM

LOCKHEED MARTIN ENERGY RESEARCH CORP.
PO BOX 2008

OAK RIDGE, TN 37831 USA

423-574-0386 423-574-0382

m8m@oml.gov

R. NANSTAD

OAK RIDGE NATIONAL LABORATORY
PO BOX 2008, 45005, MS-6151

OAK RIDGE, TN 37831-6151 USA
423.574-4471 423-574-5118
nanstadrk@omt.gov

M. NISSLEY
WESTINGHOUSE ELECTRIC
P.0. BOX 355

PITTSBURGH, PA 15230 USA
412-374-4303 412-374-4011
nisslem@westinghouse.com

S-H. OH

KOREA INSTITUTE OF NUCLEAR SAFETY
P.O. BOX 114

YUSUNG, TAEJEON 305-600 KOREA

82 42 868 0239 82 42 868 0943
ko67osh@pinpoint kins.re.kr

D. OSETEK

LOS ALAMOS TECHNICAL ASSOCIATES
BLDG 1, STE 400, 2400 LOUISIANA BLVD NE
ALBUQUERQUE, NM 87110 USA
505-880-3407 505-880-3560
djosetek@lata.com

S-D. PARK

KOREA INSTITUTE OF NUCLEAR SAFETY
19 KUSUNG-DONG, YOUSUNG-KU
TAEJON, KOREA

8242868 0003 8242861 2653

T. PIETRANGELO

NUCLEAR ENERGY INSTITUTE
1776 1 ST, NW

WASHINGTON, DC 20006 USA
202-739-8000 202-785-1898

G. POTTS

GENERAL ELECTRIC NUCLEAR FUEL
CASTLE HAYNE RD

WILMINGTON, NC 28403 USA
910-675-5708 910-675-6966

D. PRELEWICZ

SCIENTECH, INC.

11140 ROCKVILLE PIKE, STE 500
ROCKVILLE, MD 20852 USA
301-468-6425 301-468-0883
damp@scientech.com

R. RANIERI

AGENZIA NAZIONALE PER LA PROFEZIONE DELL' AM
VIA VITALIANO BRANCAT! 48

ROMA, 00144 ITALY

39-6-5007-2150 39-6-5007-2941

J. RASHID

ANATECH CORP.

5435 OBERLIN DR.

SAN DIEGO, CA 82121 USA
619-455-6350 619-455-1094
joe@anatech.com



T. RAUSCH

COM ED NUCLEAR FUEL SERVICES
1400 OPUS PL, STE 400

DOWNERS GROVE, IL 60515 USA
630-663-3020 630-663-7118
nfstr@ccmail.ceco.com

J. REYES

OREGON STATE UNIVERSITY
116 RADIATION CENTER
CORVALLIS, OR 97331-5902 USA
541-737-4677 541-737-4678
reyesj@cemait.orst.edu

J. RIZNIC

ATOMIC ENERGY CONTROL BOARD
PO BOX 1046, STA. B, 280 SLATER ST.
OTTAWA, ONTARIO K1PSS9 CANADA
613-943-0132 613-943-8954
Riznic.j@atomcon.ac.ca

T. ROSSEEL

LOCKHEED MARTIN ENERGY RESEARCH CORP.

PO BOX 2008

OAK RIDGE, TN 37831-6158 USA
423-574-5380 423-574-5118
rosseeltm@ornl.gov

B. RYBAK

COMMONWEALTH EDISON

1400 OPUS PL, SUITE 500
DOWNERS GROVE, IL 60515 USA
630-663-7286 630-663-7155

M. SAKAMOTO

NUCLEAR POWER ENGINEERING CORP.
4F 17.1, 3-CHOME TORANOMON MINATOKU
TOKYO, 105 JAPAN

81 3 3438 3066 81 3 5470 5544
msakamoto@nupec.or.jp

G. SAUER

TOV ENERGIE UND SYSTEMTECHNIK GmbH
WESTENDSTRESSE 199

MUNICH, D-80686 GERMANY
49-89-5791-1267 A9-89-5791-2157
gerhard.sauer@et.tueysued.de

S. SCHULTZ

YANKEE ATOMIC

580 MAIN STREET
BOLTON, MA 01740 USA
508-568-2131 508-568-3703
schultze@yankee.com

E. SIMPSON

PUBLIC SERVICE ELECTRIC & GAS CO.
PO BOX 236, MAiL. CODE N21
HANCOCKSBRIDGE, NJ 08038 USA
609-339-1700 609-339-5070

A. SMIRNOV

RESEARCH INSTITUTE OF ATOMIC REACTORS
DIMITROVGRAD 10

URYANOVSKI REGION, 433510 RUSSIA
84235-32350 84235-64163
gns@niiar.simbirsk.su

J-H. SONG

KOREA INSTITUTE OF NUCLEAR SAFETY
19 KUSUNG-DONG, YOUSUNG-KU
TAEJON, KOREA

82428680117 82428612653

S. RAY

WESTINGHOUSE CNFD
NORTHERN PIKE
MONROEVILLE, PA 15146 USA
412-374-2101 412-374-2045
rays@westinghouse.com

1. RICKARD

ABB COMBUSTION ENGINEERING
2000 DAYHILL RD.

WINDSOR, CT 06095 USA
860-285-9678 860-285-3253

U. ROHATGI

BROOKHAVEN NATIONAL LABORATORY
BUILDING 4758

UPTON, NY 11973 USA

516-344-2475 516-344-1430
rohatgi@bn!.gov

R. ROSTEN

DUKE ENGINEERING & SERVICES
215 SHUMAN BLVD. SUITE 172
NAPERVILLE, IL 60563-8458 USA
630-778-4329 630-778-4444
nwrosten@duke-power.com

Y-H. RYU

KOREA INSTITUTE OF NUCLEAR SAFETY
YUSONG-DONG 19

TAEJON, 305-338 KOREA

82 42 868 0228 82 42 861 0943
koS3ryh@pinpoint kins.re kr

O. SANDERVAG

SWEDISH NUCLEAR POWER INSPECTORATE
INSPECTORATE

STOCKHOLM, 10658 SWEDEN

4686988463 4686619086

oddbjorn@ski.se

C. SCHLASEMAN

MPR ASSOCIATES INC.

320 KING ST.

ALEXANDRIA, VA 22314 USA
703-519-0200 703-519-0224
cschlaseman@mpra.com

B.R. SEHGAL

ROYAL INSTITUTE OF TECHNOLOGY
60 BRINELVAGEN

STOCKHOLM, 10044 SWEDEN
011-46-8-790-6541 011-46-8-790-7678
sehgal@ne kth.se

B. SINGH

JUPITER CORPORATION

STE S00, WHEATON PLAZA NO.
WHEATON, MD 20902 USA
301-946-8088 301-946-6539
singh@jupitercorp.com

V. SMIRNOV

RESEARCH INSTITUTE OF ATOMIC REACTORS
DIMITROVGRAD 10

URYANOVSKI REGION, 433510 RUSSIA
78923532350 78423564163
gns@niiar.simbirsk.su

K. ST. JORN

YANKEE ATOMIC ELECTRIC CO.
580 MAIN ST.

BOLTON, MA 01740 USA
978-568-2133 978-568-3700
stjiohn@yankee.com
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R. REHACEK

STATE OFFICE FOR NUCLEAR SAFETY
SENOVAZNE NAM. 9

PRAGUE, 11000 CZECH REPUBLIC
420-2-21624729 420-2-21624202
radomir.rehacek@sujb.cz

T. RIEKERT

GESELLSCHAFT FUR ANLAGEN UND REAKTORSICH
SCHWERTNERGASSE 1

COLOGNE, 50667 GERMANY

49.224-2068-758 49-224-2068-888

rik@grs.de

A. ROMANO

BROOKHAVEN NATIONAL LABORATORY
BLDG. 197C

UPTON, NY 11973-5000 USA
516-344-4024 516-344-5266
ramano@bn!.gov

J. ROYEN

OECD NUCLEAR ENERGY AGENCY
12BLVD DES ILES

ISSY LES MOULINEAUX, F 82130 FRANCE
33-1-4524-1052 33-1-4524-1129
jacques.royen@oecd.org

D. SACCOMANDO
COMMONWEALTH EDISON

1400 OPUS PL, SUITE 500
DOWNERS GROVE, IL 60515 USA
630-663-7283 630-663-7155

M. SATTISON

IDAHO NATIONAL ENGINEERING & ENVIRONMENTAL
PO BOX 1625, MS 3850

IDAHO FALLS, ID 83415-3850 USA

208-526-9626 208-526-2930

sbm@inel.gov

F. SCHMITZ

INSTITUT DE PROTECTION ET DE SURETE NUCLEAIR
CE CADARACHE

STPAUL LEZ D, 13108 FRANCE

33-442257035 33442252977

frauz.schmitz@ipsn.fr
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THERMAL HYDRAULIC - PROBABILISTIC ANALYSIS
(TH-PA) INTEGRATION METHOD AND ITS
APPLICATION TO IDENTIFY AP600 BDBA SCENARIOS

Yue Guan and Mohammad Modarres
Material and Nuclear Engineering Department
University of Maryland

Marino diMarzo and David Bessette
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission

Abstract - A TH-PA integrated screening method has been developed to identify AP600
beyond design basis accident (BDBA) scenarios in a consistent, systematic and comprehensive
fashion. This method is used as a screening tool such that only the scenarios which have
reasonable frequency of occurrence and have potential to raise significant safety concerns
are identified. The method considers postulated passive safety system failures, thermal
hydraulic phenomena and their induced system failures, human actions and their
consequences. Results from this research (the identified AP600 BDBA scenarios) provide
inputs to further AP600 analysis and experiments and will be used to assess the capability of
thermal hydraulic safety analysis computer code RELAP5/MOD3 in addressing scenarios in

the BDBA space.

