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The Collaborative Laboratories for Advanced Decommissioning Science (CLADS), Japan Atomic Energy
Agency (JAEA), had been conducting the Nuclear Energy Science & Technology and Human Resource
Development Project (hereafter referred to “the Project”) in FY2020.

The Project aims to contribute to solving problems in the nuclear energy field represented by the
decommissioning of the Fukushima Daiichi Nuclear Power Station (1F), Tokyo Electric Power Company
Holdings, Inc. (TEPCO). For this purpose, intelligence was collected from all over the world, and basic
research and human resource development were promoted by closely integrating/collaborating knowledge
and experiences in various fields beyond the barrier of conventional organizations and research fields.

The sponsor of the Project was moved from the Ministry of Education, Culture, Sports, Science and
Technology to JAEA since the newly adopted proposals in FY2018. On this occasion, JAEA constructed a
new research system where JAEA-academia collaboration is reinforced and medium-to-long term
research/development and human resource development contributing to the decommissioning are stably and
consecutively implemented.

Among the adopted proposals in FY2019, this report summarizes the research results of the “Improvement
of critical safety technology in fuel debris retrieval” conducted in FY2019 and FY2020. Since the final year
of this proposal was FY2020, the results for two fiscal years were summarized.

The purpose of research was to improve the criticality safety analysis methods in the case of fuel debris
removal with the collaboration with Russian university, which has a lot of experiences in the criticality
analysis. This research has been performed as two fiscal years project in FY 2019 and FY 2020 by Tokyo
Institute of Technology (Tokyo Tech) and Tokyo City University (TCU) as the Japanese side, and National
Research Nuclear University MEPhI as the Russian side.

In FY2019, Tokyo Tech introduced a GPU server with fast memory, which is needed for the sophisticated
criticality analysis of fuel debris falling in water and performed preliminary analysis. TCU decided the
benchmark calculation conditions by the discussion with Tokyo Tech and MEPhI, and performed preliminary
analysis of the benchmark calculations introducing small scale server.

In FY2020, Tokyo Tech performed simulation of fuel debris falling down in water using MPS method for
the practical geometry of fuel debris removal in the decommissioning of 1F and performed criticality
calculations by neutron transport Monte Carlo code MVP3.0 for the moving fuel debris in water and for the
accumulated fuel debris obtained by the simulation. Tokyo Tech, TCU, and MEPhI performed the benchmark
calculations and obtained the knowledge about the accuracy of the criticality calculation and the improvement
of calculation speed.

The project was performed by the collaboration between the organizations having a workshop with the
Russian counterpart MEPhI. The project was also performed by the collaboration with JAEA/CLADS. The
research outputs were published by peer review international technical journals and presented at the meeting
of Atomic Energy Society of Japan by oral presentations.

Keywords: Fuel Debris, Criticality Safety, Numerical Simulation, International Collaboration

This work was performed by Tokyo Institute of Technology under contract with Japan Atomic Energy
Agency.
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Fhti L, HEMNGNRRL5H a2 — R TITo 258 O ZEEER O R =2 M8 Lz,
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LT&7z, LOLARLBRAE LTV DHET— =DV +5ThWnicd, X HEFROKRE
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Particleworks % FV>, FRNTIZ 7= 0 WE 2 W T8 TR OS2 28 2 TR IR LTV,
Valb—TarORSMEEHERL TS, FiEETY I a2 b—ra URBROEES DV R EE
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YR FIRFEO BESERIIC X, BT 70 Ak E DM BEERZBE L, %4 & 2T 2Rk
T ONBEAENTLLERD D, BB 7 U OKPE TFRRIZKRZLES BKIE=FTHY . K
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3.1-2
— 27 —



JAEA-Review 2021-037

TVEREERET D L 7o TV D,
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ERUERCTHITT 5 2 & & Lic, BERNTICERIT &M &A1 3. 1-6 [TRT, KT —LD
JER M OMIEBE X 50 cm a7 U — M TEDLDILTWD ERE LT, BREFT 7V O TICEE L,
FEEITIIAKEDIE S <, HERORNEZ R D702, BB 7Y OW% T X - TKRALL~ULnZE
ELBWERE L CEME AT 577, HAR 2.0 m DS —/TBWT, & FBIATE 0.5 B 0kElT
TURRHF EKRFIZGDPN TV DM 2R F~— T fififfir— A 2 L LT, BRI~ F~—
7 &FERM U GEME 3.2 #1) . FEEMERE P rEEHEE T e a— RThDH MVP-3
ZHWTEE LT, BB 7 U BN S 0. 06 B = & D EMEMERDO L E K 3. 1-T 12577,
BREFT 7 U R H HRE, (KRIIKRER CTH D, BET 7 U 23KICEMM L, KFICETFT5IC
ONTHEDEBRITEM L, SROFESFMETIT R, —#AKPICHDIETHE 0.45 BRI
FEERE RN IR L 2o Te, T OBIIBRENT 7'V SR NI 22 L CEm 42 L08R 5 1I2oh
TEIEERITID Uiz, ZHITRET 7Y DIER VIC X W IEZR S O OISR LT
T2 LHMATE %, M 3.1-8 108 7 — /VEZIZE T 5 KT OBRENT 7 U ARFEEIS D54 &=,
AR W2 IR COBEEMRE L T E S TIIRET 7 VIRERK 3 nDJAR VIR D, Lichio
TV TR OHERE L 72 RBBIC 01T 2 AT =IXER 3.0 m & 5.4 mIXIZIFEFE A E 2> TV 5,
B 2.0 m DELGAEIX, BEROHIRICE VNS WERTRE T 7YV RE L EH70, 1EI10OHAE X
DEWEEGR L o T D, —H CH FTRTILEDUERNRKRERDIRBED 3 DDA
FEL B LIMEE 2o TRY, T VNEPKF DO T ORI NE R~ DM 72
WZ EERLTWND,