L. INTRODUCTION

The Westinghouse Electric Corporation has
submitted the design for its 600 MWe Advanced
Pressurized Reactor (AP600) to the United States
Nuclear Regulatory Commission (U. S. NRC) for
certification. The AP600 uses many passive
safety features not found in conventional
operating reactors. Because of these passive
safety features, thermal hydraulic (TH)
phenomena and certain system behavior which do

not raise safety concerns in conventional plant
may become important in the AP600 system.

U. S. NRC has previously assessed the TH
code RELAP5/MOD3 for conventional reactors.
Phenomena important to the AP600 design need
to be modeled adequately in the code calculation.
U. S. NRC has conducted independent
experiments to collect data specifically to assess
the adequacy of the TH code in modeling AP600
passive safety systems.

RELAPS has now been assessed in the design

Most of the AP600 data and its related analysis results are proprietary information. Therefore, in place of such information,
either the name of the variable or normalized data is used to show the methodology. The results presented in this paper
illustrate the methodology for identifying BDBA scenarios. The application of this method to the AP600 is not yet complete.
Its application to other initiating events are scheduled to follow.



basis accident space and is considered adequate.
To explore design margins and provide data to
assess the TH code's capability to address
scenarios in the beyond design basis accident
(BDBA) space, U. S. NRC has additionally
undertaken the task of performing BDBA code
assessment.

Under this task, some selected accident
scenarios in the BDBA space have been tested in
the experimental facilities. TH code calculations
have been completed for some of the accident
scenarios and results compared with test data.
However, the tests selected may be arbitrary’ and
the scenarios may not cover the whole spectrum
of the important phenomena in BDBA space.

Therefore, there is a need to consistently,
systematically and comprehensively identify the
important scenarios in the BDBA space that have
reasonable frequency of occurrence (i.e.,
probabilistically significant) and have the potential
to lead to significant thermal hydraulic concerns
(including potential core uncovery) which the
code is required to be further assessed and
validated. This assessment can provide reasonable
assurance that the calculated AP600 response
from the computer code is adequate and the
assessed code can be used as a basis for the
BDBA evaluation.

The plan for code assessment is shown in
Figure 1 where flow of information and the
decision-making process are presented. In this
BDBA plan, a thermal hydraulic-probabilistic
analysis (TH-PA) integrated screening method is
the starting point. This method uses probabilistic
and thermal hydraulic screening criteria to ensure
that the identified BDBA scenarios are both
probabilistically credible and thermal hydraulically
significant.

Once the AP600 BDBA scenarios are
identified, a decision must be made whether
sensitivity calculations are needed. Based on the
results of the sensitivity calculations, a decision
will be made on whether additional testing is

necessary because there might be phenomena or
sequences of events which are identified in these
sensitivity calculations that might require
experimental confirmation.

The results of sensitivity calculations and/or
testing are then evaluated. With this information,
a decision will be made on whether to impose
additional BDBA requirements on the code.
Finally, the code adequacy in the BDBA space is
assessed and the relative acceptability for thermal
hydraulic uncertainty is determined.

This paper presents the first part of the BDBA
code assessment plan, the TH-PA integrated
screening method that is specifically developed to
identify AP600 BDBA scenarios. The paper gives
a brief description of the AP600 passive safety
systems in section II. An overall TH-PA
integration concept is introduced in section III. In
three separate sections, IV, V, and VI, detailed
methods are presented for plant state generation
and PA screening, TH trajectory prediction and
screening, and integration of TH phenomena and
human actions, respectively. In section VII, an
example will be given to demonstrate the
complete process of using TH-PA screening
method to identify BDBA scenarios.

II. DESCRIPTION OF AP600
PASSIVE SAFETY SYSTEM

The unique design of AP600 is its passive
safety systems which relies on natural circulation
and gravity injection to mitigate an accident. A
sketch of the passive safety systems is presented
in Figure 2. They include two Core Makeup
Tanks (CMT), one Passive Residual Heat
Removal (PRHR) Heat Exchanger (HX), two
Accumulators (ACC), two lines of Automatic
Depressurization System 1-3 (ADS1-3), four lines
of ADS4, and one In-containment Refueling
Water Storage Tank (IRWST). '

Both of the CMTs are full of room temperature
borated water. Following a CMT actuation
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signal, the valves on the CMT discharge piping
are opened and CMTs begin to provide short-
term, liquid circulation to the vessel via Direct
Vessel Injection (DVI) line at high system
pressure. In the mean time, hot liquid from the
cold legs is circulated to the top of CMTs via
Pressure Balance Line (PBL). When top portion
of the CMTs become saturated and vapor is
present, the natural circulation is terminated and
CMTs begin to drain. After CMTs begin to drain,
the water level in the CMTs decreases. When the
water level drops to the first ADS level set point,
ADS1 is actuated. ADS2 and ADS3 actuate
sequentially based on timing. While ADS4 is
actuated on the second ADS level set point and
timing.

The PRHR HX is submerged inside the
IRWST. The PRHR system is designed to
remove 100% of the decay heat in the earlier
stage of an accident. It takes the hot fluid from
the hot leg and transfers heat into the pool of
water in IRWST. The cooled fluid is then
returned to RCS via one of the steam generators
outlet plenum.

The performance of both the PRHR and CMTs
rely on gravity driven natural circulation. Before
ACC begins injection to the RCS, PRHR and
CMTs are the only means to provide cooling to
the RCS and to add water to RCS, compensating
the mass loss through the break.

Both of the ACCs are filled with room
temperature borated water and are pressurized
with nitrogen. When the RCS system pressure
drops below the N2 pressure within the
accumulators, the accumulators begin to inject
water to RCS, via DVI line.

ADS1-4 is designed to depressurize the RCS
in a controlled manner. The pressure reduction
permits nitrogen pressure driven ACC injection
and the gravity-driven safety injection from the
IRWST. ADSI1-3 takes the hot fluid and vapor
from the pressurizer and feeds it into the IRWST.
ADS4 takes off from the hot leg and discharges

directly into the containment.

The IRWST has three major functions: serves
as the heat sink for the PRHR HX; provides the
liquid pool for condensing the effluent from
ADS1-3; and supplies RCS with long-term
gravity-driven injection at low pressure.

III. TH-PA INTEGRATION METHOD

The first step in BDBA plan for code
assessment is TH-PA screening using a TH-PA
integration method. The general concept of this
method is shown in Figure 3.

There are three key elements in the figure:
plant state generation and PA screening, TH
trajectory prediction and screening, and TH
phenomena and human action integration.

Also shown in the figure are the three groups
of screening products. The first group are the
plant states eliminated after PA screening because
the probability of occurrence are below the
probability cutoff value. The second group are
the plant states eliminated after TH screening
because they have no TH significance (will not
create a safety concern). The third group are the
plant states that have probabilities of occurrence
above the probability cutoff value AND has TH
significance (i.e., has safety concern or may lead
to core uncovery). The third group of plant states
and the TH trajectory constitutes the BDBA
scenario required by the BDBA plan for code
assessment (see Figure 1).

The TH-PA integration method begins with the
selection of an accident Initiating Event (IE, e.g.,
a SBLOCA). Then the plant states associated
with the initiating event and their corresponding
occurrence probabilities are generated. A
probability cutoff value is selected (e.g., 107°) and
will be used as the basis for the PA screening.
The plant states with probabilities lower than the
cutoff value are automatically eliminated and
become the first screening group.

Plant states with probabilities higher than the
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cutoff value are retained after PA screening. Each
of these plant states is forwarded to the second
key element for TH trajectory prediction and
screening. Based on the given plant state which
represents the failures of the passive safety
systems, TH trajectory prediction is able to
capture changes in RCS pressure and RCS liquid
volume fraction following the accident initiating
event.

TH screening criteria is defined such that if the
TH trajectory does not raise a safety concern,
such as the RCS pressure will drop to the IRWST
injection pressure while the core is still covered,
the plant state with this trajectory is eliminated
and become the second screening group.

If TH significance can not be determined based
on the predicted trajectory, the plant state creating
such trajectory is retained and will be integrated
with the third key element, TH phenomena and
human actions.

If a trajectory raises a safety concern, such as
potential core uncovery, the plant state and the
trajectory constitute a new BDBA scenario which
becomes the third screening group.

In the third key element, TH phenomena and
human actions are logically represented in
Integrated Behavior Logic Diagrams (IBLDs).
Each plant state that survived TH screening and
the information from TH trajectory prediction
trigger some of the IBLDs and the results are the
induced passive safety system failures or changes
of system status caused by TH phenomena or
human actions. The newly found induced failure
and the original plant state form a new plant state.
This new plant state will again undergo PA
screening (in the first key element). Based on its
probability of occurrence, this plant state will be
either eliminated or forwarded to the second key
element.