WIZHREYT 7 U KR IE TIC BT DKEOFE b X OENFNEERICE 2 5B O Z#1T -
720 BIHOKMEB N 2NET IV UKL —EET V) 1A, BT 70 BSKFPA~E T T DI FE
W, Kz 7Ty FELTKOEBENR—ETHD EIREL TRV E ER SIS 5ET LV (KN
ZALET V) | BB K DR ROKOFRRLAALEND R-Z RRTREZEL L72ET L
KEZEALET V) IOV TEIEEROHE LT o T2, KME(LET LV TEMEGEN R E
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RO AN B DB FHEET AN ORMEMNZK 3. 1-9 1 RT, EE2.0 mDBFAE. 3 >OEFT
JAZ BT D EIREROFERERA 3. 1-10 (TR, AMELET L TIIRET 7 U RN E T g
TN ERT D70, KA EET V&l U CRIEERNE KT D, — )7 CHERERT
FEOKDEZNWE & I m7lod, FIMEMEROETBNR P oTo, L EBRG AL
TWDKAZBEET VTR, BREFT 7 V2L 0 AR LOT ORI ENENTE Y, BET 7
U ERGEM T H D AKDOEEEIG OENC, THETIRNODEE KB LR & 72> T D, HEFE
BOFEDEERDIR L o> TRY, E @R TIIAKEORED 12X 0 EHEERNZEH L T
Do ZOFREREY | KEOIY PNBEIEERICEZ DHBEPRENZ EBHALNTR ST,

3.1.6 £&H

IF OEREFT 77U B LAEZEARRE U 7o RE 72 (KR 12k LT, K% PRI T 28T 7
U OEE &K EAEEY S 2 b—2 g IR VBLNI L, BT r a— R
K DEESRAT EFERT D 2 LI L o TRENT 7 U K& TSI 2 B ARG O & L & 1T
IZEHEHME LT, RAERICEDZRET 7V OKFEFEMY I 2L —artErThin
1EIZ K D ek 51 & ORGSR &/ 5 o 7o FH R 2 320 L 72,

BREFF 7 U K FTEBOBEY S 2 —2a VA2 ERT 57200, @EHAEY 28 L7
GPU Hr—_—%ZEA L7z, BRET 7V 28 LI iR 2SR Skh~HHE%E T S8 535K
RN T PR 21T o 7o MRNTRE SR D, FHEFTREZR AR OHIMEL L 3R 2 HEE 3+ 2 X%
W U7z, A L72 GPU — _—TIHERE V ~ 100 [m*]FEEE D K& K OIKR O FE N BLEM 723
HEFM CHAT CE 2 Z ERB LN E o Tz,

IF OBREFT 7 VB LIEEZEE L, L0 RESBENRBEOERIZBNT, kiiEkzxH
WBRELT 7 U KPS FEEIOY S 2 b— g U ERFER LT, 2 SHEARISI, T A Z LK
HARE LK = (e KNEE 5.4 m) ~EEREORET 7 U 2% TS L5EE T, 5
BRDART 2L LA KN LIS SR IC B\ BLEM R CREFT 7 ) O% ., KT
DOHERE L OUKTH DFE D TN ARETH D Z & RN DTz,

KETOBRELT 7V OB & 2 HERPRE O RS R 2 AW CE 7 v o i1k st
Bo— N MVP3. 0 IZ KV EESRENT 21T o 7o, 7 — A NERL KEET VBRI E 2 2 8D
WCEHIE L7z, FRICKm OB X DEESRMEIC G X DREBNKRE <, AR CHEHA LI riklc L b
BABVRAREAT DS EBRUCA LR E O @ W AT ICEE CTH D Z LB b nE ol

SAFITRT L HIC, MEPhT L XV —72 v a v 7 & 3MIBAM L, B TERSE, FEAT R,
MEPhT @ 3 FH THFEDHERCZE ORRICOWTIHFHRAREL 21T\, #iE L Tt 2 fEE L=, 7=
U—27 v =3 v 7 G, MEPhL I TSN L CW DB 7 U Mk, BT 7 U RS T O RER ST
FIE & ZDEHTIZON T DIEFREZI ATV, T ORRE KBS E DL Z Lt L,