Thus, the TH-PA integrated screening method
follows an iterative loop "plant state generation
and PA screening => TH trajectory prediction
and screening => TH phenomena and human

actions integration => new plant state generation
and PA screening =>.." An initiating event
selected enters this iterative loop and the
screening goes on until all the plant states are
processed. The plant states are either eliminated
or are determined to lead to significant BDBA
scenarios and the scenarios are to be further
analyzed and tested. Since there are both PA and
TH screening criteria built into the process, the
plant states not meeting those two criteria are
quickly screened out. It only takes a few iteration
through the loop to eventually find the BDBA
scenarios.

In summary, the TH-PA integrated screening
method considers initiating event, postulated
passive safety system failures (random failures),
system failures or changes in system status
induced by TH phenomena and resulted from
human actions. = This method provides a
consistent, systematic, and comprehensive tool to
identify important BDBA scenarios that satisfy
both  probability and TH  significance
requirements.

IV. PLANT STATE GENERATION
AND PA SCREENING

Plant state generation starts with a selected
accident initiating event. An AP600 PRA
REVEAL-W™? model® will be used to
comprehensively and rapidly generate all the plant
states that are associated with this initiating event.
Each plant state generated is a particular plant
configuration for which the initiating event has
occurred and certain systems have failed.

The AP600 PRA REVEAL-W™ model is
based on the event trees and data from
Westinghouse AP600 PRA*. In this model, logic
trees are rebuilt for the AP600 systems (e.g.,
CMTs, ADS). The failure probabilities of the
components and systems and their contributions
to core damage are consistent with reference 4.
The results from the model have been successfully



validated against the results presented in this
reference.

The probability for each plant state is
calculated from the AP600 PRA REVEAL-W™
model. A probability cutoff value is defined in the
model. Therefore, the plant state with probability
lower than the cutoff value is automatically
eliminated due to low credibility. The ones with
probabilities higher than the cutoff value will be
saved as an output.

When a SBLOCA is selected as an initiating
event , all the plant states associated with this
initiating event are generated. Examples of plant
states are :

SBLOCA with 1 CMT failure

SBLOCA with 2 CMT failures

SBLOCA with PRHR failure

SBLOCA with PRHR and 1 CMT failure
SBLOCA with PRHR and 2 CMT failures
SBLOCA with 2 CMT failures and ADS
failure

A Sl M

Plant states 4, 5 and 6 have occurrence
probabilities lower than the defined cutoff value
and therefore are eliminated. Plant states 1, 2,
and 3 have occurrence probabilities higher than
the cutoff value and are retained after PA
screening. Each of these retained plant states is
forwarded to the second key element.

For the purpose of screening, plant state at
system level is adequate. Since there are much
fewer number of systems than components, the
number of plant states generated is much less.
Therefore, the number of plant states surviving
PA screening is limited.

Nevertheless, if there is an interest on certain
components (e.g., a specific valve), it is
convenient to generate the plant states based on
such components and carry out the rest of the
process in a similar manner. The number of plant
states surviving PA screening will still be
bounded, as long as a limited number of

components are selected at any one time.

V. TH TRAJECTORY PREDICTION
AND SCREENING

The purpose of TH trajectory prediction and
screening is to connect the "plant state - system
fatlure" concept used in probabilistic analysis with
the “system failure - physical behavior
(trajectory)" concept used in thermal hydraulic
deterministic analysis. By linking plant state with
accident trajectory in a simple method and by
applying TH screening criteria on the trajectory,
we are able to throw out the plant states and the
associated trajectories that do not have TH
significance.

Each passive safety system in AP600 design
has its role in mitigating an accident. They either
add water to the RCS and/or remove energy from
the RCS, or relieve RCS pressure. The failure of
one or more of the systems alters the accident
trajectory, usually to a state with higher system
pressure and lower RCS mass. The failure of a
passive system, either postulated or induced by
TH phenomena or resulted from human actions,
is represented by plant state generated by AP600
PRA model and IBLDs. Therefore, by finding the
interdependency between accident trajectory and
system failure, we are able to link accident
trajectory with plant state that represents the
failures of passive safety systems.

Accident trajectory is defined as the
progressive changes in RCS pressure and liquid
volume fraction as a function of passive safety
system failures. Since RCS pressure and liquid
volume fraction are TH parameters, the accident
trajectory is also referred to as TH trajectory.

TH trajectory prediction begins with the
identification of the roles of each passive safety
system in accident transient. For example in
AP600, PRHR removes energy from RCS; ADS
relieves RCS pressure through bleeding; CMT
adds water to RCS and at the same time removes



energy from RCS (energy reference point is
defined as water at saturation at system pressure.
Therefore, adding subcooled water to RCS is
equivalent to removing energy).

Then, the roles of each system is represented in
the mass conservation equations:

—

dM RS =N CMT(G CMT_; CMT) \ ACC(G ACC _ (G Break_(5 4DS
dt o i

cMT
M _yomG g,

CMT.
dt i)

dMA°C _ NACCG ACC
dt

and in the energy conservation equation:

deCS-Q Core () Mass . SG_ () PRHR _() CMT () ACC _ 3 Break_() ADS
dt

where
M*= mass of water in system X (e.g., CMT)
N*= number of system X available
G, = flow rate in/out of system X
G*= flow rate out of system X or out of a break
PRCS=RCS pressure

*= energy addition/removal by system X
QM= stored energy released from the metal
C= compliance factor

RCS mass conservation equation is also
expressed in liquid volume fraction (LVF):
cs (tz—t 1)

dM*®
LVF(t,)=LVF(t)) + —————
() =LVF()+— o

where
LVEF(t)=LVF at time t,
p=average water density
V=total RCS volume above the hot leg
Test data and theoretical calculations provide

values for the terms in the equations. For
different plant states, the values for each term are
different. For a plant state of SBLOCA with
PRHR failure, the heat removal rate by PRHR is
zero. For a plant state of SBLOCA with two
CMTs failures, PRHR heat removal rate has a
value that is consistent with the plant state; but,
the mass in and out of CMTs are zero and the
energy removal by CMTs is also Zero.

Figure 4 shows the trajectories predicted for
various plant states. The roles played by each
passive safety system are clearly presented. For
example, failure of one CMT reduces the LVF
from 71% to 69% at 0.47 normalized pressure.
Failure of PRHR reduces the LVF from 71% to
62% at the same normalized pressure.

Figure 5 shows a comparison between a
predicted trajectory with experimental data for
SBLOCA with no failure. The two trajectories
compare well. Similar comparisons were done for
other plant states of SBLOCA with system
failures. The results also compare well.

Once the accident trajectory is predicted for
the plant states retained after PA screening, TH
screening criteria is applied. TH screening looks
at the RCS pressure relative to RCS liquid volume
fraction and the potential TH phenomena and
human actions that can be associated with the
trajectory.

Referring to Figure 5, point C is defined as the
cross point of two lines: IRWST injection
pressure and top of the core. If the trajectory
passes through the IRWST injection pressure line
above point C, the plant state with this trajectory
is eliminated. For the trajectory predicted even
before reaching this point, if there are no TH
phenomena or human actions that change the
course of the trajectory to high pressure and low
mass, and the trajectory point to a destiny above
point C when it cross the IRWST injection line,
the plant state with this trajectory is also
eliminated.

If the trajectory raises a safety concern or
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already leads to core uncovery (i.e., cross the top
of core line when pressure is still above the
IRWST injection pressure), the trajectory and the
associated plant state constitute an identified
BDBA scenario to be further analyzed and tested.

If the TH significance can not yet be
determined from the trajectory because it is still
premature to make a decision as of if the IRWST
pressure line will be crossed above point C, the
trajectory and the associated plant state is
retained. The retained plant states and the
information from the trajectory are combined to
form an updated plant state. The updated plant
state will be forwarded to the third key element to
be integrated with TH phenomena and human
actions so that potential new passive safety system
failures can be identified

An example of predicting TH trajectory and
applying TH screening criteria is given in section
VIIL

VI. TH PHENOMENA AND HUMAN
ACTION INTEGRATION

In this section, the criteria for the selection of TH
phenomena and human actions are first presented.
Then, TH phenomena and human actions selected
for logical representation are provided. The
method of forming a logical representations of the
TH phenomena and human actions is introduced
through developing the Integrated Behavior Logic
Diagram (IBLD).

VI.1 TH Phenomena and Human Action
Selection Criteria

PIRT report® is used as a starting point for
generating a list of important TH phenomena.
The phenomena in reference 5 that fall into the
following categories are not selected:

1. Phenomena that present thermal hydraulic
parameters only (e.g., flow, level)

2. Phenomena that are inherent characteristics
of design/structure (e.g., flow resistance,
loop asymmetry effect)

3. Phenomena that are themselves influenced,
or are the results of other phenomena which
are modeled (e.g., PZR level swell is
induced by flashing)

4. Phenomena that would not affect vessel
inventory prior to core uncovery (e.g.,
CHF/dryout which is related more to the
cladding temperature, the level 4 criteria of
the Regulatory Guidance for Safety-Related
Requirements. In this research, the level 5
criteria, vessel inventory, is used to identify
core uncovery scenarios)

5. Phenomena that will not directly lead to
system component failure or human action
(e.g., thermal stratification, phase
separation)

6. Phenomena that are consistently ranked low
in reference S

Westinghouse AP600 Emergency Response
Guideline® is used to analyze the types of human
actions during certain phases of the transient.
Human actions having impact on the passive
safety systems are considered.

For both TH phenomena and human actions,
the following selection criteria apply:

1. Phenomena that potentially affect accuracy
of instrumentation (e.g., flashing creates
false water level indication)

2. Phenomena that potentially affect system
performance (e.g., the presence of N2
degrades PRHR performance)

3. Phenomena that may cause equipment
failure or increase hardware failure
probability (e.g., condensation induced
water hammer can cause pipe break)

4. Phenomena that lead to thermal hydraulic
conditions that increase the likelihood of
operator errors (e.g., flashing and the
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induced swelling may lead to an indication

of a solid PZR which may influence an

operator to stop the depressurization)
. Phenomena that influences TH parameters
that are important to TH trajectory (e.g.,
phenomena influencing CMT drainage
initiation affects CMT level which in turn
affects ADS automatic actuation time.
ADS is important to TH trajectory because
its opening changes trajectory significantly)
System failures that cause failures in other
systems (e.g., CMT failure leads to the
failure of automatic ADS opening)
System failure that requires the operator to
take a certain action in which the operator
may or may not take such action (e.g.,
failure of ADS automatic actuation requires
the operator to manually open ADS valves)

V1.2 TH Phenomena and Human Actions
Selected for Developing IBLDs

Following TH phenomena and human actions
are . selected for IBLD development. The
consequences (resulted from the TH phenomena
and human actions) are listed in parentheses :

1. Flashing in CMT and flashing in CMT level
sensor (delays automatic ADS actuation)
Flashing in PZR (increases water level,
causes operator action)

. Water hammer in ADS1-3 at valve
downstream piping (leads to pipe break and
redirects ADS1-3 flow into containment,
increases ADS1-3 flow rate, elevates
containment temperature)

. Water hammer at ADS 1-3 exit piping and
sparger (leads to pipe break, increases flow
rate, creates potential blockage of IRWST
injection port)

. Water hammer in DVI line (leads to pipe
break and loss of half or all of the passive
safety injection)

2.
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N2 effect on PRHR (degrades PRHR
performance)
. Accumulator effect on CMT (increases
CMT water level)
CMT drain initiation (controls CMT level
and ADS automatic actuation)
Thermal stratification on temperature
measurement (gives false temperature
indication)
Thermal binding of valves (leads to valve
failure to open)
Vessel  integrity  under  rapid
depressurization (leads to vessel failure)
Containment temperature effect on level
measurement (leads to false high level
measurement, delays ADS automatic
actuation)
CMT failure on ADS (leads to ADS
automatic actuation failure)
Operator actions based on PZR water
level (manually closes ADS valves)
Operator actions opening or not opening
ADSI1-3 valves
Operator actions opening or not opening
ADS4 valves
Operator  action temperature
measurement (leads operator take
actions to prevent vessel failure)

10.
11.

12.

13.
14.
15.
16.

17. on

V1.3 Process for Developing an IBLD

The logical representation of the TH
phenomena and human actions is achieved
through developing an Integrated Behavior Logic
Diagram (IBLD). In an IBLD, the causal and
logical relationships between cause and
consequences of certain phenomena or human
actions are presented. This diagram can quantify
the severity and frequency of occurrence of
certain phenomena under various plant state
conditions. Likewise, the probability of passive
safety system failure induced by the phenomena or
human actions can also be quantified. The



purpose is to use the logical link between the
passive safety system, TH phenomena, and human
interactions to predict the true system behavior
under accident condition.

The principles of developing an IBLD is
demonstrated in this section, using water hammer
in DVI line as an example. The following is the
procedure used to develop an IBLD:

1. First, an important TH phenomena is
identified. This phenomena may have the
potential to induce passive safety system
failure, or to lead to human action which in
turn will impact the passive safety system
performance. In the example, water
hammer in DVI line is identified as the TH
phenomena.

. Second, the causal factors that contribute to
the phenomena and human actions are
identified. For example, the presence of
vapor and cold water in DVI line is part of
the causes for water hammer.

. Third, the plant states that affect these
causal factors are identified. For example,
plant state for downcomer water level drops
to below top of DVI line provides the
condition for one of the causal factors,
vapor in DV] line, to exist.

. Next, the logical consequences that can be
induced by the phenomena or human action
are identified. In the example, the
consequence is pipe break.

. These causal relationships between the
cause, the phenomena, and the
consequences are formulated into an
Integrated Behavior Logic Tree - IBLT, as
shown in Figure 6 for the example. This
tree provides a simple and clear
presentation of the relationships.

. The details of the relationships in IBLT is
captured in an IBLD where they are
expressed semi-quantitatively and
hierarchically in regard to the severity and
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likelihood. The IBLD for the example is in
Figure 7.

IBLT for water hammer in DVI line is
presented in Figure 6. In this figure, the factors
that contribute to the phenomena is presented
below the phenomena block. The consequence
resulted from the phenomena is above the
phenomena block. Notice that there are five
major factors affecting DVI line water hammer.
Thus, co-existence of all five factors provides the
stage for water hammer’: vapor in DVI line, cold
water, flowing through a long horizontal pipe,
with low velocity (with low Froude number, Fr.
No.), at a relatively high system pressure. For
AP600 system design, the cold water coming into
DV1 line is more than 20°C subcooling. DVI line
is horizontal and its length (L) is more than 24
times its diameter (D). Thus, two of the five
factors are automatically satisfied.

During a transient, only when downcomer
water level drops to below the top of DVI line,
can vapor enter the line. Therefore, the water
level information from the predicted TH trajectory
will determine when this condition exists. The
only situation when the DVT line cold water flow
rate is low is when either CMT or ACC is
injecting water to the DVI line, not both.
Therefore, the plant state of having only one of
these safety systems functioning during any time
is the condition for this factor to be fulfilled.
When RCS pressure is higher than 200 psi,
damaging water hammer may occur in the DVI
line. If the system pressure is lower, water
hammer is then mild.

In Figure 7, the same logical relationships that
are in Figure 6 are shown in this IBLD, with semi-
quantitative values assigned to all the causal
factors, the phenomena, and the consequence.
This IBLD shows that, when only CMT or ACC
is injecting water to the DVI line, DVI line
subcooled water flow rate will be less than a
critical flow rate Gc. When this is coupled with
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downcomer water level below the top of the DVI
line and system pressure higher than 200 psi, there
is potential for a severe water hammer. Such
water hammer is very likely to lead to pipe break
(with probability of 0.1 to 1.0).

In the IBLD, the plant states and the
information from the trajectory are presented in
the lower portion of the diagram (e.g., source of
water block and downcomer water level block).
The causal factors that are influenced by these
plant states and information are presented along
left and upward direction (e.g., vapor in DVI line
lock). The phenomena of interest is presented in
a diamond shape block. The consequences are
presented above the phenomena to its left.

In this particular example, if the plant state
specifies that both CMT and ACC are functioning
and provide cold water to DVI, then the cold
water flow rate is higher than the critical flow
rate. Thus, the Froude number is larger than 1. If
the information from TH trajectory specifies
downcomer water level below DVI line, then
there is a lot of vapor in DVI line. If the RCS
pressure is less than 200 psi, then there will be a
mild water hammer in DVI line. The probability
of pipe break due to this water hammer is
medium. That is, it is reasonably possible that the
pipe will break (with the probability of 0.01 to
0.1).

In the IBLD, the likelihood of an adverse
consequence is assigned with a probability value.
There will be one of three discrete probability
values assigned: low, medium, or high. Low
probability corresponds to the probability of 0.0
to 0.01 and signifies that the adverse consequence
"can’t be positively denied." Medium corresponds
to a probability of 0.01 to 0.1, and it means the
adverse consequence is "reasonably possible."
The high probability means the consequence is
"very likely" and has the probability value of 0.1
to 1.0.

VII. BDBA SCENARIO
IDENTIFICATION PROCESS

In this section, a complete BDBA scenario
identification process is demonstrated through an
example. Referring to section IV, plant state 2 of
SBLOCA with 2 CMT failures has an occurrence
probability above the cutoff value. Therefore, this
plant state (here referred to as the first generation
plant state) is forwarded to TH trajectory
prediction and screening.

Figure 8 shows the trajectory prediction for
this example. Method presented in section V is
used to predict the TH trajectory, shown as the
solid line in the figure. The dotted line is obtained
from the corresponding AP600 test®.

The predicted trajectory compares well with
the test data up to point t;. In the AP600 test,
since both CMT failed and CMT water level did
not decrease, automatic ADS actuation was
disabled. Therefore, the test specified that ADS1
was to be manually opened 30 minutes after the
CMT actuation signal. When ADS was manually
opened, the RCS water was at Cold Leg (CL)
level (point t;). Test trajectory F, represents the
opening of ADS.

From predicted trajectory, if we visually extend
the trajectory from point t, to t; all the way
downward, the pressure at the point where this
extended trajectory meets the top of core is higher
than the IRWST injection pressure. Therefore,
this trajectory points to a high pressure and low
mass state and the plant state leading to this
trajectory (SBLOCA with 2 CMT failures) is
retained after the TH screening. This plant state
is forwarded for integration with the IBLDs to
identify induced failure and human actions that are
associated with this plant state.

The "CMT failure on ADS" IBLD (IBLD #13
in section V1.2) and probability analysis show that
ADS1-4 will not automatically actuate because
CMT levels do not decrease due to CMT failure;
and the probability of this induced actuation
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failure is 1.0. Therefore, a second generation
plant state is identified. It includes SBLOCA, 2
CMT failures, and ADS1-4 automatic actuation
failure. The probability of this new plant state is
above the cutoff value, and so it is again
forwarded for further TH trajectory prediction
and screening,

Further TH trajectory prediction shows that,
from point t, and on, trajectory takes a worsening
direction. PRHR heat removal shifts to boiler
condenser mode. System pressure reduction is
minimized while inventory is continuously lost
through the break. The results from TH screening
determines that this trajectory and its associated
plant state should be retained for further
integration with IBLDs.