FFOAT AT, 3.5 FIlCFET L O IS, PR TREL, BROARIIH DI,

FHACZAT - E LCiE, BEOBRELT 7 VR 32 7 KRE X - IIRO L OMWNIREFEL T
WHEBZ DI, ITICBENWT T VX ARBIR - RESDOBDZRLFIETED L DI D 1 D3if
MERDEBZZBND, MPS ETIHE A OBRENT 7 VRO R EVI R ET AMERH 5
7o, 2 IE MPS-DEM {E55 D MPS {EIZHI D FlEZHAG DRV I 2 b—ra Y HiEE AW TE
WEh R 7 7 VR 7R OBEBELRE CRIT 2F O HFIENHE 2 Hivd, MPS-DEM KX FIEMIZIE
WESLENTWDED T, AFEEZBRET 7 VR ADOAKTETHED Y I 2 L— g VICHEHAFRET
HHIEERTZENTEIE, ERLICAITTRELFIETILDOEEZLND,
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#3.1-1 GPU H— "— DA LR
BERR H— /3 — Brax h—/3—
534, CPU Intel Xeon E5-2697v4 X2 K | Intel Xeon Gold 6152 X2 %
AEY DDR4-2400 MHz 512 GB DDR4-2666 MHz 1024 GB
FE3L GPU NVIDIA Tesla K40 X2 3 NVIDIA Quadro GV100 X2 %&
GPU A&V 12 GB 32 GB
GPU . MERE

(AL, U 2 v 7 {H)

1.4 TFLOPS

7.4 TFLOPS

% 3.1-2 Particleworks TOEE LR

By — 73—

T —

B0 4Fy VR4 R

2500 75 {#

9600 75 {#

7 3.1-3  TAwfEAT OFH RS

WRET 7 ) A X 1 cm 325 X 1000 1
KOV A X EE 40 cmX{EX 15 cm
WREFT 7 ) OB E 7.870 g/cm’

KO FE 1. 000 g/cm®

P VAR e 2.0 mm

Y VAR AT Y 2.42X10° {#
BAEFHEN  RREEEE ¢ 1.0
BAEFREREER A A ¢ 2X10°

#3.1-4  GPU Yr— " — 3 H0H i

BERt— N — Hraxh— 33— FHELHE L
TG ERRY
R 2.88X10° b 1.01X10° f 2.9
(F A7 3H R ) P (i
Fa G R R
R 7.34X 10" Fb 4.56X 10" Fb 1.6
(FE ) 3B B i) - ”
#3.1-5 AT OHENT A —H —
KT —LINER 2.0 m \ 3.0 m \ 5.4 m
B 5.0 mm
BRI 15K 9. 99X 10° {# \ 1.94% 107 { \ 5.74%X107 {#
FEEHEN  BaERFE ¢ 3.0 B (WIHIZ o # ABLE 1.5 B+ KH¥%E T 1.5 7))
FH R R 2 At 5X10°
= T B R 46.2 h \ 65.9 h \ 144.6 h
3.1-5
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(D

3. 1-1  TAmfEHT OFHEMRR

t=04s t=0.8 s
X 3. 1-2  PlifitT o H 145

3.1-6
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50 mm

- A
" - .. L ‘\‘
P o L] N

gr 9 - LI Y
1% Hoo® M

A% Desa®
\ E, - ® A ]

- - 4

X 3.1-3 T /WAL LIZERIEDRET 7Y
(K TRINTWDHELES cm OERIZER 5 mm OFHER T THRINTEY .,
BEOIBHIFEICEENTORVESNALEEINTVD)

1.500 s (030)

]__.‘;'_fsf:iu_ [r'nm

Fuel debris

A ————————————

¢ 100 cm

3,174 RTFTAZIVIER DO KP DV T EIE O RS
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3.1-5 T RAZIVIEERO K ~DE TEHE )
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vacuum
[
U
o
(2] -— ——p
= 0 cm 50 cm
¢$200 cm
30cm water
50 cm concrete
¢300 cm

3.1-6  ERSMEATIZ IS T D Rl ot

1'2'I'I'I'I'I'I'I'I'

= BEE20m
—A— B30 m|
—o— EE54m

02

0 | IR (N TN (NN TN N TN (U TR (NN TR N SO ST TN [ T N T WU T S T S |

15 16 1.7 18 19 2 21 22 23 24 25 26 27 28 29 3

AR AT (R0

3.1-7T R 7 U KT T H1T 2 TSR DI 21k
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AZE 20m [*

04
-03
-02
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00
-05
-04
03
0168 0311 0289 0171
0175 0298 0304 0169 0
0103 0154 - 02
01
0.0
-05
d i v z ! -04
0 )158 0147 0.085 C 0 Y000 03
071 0159 0298 0290 0.16 0
53 0165 (02930293 0161 0067 0031 0000 O
155 0.150 -02
G G e ; 01
0.0

1-8  JREFT 7 U HERERE O BRBHATE S A& 20 A
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KEI—FETIL KEZEEETIL KEZEEETIL
3.1-9 BEESREATICEB T A KETT )V

1-2'I'I'I'I'I'I'I'I'I'l'I'I'I'I'

E&20m
02 B KEL—FEET IV
A KEEEETIL
—o KEEILET)

0 L . ! . 1 . 1 . 1. 141 .1 1 . 1 41 . 1 . 1..°.1./

15 16 1.7 18 19 2 21 22 23 24 25 26 27 28 29 3

AR AT (R0

3.1-10 KHEET MIxT 5 FEMEMER ORI 2L
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3.2 BRELT TV BRI R T~ — 7 (BRI . AT RSR)
3.2.1 BHMY