The "operator actions opening or not opening
ADS valves" IBLDs (IBLD #15 and #16 in
section VI.2) shows that, once the water level
drops below the bottom of Hot Leg (HL), ADS1-
4 may be manually opened by the operator. These
IBLDs are based on reference 6 which states that
if ADS is not opened and CMT level is not below
the ADS set point, the operator can open ADS1-4
if the hot leg level measurement indicates low
level (at the bottom of the HL). This is the third
generation plant state: SBLOCA, 2 CMT failure,
ADS automatic actuation failure, and ADS
manual opening. The probability of this new plant
state i1s above cutoff value. Therefore it is
retained after PA screening. If ADS1-3, then
ADS 4 are opened by the operator, the trajectory
is F;. Although ADS1-4 are opened and RCS
pressure is relieved, since the opening of ADS1-4
is at a much higher pressure and low inventory
state, it is possible that the core may be uncovered
at the time the RCS pressure drops to IRWST
injection pressure.

IBLDs #15 and #16 also show that, given that
ADS automatic actuation has failed, CMT levels
remain high, and indicated hot leg level is low, the
operator may not choose to manually open ADS1-
3, or ADS4 before water level drops to DVI line

(point t;). If ADS1-3 is manually opened but
ADS4 is not (which constitutes another third
generation plant state), the TH trajectory will
follow F, which indicates that RCS pressure does
not receive adequate relief while inventory is lost
from both break and ADS1-3.

Scenarios represented by both TH trajectories
F, and F, and their corresponding plant states
represent BDBA scenarios.

If ADS1-4 are not opened, TH trajectory
prediction shows that RCS liquid level will drop
to below DV line (point t;). Since this trajectory
represents high pressure and lower system
inventory, it is retained for further IBLD

~ integration.
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IBLDs #15, #16, and #5 shows that, operator
may open ADS during this stage of the transient.
And once ADS are opened, the lowered system
pressure will initiate ACC injection. The presence
of vapor and cold water in DVI line may result in
water hammer in DVI line which leads to pipe
break. These new failures, plus the second
generation plant state forms the third generation
plant states. Since the probabilities of these plant
states are above the cutoff value, they are retained
for TH trajectory prediction.

Trajectories F; and F, represent ADS opening
with and without DVI line break. These two
trajectories may have the potential for core
uncovery. They are BDBA scenarios.

Trajectory F; represents the case when ADS1-
4 are not opened. The probability for plant state
representing this trajectory is lower than the
cutoff value. Therefore, this trajectory is
eliminated.

The above example demonstrates the complete
process of identifying BDBA scenarios using TH-
PA integration method. At least three generations
of plant states have been identified and their
probabilities calculated. PA screening was applied
for each generation of the plant state. The plant
states that survived PA screening are forwarded
to continue the TH trajectory prediction. During



this process, IBLDs are integrated with the plant
state and TH trajectories. Each time the
integration is done, new passive system failures or
changes in system status are identified. These
provide input to the next generation plant state
identification.

As a summary of the example, the BDBA

scenarios identified are as followings:

1. Trajectory F,: SBLOCA with 2 CMT
failures and with ADS automatic actuation
failure, ADS1-4 can be manually opened at
high pressure and lower inventory state.
AP600 system response with ACC as the
only source of coolant make up before
pressure drops to IRWST injection pressure
is a BDBA scenario.

2. Trajectory F,; SBLOCA with 2 CMT
failures and with ADS automatic actuation
failure, when ADS4 is not manually opened
by the operator, RCS system pressure may
not be able to reach IRWST injection
pressure. AP600 system response under
such condition is a BDBA scenario.

3. Trajectory F,: SBLOCA with 2 CMT
failures and with ADS automatic actuation
failure, opening ADS1-4 at high pressure
and at much lower inventory is a BDBA
scenario.

4. Trajectory F,; SBLOCA with 2 CMT
failures and with ADS automatic actuation
failure, opening ADS1-4 at high pressure
and at much lower inventory, combined
with one or both DVI line break is a BDBA
scenario.

The following additional insights are drawn
from the example:

1. Successful ADS functioning has the
ultimate effect on AP600 safety. Using
CMT level as the sole trigger to actuate
ADS disables ADS automatic functioning
when CMT level does not decrease to ADS
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set point for any reason (e.g., CMT failure)

. ' When CMT level does not decrease to ADS

set point, operator depends on the hot leg
level to determine if ADS should be
manually opened. Hot leg level
measurement is designed for normal
cooldown but now is used as the key for
emergency RCS depressurization.

. In reference 4, accident sequence for

SBLOCA with 2 CMT failure and with
ADS failure was presented. This sequence
has very low probability to occur, because

the PRA treated the ADS failure as

independent of CMT failure, i.e., the PRA
did not make the connection between the
dependancy of ADS actuation to CMT level
and CMT failure. Therefore, this sequence
was not probabilistically important in the
PRA. In reference 4, sequence of SBLOCA
with 2 CMT failure is also presented.
Although this sequence has a relatively high
probability to occur, since it does not lead
to core damage, it has no contribution to
the total core damage calculation. From the
example presented in this section, it is seen
that, if we do not take credit for human
action, SBLOCA with 2 CMT failure is
equivalent to SBLOCA with 2 CMT failure
and with ADS failure which leads to core
damage with a relatively high probability.

. In the SBLOCA with 2 CMT failure

sequence, even if we take credit for possible
operator action of opening ADS, ADS can
be opened at a much higher pressure and at
much lower inventory than was tested. This
scenario has relatively high probability to
occur and may result in core uncovery.
Identifying these types of BDBA scenarios
are the objectives of this research. It is
through the eyes of TH-PA integration
where the beauty from both is in one
combined, such objective can be sought,
and these types of scenarios can be seen.



VIII. CONCLUSIONS

This paper presented the TH-PA integrated
screening method that is specifically developed to
identify AP600 BDBA scenarios. This integration
captures the strength from both deterministic
(thermal hydraulic) and probabilistic (probabilistic
risk assessment) analysis and creates a fusion
process to produce a powerful method. Using
this method, the probabilistically credible and
thermal hydraulically important AP600 BDBA
scenarios can be identified. Currently, this
method has been applied for AP600 cold leg
SBLOCA. Its application to other accident
initiating events will be completed later.

The application of this method goes beyond
AP600. Its further development, refinement, and
application in other areas of science and
engineering will fulfill the purpose of capturing
the true dynamics of the systems. With this
method, we are able to further understand the
underlying reasons that control the dynamic
behavior of the systems. Therefore, we are able
to design a better system or improve effectively
on an existing one so that they can better serve
the purpose we set for them.
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RELAPS5 Code Assessment Using AP-600 Test Facility Data
by

D. A. Prelewicz, S. Lucas, H. A. Wagage, SCIENTECH, Inc.
and K. Almenas, University of Maryland

ABSTRACT

The USNRC has sponsored experiments at both the ROSA-AP600 and
APEX test facilities. SCIENTECH and the University of Maryland
performed a number of post test calculations for experiments from these
facilities using RELAPS version 3.2.1.2, the version of RELAPS5 developed
specifically for AP-600 analysis. A number of features and modifications
were added to this version of the RELAPS code to address the unique
requirements of the AP-600 advanced passive reactor. These features
include, an improved critical flow model (Henry-Fauske) for low pressure,
several enhancements to improve void modeling, modeling changes to
eliminate artificial flow circulation and improvements in the automatic time
step algorithm.

Results for several of the post test calculations were compared to previous
calculations performed with version 3.1.4, which did not have code features
added for AP-600 analysis. The results indicate a major improvement in the
RELAP5/MOD?3.2.1.2 calculated core level and break flow compared with
RELAP5/MOD3.1.4.

Comparison of the calculation resuits to test data indicate that, while such

key results as the core collapsed liquid level are predicted quite well, there
remains a need for further improvement in the fine structure of the

predictions. This is particularly evident at low pressure and low temperature
conditions. Areas identified as needing further improvement in code
predictive capability include modeling of thermal stratification, mass error,
natural circulation flow, and condensation and escape of vapor in a liquid
pool. The needs for improvement are demonstrated by specific responses
from ROSA-AP600 tests AP-CL-05, AP-CL-09, AP-AD-01 and AP-BO-01 -
and APEX tests NRC-10 and NRC-11.

One feature of the AP-600 analysis that is also addressed is the delicate
balance of forces which govems the evolution of the later phases of transients
during which the passive safety systems are operating to maintain core
cooling. Under these circumstances, slight differences in initial conditions
and modeling assumptions can result in significant differences in predicted
event timing. Overall performance of the safety systems, however, does not
appear to be affected by the differences in timing.
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1.0 INTRODUCTION

A number of features and modifications were added to version 3.2.1.2 of the RELAPS code specifically to
address the unique requirements of the AP-600. These features include:

e (ritical Flow. Addition of the Henry Fauske choked flow model to eliminate the artificial choking of
ADS-4 at low pressure.

e Void Oscillations. An error in the CHF (Critical Heat Flux) low flow interpolation was corrected.
Inconsistencies between the RELAPS flow regime map and the interfacial friction model were
corrected. Oscillations that have been caused by the use of an “ad hoc” liquid interfacial heat transfer
coefficient have been corrected.

e Low Pressure Rod Bundle Void Fraction. Smoothing the transition between the co-current and
counter-current flow regimes has been implemented.

e Flow Circulation. Artificial flow circulation in the core and lower plenum has been eliminated by not
using the momentum flux terms for these regions of the reactor. This is being done until the incorrect
differencing and donating of the momentum flux terms is corrected.

e Time Step. Invokes a true Courant time step limitation based on over-extraction of the donor phase.