IF OB 7 OEUH LIERETIX, FEE L7ZBET 7V 0 E0 2 R AL —HF—%T
INTICHEE . ZOMEESE M ESBE 20 ERSH D, 2D ORENT 7 U O/NT B ELICHFTET 5
WHK ERAET D & PTHEAOBOEDMEE S IR EBGHRIREIZIT O AIREMERE X b DT,
FARZR S 2 T0E LB T S B L 70 B, & 2 TR TR, R HIROBRENT 7 ) 23K
ZHEEF ST RBLT 7 R TR RE R SR & LIZERRRATIZE BT 5, BET 7V ZRHERD
TERSOBREE « MBI PR TR L IZRES BARL 2 RTINS, AEOBRIZ. 20
X9 R IRRICER T R L — s T IV e R o — R A A L7 AT 2 AR E L
[FRHT > B 15 B A2 B R A2 EE O 2 — R Tl T X F~—27 2l U T, £ D}
WA RGET 22 & ThH D, ZOEMDIZOFTFICELEIIA T~ — 7 il DT R D% E
ETIRBNT AT S & & Lin, E728F 2 FREEIRENT 7V B RET X T~ — 7 IZH W D5
HET— I AT —2 3 DL R TF~— T DI DR 2 FET 52 L & LT, TS
X EOBREYT 7 VR 5720 . F IR OFE A NFIVMESR & 722 D 72 b IR O IR 23 I
<. ATICIZZ K ORI Z T 5720, RO HFFEHIRIN THENT 2 RIS ED 5728,
WHHE T =7 AT —va B8 ATLHZILE L, SHICEALLEY—Z AT —Ya &0
TR T~ =T DO 2P FgE T e a— R WP3.0 ET—4T7 477
JENDL-4. 0, ENDF/B-7.0 ZH\W\\TIT9, FOI7=fES% MEPhT OFENTHE R & ik L2 ORFEIZ
WTHRRTZITO 2 & & LT,

3.2.2 MR

HUOR TR, HAHTT RS, MEPhL @ 3 F CALRIFRICEDLZ YV —27 v a v 7 & B L.
R F v — 7 TN FEIC OV TOFEMARRTF 21T o T2, ARFTORR L E 2 TREI N 3
DDOXRU T — T RN — A DI EE 3. 2-1 1T, £, &7 —AOMEZLIFIZHAT 5,
ReF~v—Ifffir—A 1 Tk, Akhzar 7 J— bRy RIZBEP>TE RT3 71U 0
SRR RERIRETH L & Lz, BET 7V ZRRRDBIKF~DOIE T 2 Bda9 2 WK E
N, a7 U — "Ry N E~ORFMEHERDIRAE £ T 0o [ OS2 53 4 i — % L — 11
BEEUT BB a—F (AL MVP3.0, =3 7HlIL MCU, Serpent) K UM@ODEET —#
747 7Y ENDF/B-7.0 ZHHWWTCEHHEA L, £ — R0 o800 FEEMERE T H 2 & THE
MR OMITEE A BGET 52 & & Lie, BRI, 7 —4% 7477 U JENDL-4.0 & VT
FHE Uz, B ORIHNREE) D IRAIRIE £ TOROBELT 7'V Zhi 1153 Ok % T 2880 J O%%
BT 70 ORI, HR LERFPICBWTHEIT SNIERERE] LR U THY | FERhfgE
EIRNT T DX A LAT v TIIHMIIRAE & BRACOIRIEZ B0 T 5 WEE SN TV D, KT — X DR
RO 2K 3. 2-1 1T, FIHNREE (t=0 [s]) LEAKUIRRE (1=0.8 [s]) (2Mx T, BREH
F T URIA R L AKTIIFEET D008 (t=0.1 [s]) . BRENT 77U ZRIA1EF D RN
R ERDIRAE (1=0.2 [s]) &, ZoOWREL EKIREEBOROIREE (t=0.4 [s]) Th D,

B2 VIR T~ — TR — A 1 RO T~ — T 7T 2 ORIFHT Z2AT o 1=, ARFEHTC
RE LTREET 7 U OMBUI SR E DO PRI L [F L CTh 0 | 1IF 1 SHIC T D BHARZ
A piE UM R (T2 E 2 T M - 22 ) — N EERT A E by 7 v
(BAEEE 5 wt%) OIRAMKE Lz, £/, =27 U — bo#kixE@E=a 7V — K8l & LT,
FFLD 3 DOfFEHT 2 — RIZFE—OBRENT 77U R RR DR/ 40 L MPEHERC AR E L, F2hH
=R A AT LTz,

NRUF =TT — A 2 TlE, XU F~—J i r—A 1 LA T MVP3. 0 & Serpent Je UM

3.2-1
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BOBT—5 5477 ) ENDF/B7.0 &AL T, AhEE FT28ET 7 ) ST RRICH L
THAMIEHERRETR (ST6) 70, v o 7 MIEBRIMEERRSMR (ES6) €71
2 L CHEMEE R A MR L MRATRER O R L G OBIR 2 AT 5 2 & & LTk, STG
EF BT 7 ) ORI 1 5 1 SOMB R ERT DMEENR R KR & RT ORI Ui
BRI 534 % IO THRR N O k% # B 2 B3 5 €7 L T D, BSC 7 /TR T
TV ORT 121 DOMBEEERT 2UERH D bOD, —RIRKFET LD X S ITHERNT
OHFEFDO RN T vF o 7 Tav A EE b LIZET AV TH D, Kr—ADIRNIRZ O &K %X
3.2-2 10T, ZhIE, M3 16 DIEFREFRI L THD, Kr—2AOBRET 7 VR T OFIRIE, STG
EFTNVEESCETNEZBEH LT KT L0 (HEL en) CAEFINTWD, BREFT 7Y &
227 Y= FOMBREN S F v = iy —2 1 LR TH D, ZOERAO ST6 T 7 L O
X 3.2-3 |[ZRT, STG EFMIET 7 U SR FRRO OO ZIEH ShTns 2 &
MRS TH D, Z 2Tl & STGC SO SR HRITKHE U 7z Sl Bk 7oA BRI H S vz,
MVP3. 0 & W fiEHT Tld, BUFD 3 SDDET /T K DHERB S iz,

LT ) OB 12 L SOfB & EH# L= E T

2. STGET IV

3. STG &7 /T RATHAL 1Oy i B A LA B D 12 B 70
Serpent & WM CTld, LATD 2 2DOET IV L HERMN RS T,

L T 7 ) ORI 120 1 OB A ER LIZET L

2. ESGET IV

RUF = I fRHTr— A 3 T KRERET 7 ) Xy RIZEh o T T 20T 7 ) Sh
FRRE /MG L L, BRET 7 U ZRLFAR EIRENT 77U Ry RO R D3R 2 2 2 2263 5
£ 9 RIER ORI O E . S F~— Il r—2 1 & 2 OMBAEZEEZ T+ 5 2 &
LT

3.2.3  fRHTHESR
3.2.3.1 RUF~—7 TAifhr (BFICHEE)

BRI Y — R —Z A LR TF v — T T r— A 1 OFfENT 217> 70, Ror—2A
D FRIRER D PRMNTRE R 2 X 3. 2-4 (TR T, BT = — RO 15 52 G RO R
75013 0.01 WRRIETH D, FEEHERITRET 7'V ZRT-ERROKFT~OE T LI EF L, [
RO KT T 5 & TR LTS, ZOEMEEROENIT 3 DOfiET 2 — RH
T—HT DL aMRB LI, £io. T SN SZEEROMRIFAZEIL WVP3. 0 OFENEERE
FEHELLTO0.6 MEETHDLZ EafER LT,

3.2.3.2 XU F~— T KN (5F0 2 HFE)

SN2 AT, BT TV BRI R F~— 7 I WA HIFH R Y — 7 AT — 3 g v &2 i
L, RUFv—7 Ol DRI & Fln LTz, fRNTRIGIIZ DB T 7 VR 026720 | £
TR DFE S DTSR & 72 B T2 DR IR OB A E < | fETIZIEZ < O R 2 29 5 72
B, BRBNTHFFEHIEIN TR 2 S RIICHED BT, WHIRE Y — 7 AT —v g Ly EEA L,
BALTET—7 AT —3 3 Y ERANWTRUF~—7 O DN 2 i lgst 7 hrnm a—
K MVP3.0 £ —H T A4 77U JENDL-4.0 W TITo 72, 5N 7-fER %A MEPhT Of#HTRE R
L L Z DR E IOV TR ETT -T2,

LRI T~ = ffir— A 1 I —ASIZOWTHRROMELZ F LD 5,

Ry F~— T T — A 1 OfFFTHE R A2 X 3. 2-5 ([T, TR a2 BE8T 5720, e 7

3.2-2
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U ek arZ ) — MNEEBOPEFREOSEREMCEZ 3 2— RE Tl Lz, ZO/R, &
IR O PR M OFFELOEE L I, BEHCBIT S 3 a— NEOMEREOERNEE TH - 12,
il LT, BRENT 7Y EEIC BT D BEZ) 0.2 s OFEFIROARFEZEZK 3. 2-6 (TR T, ZDiE
WESILIZELET L0, o f X — 2 HO TR RAEBR L, fle LT, BET
7 VBRI T DR 0.2 s OBEERYE R OFH RS R A A K 3. 2-7 123, BRI R 2=
Fix, 3 a— FOBRPHEAHEA S (o, B) OB FEOERICENT S EEZOND, 3 2—

RO HGELANS (o, B) OMFRFIED LLEGHE R 2 3 3. 2-2 127”7, MVP3.0 - Serpent & tb
B LCy MCU 1BV T HELE O E T = Rf VX —% —RRIC 7V v 7 LT D M k& < B
o TND, ZD7H, MCU OEFERMEFHIT, M 3.2-5 IT/RENDH K 512 MVP3. 0 + Serpent ™
BT R B U TR T ROA NSRS ZEDPRE S Bl oTHEY, ZHUEK 3.2-6 IR S
NDHFETHROMMEEDERT L LA L TND, 3 a— b5 25 EREMERIL, MVP3.0
D FEREE =% FaNE L LT Serpent CTIIFHXFEZE 0. 1 LA, MCU TIFAHXIFEA 0. 6 %LANT—
T 5 Z LR S T,