SCIENTECH and the University of Maryland used RELAPS version 3.2.1.2 to perform post test
calculations to benchmark the code against data from test programs sponsored by the US NRC at the
ROSA and APEX test facilities. Results for several of the post test calculations were compared to
previous calculations performed with version 3.1.4, which did not have code features added for AP-600
analysis. The results indicate a major improvement in the RELAP5/MOD3.2.1.2 calculated core level and
break flow compared with RELAP5/MOD3.1.4.

The post test calculations also indicate, however, that there remains a need for further improvement in the
fine structure of the predictions, particularly at low pressure and low temperature conditions. Areas
identified as needing further improvement in code predictive capability include modeling of thermal
stratification, mass error, natural circulation flow, and condensation and escape of vapor in a liquid pool.
Comparison of specific system responses to experimental data from ROSA-AP600 tests AP-CL-05,
AP-CL-09, AP-AD-01 and AP-BO-01 and APEX test NRC-10 was used to demonstrate the need for code
improvements in these areas.

Code comparisons to experimental data are complicated by the sensitivity of the predicted event timings to
slight differences in initial conditions and modeling assumptions. This sensitivity is due to the delicate
balance of forces which govemns the evolution of the later phases of transients during which the passive
safety systems are operating to maintain core cooling. One of the significant events which is very sensitive
to small changes in modeling is the start of core makeup tank (CMT) draining. For example, a change of a
few degrees in initial pressure balance line (PBL) temperature can shift the start of CMT draining by
several thousand seconds. Since automatic depressurization system (ADS) actuation is tied to CMT level,
the iming of ADS opening is also affected by when the CMTs start to drain. Overall performance of the
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safety systems, however, does not appear to be affected by the differences in timing.
2.0 RELAPS VERSION 3.2.1.2 BENCHMARK COMPARISONS

Figure 1 shows a nodalization diagram for the RELAPS model used for the ROSA/AP600 calculations.
The model used for APEX calculations is very similar in its level of detail.

2.1 Core Collapsed Liquid Level

The core collapsed liquid level is an important parameter that reflects successful system performance
following a small break LOCA since this parameter, in conjunction with the steam flow in the core liquid
region, establishes the basic conditions which determine whether the core uncovers and whether heatup will
occur. A decrease in the core collapsed liquid level, which reflects an associated decrease in the core two-
phase level, can result in core uncovery and fuel heatup. The core collapsed liquid level, in conjunction
with the fuel cladding temperature responses, is used to indicate conditions of uncovering the core since
there are no measurements of the location of the two-phase level in the core and upper plenum regions.

Figures 2a, 2b, and 2c show the core collapsed liquid level for three ROSA-AP600 tests. For test AP-AD-
01, an inadvertent opening of ADS 1-3 valves, the collapsed level predicted by version 3.2.1.2 is slightly
improved over the version 3.1.4 prediction. For tests AP-BO-01 and AP-CL-09, predictions of code
version 3.2.1.2 are in much better agreement with the data than those of version 3.1.4. For tests AP-CL-09
and AP-BO-01, the model improvements in version 3.2.1.2 were needed to obtain reasonable predictions of
core liquid level.

2.2 Critical Flow

Break Flow. Figure 3 compares the break flow calculated for test AP-CL-09 using RELAPS code versions
3.1.4 and 3.2.1.2. The new break flow model (option 53), which uses the Henry-Fauske critical flow model,
shows a distinct improvement compared to the break flow model of version 3.1.4. The version 3.1.4 break
flow calculation is consistently low, compared to the data. This contributes to the higher version 3.1.4
calculated pressure when compared to the data and the version 3.2.1.2 pressure calculation. The version-
3.2.1.2 calculated break flow is consistent with the data during the subcooled and two-phase portions of the
transient.

ADS 1-2-3 Flow. Figure 4 shows ADS 1-2-3 flow which indicates that version 3.1.4 overpredicted the
peak flow for test AP-CL-09. There appears to be additional oscillations in the ADS flow in the

version 3.1.4 calculation during the low pressure phase of the transient. Apparently, the use of options 55
and 61 in the version 3.2.1.2 calculation has reduced the number of oscillations from the interfacial heat
transfer and boiling phenomena. The version 3.2.1.2 calculation captures the peak flow rate in the test,
while the oscillations are eliminated during the low pressure portion of the transient.

ADS-4 Flow. Figures 5a and Sb show that version 3.2.1.2 calculated ADS-4 flow is closer to the trends in
the data for test AP-CL-09. Because the measured ADS-4 flow was extremely noisy, Reference 1 states
that the figures indicate that the comparisons regarding flow are intended for trending purposes only. The
magnitudes of the version 3.2.1.2 calculated flow oscillations for ADS-4 are lower than those for the
version 3.1.4 calculation which indicates that the new options are contributing to the improved prediction.
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Fig. 5b. TEST AP-CL-09: Transient ADS-4B Flow
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2.3 Code Robustness and Execution Time

Analyses with RELAP5/MOD?3.2.1.2 have shown an increased robustness. During the 8,000-second
simulation of AP-CL-09 test, RELAP5/MOD3.2.1.2 did not experience a single termination from a
property or code failure. The same was true for the 56,000-second simulation of the AP-BO-01 test.
Generally, the execution time improved by approximately a factor of five for version 3.2.1.2 compared to
earlier code versions such as version 3.2. More importantly, the need for the analyst to coax the run by
restarting with a smaller time step following code failures was essentially eliminated, so turn around time
was increased by an even larger factor.

3.0 NEED FOR MODELING IMPROVEMENTS

3.1 Cold Leg Thermal Stratification

Thermal stratification in the cold leg can occur either in a liquid solid, a two-phase, or a vapor filled condition.
All of these states can occur sequentially over the course of most SB-LOCA transients. In previous assessments
most attention has been directed to the liquid-liquid thermal stratification condition.

Thermal stratification in the horizontal sections of the cold leg pipes has been consistently observed in ROSA
tests [Ref. 2]. When the measured thermal gradients are large, this is usually an indication that liquid-liquid
counter-current flow is present. For example, hot liquid can flow from the downcomer to the steam generator
while liquid cooled in the PRHR is flowing counter-currently towards the downcomer in the bottom part of the
cold leg. This occurred during test AP-CL-09 but did not occur during test AP-AD-01. Test AP-AD-01 is
characterized by an early and rapid depressurization. During depressurization coolant flow velocities are
substantial and liquid-liquid stratification in the cold legs did not develop. Within approximately 500 seconds
after test initiation primary system inventory decreased sufficiently that vapor penetrated into the cold legs. At
this time significant thermal stratification in the cold legs occurred, but it was either two-phase stratification, i.e.,
vapor-over-liquid or stratification of the vapor phase.

The origin of the fluid within the cold legs can be inferred by observing temperature measurements in the cold leg
itself and in the adjacent regions. Figure 6 provides a schematic of thermocouple locations in the cold leg rake
and shows the two nearest thermocouples in the adjoining downcomer. Figures 7 and 8 present the measured
temperatures in both cold leg rakes for test AP-AD-01. As seen, within approximately 500 seconds the
temperature difference between the top and bottom exceeded 100 K and this degree of stratification was
maintained for the duration of the test. That this is indeed vapor-liquid (or vapor) stratification can be deduced
from the included saturation temperature (the saturation temperature is based on the pressure in the upper
plenum) which shows that the vapor phase is in fact significantly super-heated. For selected time segments of the
transient, for example 800 to 1,500 seconds and 3,100 to 4,000 seconds, the bottom thermocouples of the P-loop
cold leg are covered with liquid. The temperature of the cold leg volume computed by RELAPS lies at the very
bottom of the temperature spread and indicates nearly saturated, or somewhat sub-cooled temperatures. During
the periods when sub-cooled temperatures are present, the cold leg is calculated to be liquid filled. The trend of
the temperatures in the C loop cold leg (Figure 8) is somewhat different. After approximately 1,900 seconds,
liquid did not penetrate into this cold leg and the measured temperatures converged gradually towards a narrower
spread of super-heated temperatures. As shown, under these circumstances the RELAPS5 calculated temperature
diverges even more from the measured values.
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Direct confirmation that the observed temperatures represent either two-phase or pure vapor conditions is given in
Figure 9 which shows measured and calculated liquid fractions in both P-and C-loop cold legs. From
approximately 200 seconds, experimental coolant density measurements indicate that the cold leg contains
predominantly vapor. The calculated trend is qualitatively similar. However, a prominent deviation in the P loop
occurs in the 550 to 650 second time frame, caused by a condensation induced pressure perturbation.

The experiment-to-analysis differences documented in the above figures are due to the volume averaged
representation of fluid properties by the RELAPS code and cannot be eliminated. It is therefore appropriate to
inquire how large an impact this modeling deficiency has on the key safety related parameters.