RUF =TT —A 2 T, BT 7 U 2R ERRZ x5 & LT R R 2 8 5
72D T IE LT, MVP3. 0 @ STG 5 /L & Serpent O BSG 7 /L%l L7236 O EHEMERD
FERE & B REM O BME N R OV TRET 21T o 72, MVPS3. 0 @ STG &7 /L % FW 7= B SURRAT RS SR %
# 3.2-3 1R T, T ET LB SIE, 27230 3.2.2 12065, STC EF VA2 M Li=ga 0zt
B L, AEIORIT-EL 5000 ORFR TIX, BT 7Y ORI riEx 1 2 1 SHRNICERT D
figtrE7 v (Explicit model) XV &2 fFICmE bz, —F, EOHEEROMERAEITN
4 9 THotz, TOERELT, Kr—AD X HITHEN S cm & KERGEIT, KPP TOHMET
DEELAESGAGD STG ET VORI TH 5 —HRELN O TN OIIEN B X bND, ZOMEE
STG ET/MZHEET 5 2 LI K » TEMEGEROKBEORENHHFTE 5, fit\ T, Serpent @
ESG =T V& W R 2 3 3. 2-4 (R T, T ET A& SI1X, B2 v a0 3.2.2 129
9o ESCET VAWM LTcGH OFHEHREIL, A RIOKF4 5000 DR TIL, BET 7 U Oki+
&% 1 2 1 SHPIRIICER T HMTET /L L0 £ 88 fFlcmsifb s ivie, —J7, EahEfsES
DORFEFEIL 0.01 %LLFTdH o7z, MVP3.0 & Serpent & HWTHERELT 7Y 2R AR & x5 L
LR UG RAZRI UV —27 27— a v [ CIEFIECTIT o 72356, MVP3. 0 1% Serpent L ¥
LR AEEECTH LM ERE X TH, ARk 13 5000 D4R TIL, Serpent ¢ ESG €7 /L%
MVP3.0 @ STG E7 /L LV & 20 (EREEEHETH D, STG ET /VIXRELT 7 U DRI 1 1 D 1 DOfL
BEERT DLENRL, £z, B BERL 540 BEE O TSR O Hk 1l 28 B 2 B 42
%4 L NEREAR S AR AT E T LT H— 7. ESG BT IITRELF 7 U R T 1 o 1 DONiEE
EFRTDVEND DN EmEFEN TR ET NV THD LS 25, EBEOBRET 7 U B LIE
LG L LTEAGTE TR, SO ORMEEZX THET LV EZENGITHZENEETH D,

RUF =T —A 3 T, R F~v—Iffrr—A 1 & 2 0MAERKE X T, BET 7
U ZRIA-RZDKFZRELT 7 ) Ry RIZEN-> THE T2 &5 2R 7 ) MO 5560
2 %) 2 AT DR R xR & LT i AT OB E A G L7, R — A Tik, BT 70 2h0
FHERNTOHRMET T v X o ZIERICIN A T, BEHFES OREITAE L 72825 R 7R A6
DOIUCRIFF HIRE L 70D, 2D X5 edGa, MERmINEMIIRET T V72 & O] e F] H o #H 2k
NEBIZEED, o, BB 7V SR AERRDNKFICE T+ 280 CRERICET S X925
A Bix G & BT DRSS T T UL LTCBERT S B L 72 D, 2O X 5 ethh. R
FET VRESMENVREET VOBEANATH LD, WTIWDOET LVHEARTr—ZAD X 5 k%
ZAE LTI ET L « T FIEORGEN S R LE Th 5,
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3.2.4 FtL®

HORLEERT, FRHELHTRT:, MEPhI @ 3 FH CTEREICHEE L RN D 3 DO F~— 7 gl /r
— ADARENT 2 i LTz, o, BET 7 VR F v — 2 ICHOW D WHEHE Y — 7 27—
TavEBEA L, AFEFTCIE, BAREHRSEFEXEE T b ra— R WP3.0 LT —F T
A 7°Z U JENDL-4. 0 ), ONENDF/B-7. 0 %, v & 7l :+-#idsE > 7 /b = — RMCU » Serpent
ERET—HX 7477 Y ENDF/B-7.0 AW TITo7z, BAM - v o 7RDT TR S - i R,
FOR TR, WA RS, MEPhT @ 3 F CAKLFRZEICEAD SV —2 v a v 7 E@ U THN
WL, ZOREIZOW TR L, 3 22— R0 BB 55 ERhHEMERIT, MVP3. 0 O EERE
Foa HHE L LT Serpent TIFARRIFAZE 0. 1 %A, MCU TITAXIFRZE 0.6 SLUNT—ET 52 &
e S iz,

BRENT 7Y R IRR DR RBENT CTlE, 7 v Z LICEE SN CWDIENT 7 SR KR D€
TIAEFIEIC L > THNTARE RN B2 D Z LR TRIND 2O, BAM, v T llRZEnEntg
BT HMBHTET NV ELEH U CIEMEREZ M L, MEATHE R OREE & FHRRFH 0O BI6R 2 Wik
L7 B T BIRE ST Serpent @ ESG EF/L1E MVP3. 0 @ STG EF /L L 0 & mEdEHE N
AEETH Y, BT 7V Ok 1 D 1 DOAEEERT HET /VOFEDHEER L OFEXFRZEIX
0.01 %LLFTdH o7z, STG BT /MIBREFT 7Y DRI+ 1o 1 DO EEEFRT HMLENRL, £
7o, BOEBERI oA B A O TR N O R Fs B 2 B 43 5 2 & S AR i (8 7o ffbir &
TITH DI, ESCET MIRELT 7V ORI 1 D 1 DONEEZERT DMLERNH DM, El
SHENATRER T E T L THH L E XD, ERORET 7 ) B LIEEE2 SR E LERHET
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EFIIEKE keff sigma [%] keff FERIEAZE [%] Speed—up
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CORIUMSITY program code for the consequences analysis of
a severe core melt accident

Introduction

As part of the tasks to improve the nuclear safety of nuclear power plants, a new program code was
developed. The CORIUMSITY program code developed, considered in this work, is intended to analyze the
scenario in which an accident at a nuclear power plant is simulated with the melting of the core and the
formation of the so-called “corium” - a mixture of nuclear and structural materials of the nuclear reactor core,
formed as a result of thermal and mechanical impact during an accident. The CORIUMSITY program code,
is intended to analyze several scenarios of different accidents, include an accident with reactor core melting.
The functions of this code can help in solving many urgent nuclear safety problems. One of the main methods
of operation of the CORIUMSITY code algorithms is the matrix exponential method, which consists in using
a matrix function of a square matrix, in which as values are used indicators corresponding to nuclides from
the CORIUMSITY code database. The program implements an iterative Euler method for solving the system
of levels of nuclear fuel burnup. The CORIUMSITY code was verified with benchmark data to assess the
accuracy of the calculation.