Compared to the parameters such as the liquid level and degree of subcooling in the core region, the impact of the
failure to model stratification in the cold leg for test AP-AD-01 is secondary. This conclusion is supported by
Reference 3 which notes that in spite of the one dimensional representation of the cold leg, evaluation of key
performance parameters such as the collapsed liquid level in the core is in general adequate. One reason is that
thermal stratification in pipes will develop only for conditions during which flow rates are low. For primary
system conditions the densimetric Froude number has to be below unity for liquid-liquid thermal stratification to
occur. This implies that for that time segment of the transient during which liquid-liquid thermal stratification is
present, the pipes in question do not transfer significant amounts of coolant inventory, and thus do not critically
affect the distribution of primary system inventory.

The observations made during RELAPS5 predictions of test AP-AD-01 are not typical. In this test coolant loss
occurs so quickly that the vapor-steam interface falls to the cold leg entrance level while depressurization is in
progress and liquid-liquid stratification never has a chance to develop. For this reason the potential effect of this
phenomenon is investigated in more detail by considering two additional ROSA tests, AP-CL-09 and AP-BO-01.

Figures 10 and 11 show the development of stratified temperatures in the cold legs for test AP-CL-09. These
figures compare code predictions with the temperatures measured by the cold leg rakes for the entire duration of
the test. Two distinct periods of thermal stratification can be observed. The first is a liquid-liquid stratification
period which starts around 500 seconds when flows become sufficiently small for stratification to develop and
lasts out to about 2,100 seconds when, with the opening of the ADS, depressurization proceeds and the liquid
interface decreases to the level of the cold leg entrances. From that time to the end of the test vapor penetrates
into the cold legs and vapor-liquid or single phase vapor (in the cold leg of loop C) stratification is present. The
two periods can be distinguished by observing the relative position of the saturation temperature line. For the
duration of the liquid-liquid stratification period the saturation temperature line is at the top of the temperature
spread indicating that the liquid in the pipes is at various degrees of sub-cooling. After depressurization the
saturation temperature drops because of the drop in RCS pressure. Figure 10 shows that a stratified vapor-liquid
flow regime is present in the P-loop cold leg. In the C-loop (Figure 11) by around 3,000 seconds saturation
temperature falls below the measured values indicating that this cold leg is filled with superheated vapor. As the
figures show, the RELAPS computed temperature lies at the bottom of the spread and thus represents either sub-
cooled or saturated temperatures.

The analogous measurements obtained for test AP-BO-01 are shown in Figures 12 and 13 which illustrate both
similarities and differences. As shown in Figure 12 for this test a pronounced and very long lasting liquid-liquid
stratification develops in the P-loop cold leg. As indicated by the superimposed saturation temperature, the
temperatures are appreciably subcooled and the RELAPS computed temperature trace is subcooled to an even
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larger degree. On the other hand, the temperature traces for the C-loop cold leg shown in Figure 13 are all nearly
coincident indicating that in this loop no temperature stratification developed.

A change in the basic lumped parameter approach used by RELAPS would be needed to capture the thermal
stratification phenomena discussed above. Given that the prediction of key parameters, such as core level and
fuel heater temperatures, is not significantly affected by the shortcomings in modeling thermal stratification the
need for modeling improvements in this area is of secondary importance.

3.2 Vapor Escape from the IRWST

Both code versions, Mod 3.1.4 and 3.2.1.2, had predicted a rapid mass loss in the IRWST and thus a rapid
drop in its collapsed liquid level for test AP-BO-01 as shown by a drop in collapsed liquid level in Figure
14. This was caused by a calculated liquid discharge into the time dependent volume representing the
containment. The time dependent volume was intended to receive steam being ejected from the IRWST
during boiling and ADS discharge into the IRWST in order to relieve build up of pressure. However,
RELAPS incorrectly predicts that some liquid will be carried with the steam flow. Several sensitivity
calculations were performed to find the effect of different RELAPS models and nodalization on this
discrepancy. The RELAPS models for water packing and choking at the IRWST volume junctions did not
have any impact on the above mass loss. However, the RELAPS model for mixture level tracking
adversely affected predictions by increasing the mass loss. Addition of a large volume on top of the
IRWST reduced the erroneous prediction of liquid mass discharged into the time dependent volume. Thus
auser work around of this basic code limitation is easily implemented.

When the ADS discharges into the IRWST, a large bubble should form, similar to that which occurs in a
BWR torus during blowdown. Because the IRWST is modeled with ten nodes, the resulting node size
precludes the formation of such a bubble. The bubble is spread out over several volumes and resuits in the
large bubble being characterized by the annular flow regime. RELAPS5 does not contain the correct flow
regimes nor physics to model this situation. A larger “tank” model is recommended for this situation (i.e., a
one node tank with a level tracking capability). This type of model could contain the “bubble” in the tank,
rather than spreading it over many volumes and expelling the liquid out of the IRWST to the containment
through the vent line at the top of the tank. Altemnatively, the interphase drag model could be improved.

3.3 Thermal Stratification in the IRWST

A significant thermal stratification was calculated for the IRWST pool for ROSA test AP-AD-01 as shown in
Figure 15. As observed in other analysis to experiment comparisons, the limitations of the RELAPS code and the
highly simplified one-dimensional representation of the IRWST result in the calculation of an unphysical fluid
stratification. The figure shows that due to local heating by the ADS1-3 sparger and heating by the PRHR heat
exchanger, a “cold-over-hot” water condition is created and subsequently maintained. Thus the highest
temperature trace shown in the figure (tempf-80006) represents water in a node slightly below the mid height of
the tank, while nodes at higher elevations (tempf-80003, and tempf-80004) show temperatures which are
significantly lower. The IRWST model used in this representation consists of a single stack of vertical cells and
the calculated results reflect the inability of the model to convect fluid inside the IRWST tank.
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The calculated-to-experiment deviation illustrated above is expected due to the one-dimensional nature of the
IRWST nodalization. Potential improvements are theoretically possible if a more detailed nodalization of the
IRWST tank is employed. However, modeling is restricted by the inherent limitations of the RELAPS code.

Thermal stratification in the IRWST can impact the predicted temperature of cooling water which flows to the
primary system after the system depressurizes below the static head of the IRWST. However, the effect is minor
and can be addressed by performing a bounding calculation.

3.4 Mass Error

Figure 16 shows the system mass error calculated for test AP-CL-09. Both code versions show an increase
in mass error which commences when accumulator injection is initiated. The positive mass error is much
more pronounced for code version 3.2.1.2. An offsetting negative mass error occurs at the end of
accumulator injection and is due to the accumulator component injecting non-existent liquid into the
system, resulting in a generation of mass which occurs over a single time step. During the final time step
before the accumulator liquid is depleted, a region of the control volume contains gas. However, the value
of density donated to the primary system from the accumulator was used as the density of fluid at the
interface of the primary system and the accumulator. The fluid at the interface was liquid. Thus,
additional liquid was injected into the primary system over a portion of the time step resulting in a system
mass error.

There are also additional mechanisms which contribute to the mass error. When steam from ADS 1-3 flow
condenses in the IRWST, the steam is most likely being “over-extracted,” due to the condensation source
term in the mass and energy equations. This over-extraction results in computing a negative vapor (void)
fraction which results in a liquid fraction which is greater than unity due to the compatibility condition that
the sum of vapor and liquid fractions must be unity. This causes a generation of mass and thus a mass
erTor.

A number of attempts were made to alleviate the mass error that occurred during the calculation for test
AP-CL-09. Activating the RELAPS water packing mode! for the IRWST component reduced the system
mass error, probably by reducing the calculated “over-extraction” of steam described above. Other
methods that were examined for the potential reduction of the mass error were use of smaller time steps,
option 54, and invoking the level-tracking model. The use of smaller time steps, however, resulted in an
increase of mass error during periods of *“‘water-packing” and provided evidence that the water-packing
model was not functioning properly or was inadvertently de-activated. Increasing time step and activating
the water-packing model decreased the mass error. Option 54 uses implicit ramp functions in the void
fraction to anticipate over-extraction of the vapor phase. Use of option 54 resulted in an order of
magnitude increase in the mass error. The level model is used to track the two-phase front in a control
volume. Activation of the level-tracking model for the IRWST component had no effect on the mass error.

Since the volume of the IRWST is large these calculated mass errors have little effect on the calculation

results. Nevertheless, the need for improvement in code performance in this area is indicated. NRC now
has a significant effort devoted to resolving mass error problems.
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4.0 SENSITIVITY OF EVENT TIMING PREDICTIONS

4.1 PBL Fluid Temperature

The CMTs will begin to empty either when flashing occurs at the top of the tank or when vapor is drawn
into the PBL from the C-loop cold leg. Flashing will occur in the CMT when the pressure drops below the
saturation pressure corresponding to the temperature of the hottest liquid in the tank. The liquid in the
CMT is initially cold. Hot liquid enters the top of the CMT after natural circulation flow through the CMT
begins. The temperature of this hot liquid entering the CMT from the PBL and the mixing of this liquid
with the cold water in the CMT determines when flashing will occur, and hence when emptying will begin.
One would expect the timing of the start of CMT emptying to be sensitive to the predicted temperature of
liquid entering the CMT from the PBL, and this is indeed the case.

Figure 17 shows CMT level versus time calculated for APEX test NRC-11 for two different initial PBL
average temperatures differing by only a few degrees (approximately 3 K). In this test the PBL was
preheated to a temperature slightly above the cold leg temperature. The two cases shown correspond to the
PBL at the cold leg temperature and at the slightly higher preheated temperature. The difference in the time
when emptying of the CMTs is predicted to begin is around 2,000 seconds. Given this sensitivity, it is not
surprising that it is quite difficult to consistently obtain a good prediction of when CMT emptying begins.