1. Using program codes to assess the structure and composition of the corium

Based on the information presented earlier, we can conclude that the safest and most relevant method for
assessing the structure and neutron-physical characteristics of the corium is to calculate the isotopic
composition using software.

1.1. Previously used software to evaluate the structure and neutron-physical parameters of corium
Functionaly-similar codes have been used to analyze samples from reactor core damaged during the Three
Mile Island accident. Organisation for Economic Co-operation and Development (OECD) reports contain
useful information and can be used as source of data, that important for this study. The process for assessing
the structure of the corium was described in OECD reports «TMI-2 analysis exercise» [1] and «TMI-2
examination result» [2]. After taking corium samples and analyzing them, it was concluded that the special
codes used to assess the structure of the corium used in the accident at the Three Mile Island NPP
investigation did not give sufficiently accurate results. This is supported by the fact that the real structure of
the corium, established by direct research during fuel extraction, did not coincide with the proposed structure
estimated with the help of special codes. Hypothetical, estimated (by the special software) and confirmed
TMI-2 reactor core end state are presented at figures 1-2.

A large number of works on determining the structure of the corium and the interaction of materials at
high temperatures in the core are carried out using the old codes, some of which were developed after the
accident at the Three Mile Island NPP. The functionality of these codes, the representatives of which can be
called MAAPS5 and MELCOR are insufficient to perform all tasks to ensure nuclear safety, in particular, the
old codes are not capable of analyzing the isotopic composition of corium in the required volume.
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Figure 2. Known core state in the TMI-2 reactor vessel at the a) start (1985-1986) and at the end of
defueling b) (1987-1990). [1-2]

1.2. Modern software to evaluate the structure and neutron-physical parameters of corium
The problem of the accuracy of determining the structure of the corium formed as a result of an accident at a
nuclear power plant is a topical topic with many modern studies in this area. Various scientific organizations
around the world are working on this issue, with the aim of raising nuclear safety standards and developing
technologies and recommendations for possible scenarios. Within the framework of these tasks, special codes
are being developed. These works are carried out by various scientific organizations around the world and
are exploring possible methods for analyzing the structure of the corium in various reactors and with using
various methods.

Many modern software codes that can be used to solve the above problems implement CFD
(Computational Fluid Dynamics) methods. In particular, one of the main representatives of such programs is
the MIDAC code [3], which is being developed at the advanced nuclear power laboratory in Shanxi, China.
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However, this code is intended for the analysis of corium formation processes in PWR reactors and uses CFD
methods [4], which distinguishes it from the developed CORIUMSITY code, which uses methods of neutron-
physical calculation of burnup for analysis.

Special codes are being developed to analyze specific tasks. For example, codes for analyzing the
consequences of re-flooding of the reactor core after an accident [5], a code for analyzing specific chemical
reconfigurations [6] and the code for complex numerical modeling of severe beyond design basis accidents
with core melting [7].

1.3. Distinctive features of Coriumcity Code
The software tool for calculating the composition and structure of the corium formed as a result of an accident
with the melting of the reactor core should have a wide functionality. In addition to the ability to analyze the
isotopic composition of the corium and its fragments, the code should also have the ability to reconfigure
nuclide-mixtures in the calculation process and should able to add or delete some elements during the
formation of the corium. It is also important to have a functional for changing the geometry of the calculated
models with the output of this information. The CORIUMSITY code was developed taking into account these
requirements, which favorably distinguishes it from similar codes mentioned above. The CORIUMSITY
program code, is intended to analyze several scenarios of different accidents, include an accident with reactor
core melting. But one of the main assignment of this code is analysis of the corium - a mixture of nuclear and
structural materials of the nuclear reactor core, formed as a result of thermal and mechanical impact during
an accident.

The main area of application of the CORIUMSITY code is the assessment of the following parameters:

e radiation spectrum of corium formed as a result of an accident at a nuclear power plant;

e obtaining the distribution of the spectrum of alpha-beta-gamma and neutron radiation (neutron
radiation greatly complicates the ability to study corium and take its samples);

e calculation of heat release in the corium at any time after the accident;

e accounting for the heterogeneous distribution of corium. Ability to obtain results on corium layers
that form during melt flowdown;

Currently, CORIUMSITY code can be used in the tasks of assessing the structure and properties of the
corium formed as a result of the accident at the Fukushima Daiichi NPP, as well as in the tasks of ensuring
nuclear safety in the event of an accident at similar facilities (VVER and PWR reactors).