4.2 Termination of Natural Circulation Flow

Prediction of when flashing occurs in the CMTs depends not only on the initial temperature of the liquid in
the PBL, but also on the temperature of fluid entering the PBL from the cold leg. The temperature of the
liquid entering the PBL depends on the flow in the C-loop to which the PBL is connected, and also to a
lesser extend on the flow in the P-loop, since this flow can mix with the C-loop flow.

Figure 18 shows predicted versus measured level in the C-loop CMT for APEX test NRC-10. It can be
seen that RELAPS predicts the start of draining about 300 seconds later than occurred in the test. Note
that the initial drop in level is due to heatup and reduced liquid density which affects the differential
pressure measurement. Start of draining corresponds to the rapid drop in level.

Figure 19 shows predicted and measured fluid temperatures at the entrance and exit of the C-loop PBL.
The exit of the PBL is at the top of the CMT. It is apparent that the predicted temperature is generally
slightly lower than the measured temperature. This explains the late prediction of flashing and the start of
emptying compared to the data.

To predict the PBL inlet temperature correctly, the loop flows and the energy input and output to the
primary system must be well predicted. In the APEX tests there was no direct measurement of flow in the
primary system loops. However, the magnitude of flow can be inferred from the measured temperatures at
different locations around the loop. Figure 20 shows vessel inlet and outlet temperatures for the C-loop.
The divergence of the inlet and outlet temperatures for the test data and the lack of divergence for the
predictions indicates that natural circulation has ceased in the test at around 600 seconds, while natural
circulation is predicted to continue well beyond this time. Hence, the predicted PBL inlet temperature is
low accounting for the delayed prediction of flashing.
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Fig. 19. TEST NRC-10: C-Loop Top of CMT Temperatures

1.0 T T T
0.9 n
e
3
<
2 0.8 , -
& |
) :
- 3 l :
O
N |
E ; Bt © N
S 1l O—©<DATA_TF_525> G-
i A— —A <DATA_TF_531>
0.6 - &-----0 <RELAP5_TF860> .
yLJ & - © <RELAPS_TF858>
o
05 " o " 1 s L L I L L L | 2 L )
0 1000 2000 3000 4000
Time (s)

Fig. 20. TEST NRC-10: C-Loop Vessel Inlet & Outlet Temperatures

1.0 T T — T T
G—6 <DATA_TF_107>
O A <DATA_TF_143>
09 kA= B-----B <RELAP5_TF305> |
B e~ oS & - © <RELAP5_TF380>
o | g T
5
I
2 08 i
£
@ d
— Y
° *
S 0 7 3 :‘- o5 i
= . ) ) :"""G"“-- - —_
g %‘HF g’ }—E é
S kA |
P4 !
0 6 - "u“"l“%"’."'
05 L . L i 1 f n A L 1 n 1 1 1 1
0 1000 2000 3000 4000

Time (s)

42



Code limitations in predicting the end of natural circulation flow can significantly affect the iming of
events, but the effect on key parameters, such as the core collapsed liquid level, is secondary.

4.3 Condensation on CMT Walls

The computed and measured history of the CMT liquid level for ROSA AP-600 test AP-CL-05 is shown in
Figure 21. The figure clearly illustrates that approximately 5,000 seconds into the transient, when both the
measured and computed CMT liquid levels reach approximately 40%, a phenomenon occurs in the test
facility which is not captured by the model. While the computed draining of the CMTs proceeds at an
unchanged rate, the actual CMT draining rate first slows down, then stops entirely. Subsequently, for a
time period exceeding an hour the CMT liquid level remains essentially constant. During this time the
primary system pressure falls below 1 MPa which triggers the opening of the ADS-4 in the calculation (this
is a ROSA test restriction which does not apply for the AP-600 plant). However in the ROSA test, the
ADS-4 opening is delayed by the ‘hang-up’ of the experimental CMT liquid level. The ADS-4 valves are
finally tripped when draining resumes and the CMT level in the test facility falls below the setpoint.

The above described phenomenon is caused by a certain mechanical design feature of the test facility
CMTs and the approximate manner in which this design feature is represented in the model. This test-to-
computation comparison points out the extreme sensitivity of the analytical result to modeling aspects
which are usually assumed to be of secondary importance.

Figure 22 shows an approximate schematic of the ROSA CMT and its representation in the RELAPS
model. The ROSA AP-600 CMT is a heavy walled steel cylinder which is bolted together from two
unequal height cylindrical sections. As a consequence, at an elevation of around 40% from the bottom
there is a quite massive flange and thus a substantial increase in the metal thickness. A thin layer of
insulation is added to the walls in order to minimize heat losses. In the RELAP5 model the CMT is
represented as an eight segment cylindrical component with two hemispherical ends. The thermal effect of
the casing is modeled as a one-dimensional heat structure. This includes the steel wall and the rock-wool
insulation. However, the flange located at an elevation approximately 40% of the full height is not
modeled.

The mechanism leading to the ‘hang-up’ of the CMT liquid level was traced to condensation occurring at
the CMT flange. As Figure 22 shows, the inlet/outlet taps to the CMTs are at the bottom of the CMT.

The entire system thus forms in effect an ‘inverted bottle’ and the CMTs can drain under two conditions -
vapor enters the pressure balance line from the cold leg, or system pressure decreases below the saturation
temperature of the liquid in the CMT. In the second case some of the inventory flashes and the generated
vapor replaces the draining liquid. If the system is liquid solid up to the cold leg elevation (that is the
situation in this case), then only the second mechanism can function. By the time the CMTs start to drain
pressure is relatively low and is decreasing slowly. As the CMTs drain down to the level of the flanges, the
vapor in the upper half is exposed to a massive, cooler metal structure. At this point the condensation of
the vapor on the flange metal leads to a local decrease in pressure that prevents further drainage.

Whether the metal will be able to condense steam depends, of course, on the RCS temperature when the
liquid level decreases sufficiently so that it becomes accessible to the vapor. If the thermal time constant of
metal is sufficiently small that the hot water preceding the liquid-vapor interface manages to heat it up - no
condensation will occur. If the time constant is too large, and the metal remains cool, condensation takes
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place. In the case of the CMT metal, the shell meets the first criterion, the thick ﬂange meets the second.

The thickness of the metal structure at the flange elevation was parametrically increased by factor of 2 and
the code was rerun. The computed results are shown in Figure 23, which shows that when the decreasing
liquid level exposes vapor to the thicker flange the computation does indeed generate a short pause in the
draining curve. The code is thus able to reproduce this phenomenon. Increasing the metal thickness by a
factor of four, however, led to a rapid re-filling of the CMT.

In this example the RELAPS code is hampered by two opposing limitations. On the one hand, the energy
transfer rate into the metal has to be approximated by a model consisting of a one-dimensional metal
structure coupled to a ‘volume averaged’ bulk temperature. Once the vapor level reaches a cool metal
structure in this type of a model, the energy transfer to the metal proceeds until the metal reaches thermal
equilibrium. As shown in Figure 23, the duration of such a computed condensation transient is limited. In
the ROSA AP-600 test facility the condensation rate is controlled by two-dimensional effects. That is, as
the liquid-vapor interface exposes cool metal, condensation starts lowering the vapor pressure which in turn
increases the liquid level and recovers the cooler metal. This basically two-dimensional effect accounts for
the exceptionally long duration of the phenomenon displayed in Figure 21. On the other hand the code can
not duplicate these mechanisms since if the metal thickness is increased in order to increase the heat
capacity, the increased condensation rate generates motion of both phases and leads to the disruption of the
stratified flow regime. This in tumn precipitates a bulk condensation event which is terminated only when
the steam content is completely exhausted. Thus in one case the model holds up too little water inventory
for too short a time, in the second case it leads to a complete refill of the CMT.

This example illustrates the sensitivity of calculated event timing to minor changes in modeling. Again, the
time delay only remotely affects the ultimate calculated response. For slowly developing events which
characterize the response of passive designs, the criteria for acceptable prediction of system response needs
to consider the relative unimportance of shifts in the timing of some events.

5.0 SUMMARY AND CONCLUSIONS

RELAPS version 3.2.1.2, with modeling features added specifically for the analysis of advanced reactors
with passive safety systems, provides improved modeling capability over earlier versions of the RELAPS
code. Comparisons of code predictions with data from various ROSA AP-600 tests shows that version
3.2.1.2 provides improved predictions, particularly for the collapsed liquid Ievel in the core and for critical
flow at low pressure. Code robustness and execution time are also significantly improved over earlier code
versions.

The need for further improvements in various modeling capabilities is identified by comparison of RELAPS
code predictions with ROSA AP-600 and APEX test cases. Areas in need of improvement include
reduction of mass error and improved capability to model thermal stratification, vapor flow and escape
from a tank and the termination of natural circulation flow. These improvements are necessary to improve
the fine structure of the predictions. Key variables, such as the core collapsed liquid level, are predicted
quite well in spite of these code shortcomings.

The sensitivity of calculated results to small changes in initial and boundary conditions was illustrated by
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several example calculations for ROSA-AP600 and APEX. Examples shown include sensitivity of the
timing of CMT emptying to PBL initial temperature, the time when natural circulation flow in the RCS
loops ends and condensation on CMT walls. Overall predicted performance of the safety systems, however,
does not appear to be significantly affected by the differences in timing.
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