2. CORIUMSITY code development
Initially, the core code was developed to solve the problem of a subcritical system with corium particles and
water. This task is an international benchmark designed to improve nuclear safety after the accident at the
Fukushima nuclear power plant. In this benchmark, the criticality of a corium debris system was evaluated
in order to prevent the organization of a critical mass of corium debris in reality. This problem has been
studied all over the world in various scientific organizations [8]. In the course of work on this task [9-11], it
was decided to develop a software tool that has wide functionality for solving nuclear safety problems.
During the development of the CORIUMSITY code, the functionality of the code is constantly expanding
and currently includes other important functions. In particular, the possibility of dividing a mixture of
nuclides into separate groups was added, for a more accurate analysis of various parameters, as well as the
isolation of nuclides and fractions by type of radiation, which allows planning the processes of contact with
corium or its fragments. One of the possible functionalities of the CORIUMSITY code is also the assessment
of changes in the spectrum of corium, or individual fractions.
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2.1. Algorithm of the CORIUMSITY code

One of the main methods of operation of the CORIUMSITY code algorithms is the matrix exponential
method, which consists in using a matrix function of a square matrix, in which as values are used indicators
corresponding to nuclides from the CORIUMSITY code database. The code uses as input data the
concentration of nuclides and the parameters of the core (or other object) at the moment the corium starts to
form. In the course of the code operation, it is necessary to calculate the composition and concentration of
nuclides in the core in the pre-accident state, for which neutronic codes with the function of calculating
burnup can be used (for example, the neutron-physical codes SERPENT and MCU).

Conventionally, the CORIUMSITY code calculation method is divided into three stages:

e preparing data for calculation;
e calculation;
e post-processing of results.

Let's take a closer look at each of these points. The algorithm of the CORIUMSITY code is shown in
Figure 3.

Input data with a
description of the model
and calculation
parameters

Reading input data and calculating in
neutron-physical code with the burnup
calculation function (Serpent / MCU)

Output file with the results
of the burnup calculation

. . . Determination of the Formation of an input file for the
Formation of an input file with a - N N . .
o ; corium structure and CORIUMSITY" code with nuclide
description of the corium model ) .
. calculation of the concentrations and parameters of the
and calculation parameters . . 3 : .
mass of each fraction concentration reconfiguration algorithm
Refined input data with a Reading input data and calculating in neutron- i
ke . 5 NP . 5 . Output file with the results
description of the corium physical code with the burnup calculation :
: . . . . of corium burnup
model and calculation function (Serpent / MCU) in a certain period of it
parameters time & Y,

l

Processing of the output data, estimation
of the parameters of the mass of
fractions and the effective neutron
multiplication factor

Figure 3. The algorithm of the CORIUMSITY code

2.1.1.  Preparing data for calculation. At this stage, the calculation of the entire system (it can be a reactor
or a test problem with a fuel assembly) is prepared for the calculation by the code, i. e. Neutron-physical
analysis of the system is carried out, fuel burnup before immersion of a part of the concentrations in the
CORIUMSITY code. In this case, a third-party module can be any neutron-physical code that supports the
function of calculating fuel burnup. For example, Russian MCU (Kurchatov Institute) [12], Finnish Serpent
(Finland, VTT) [13], or Japanese MVP [14] or American Scale (ORNL) [15] and others. All of these codes
work independently of each other and of the CORIUMSITY app. However, after their development, a list of
isotopes is obtained with an indication of their non-zero concentrations (due to the fact that the fuel has
already worked in the reactor for some time). This list of nuclides and their concentrations is placed into the
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CORIUMSITY program, and then the second stage begins.
To automatically transfer the received data, you can use plug-ins to interact with third-party software
products. The CORIUMSITY program code allows you to do this due to the object-oriented approaches used
in the design.

2.1.2. Calculation. The second stage implies direct calculation of the change in the isotopic composition
during the accident and post-accident state. The concentration values obtained in the previous step are used
as input data for the calculation. More details about exactly how, what methods are used to calculate the
change in isotopic composition will be discussed below.

2.1.3.  Post-processing of results. After the calculation, the results must be saved somewhere.
CORIUMSITY saves the results to hard disk as output files in a text file in its own presentation. At figure 4
a part of the output file is presented, in which the resulting concentrations are stored at the time of calculation
after the first step. This can be judged by the name of the file: "out.conc.stpl.dat". Here out is the keyword
of the output file, dat is the extension of the output file (from the English word "data" - data), conc is the
concentration, stpl is the first step. For each step, only the number will change. The file
"out.conc.stpl.layerl.dat" stores information about the concentrations for the layer with the conditional
number 1. Thus, to find out the concentration after, say, the 50th step in the 8th layer of corium, we should
open file "out. conc.stp50.layer8.dat ".

E Fle Edit View Mavigate Code Refactor Run Tools VCS Window Help Coriumsity-test - out.conc.stpl.dat - PyCharm

Coriumsity-test - tasks = task0 = B out.concstpl.dat

G Project B = @ — & outconcstpldat
g Coriumsity-test 1 Concentrations, 1/cm/barn requested by user
;' databases 2 llo ZASID Isotope Concentration, 1/cm/barn
doc 2 1 0922350 U235 1.000159e+02
® interfaces 1 2 0922360 U236 1.999686e+02
§ logs 5 3 0922380 U238 1.000005e+02
& s 1 0942390  Pu239 2.061956e+02
+ (= 7 5 0942400 Pu240 1.098241e+02
=k 8 6 0942410 Pu241 8.756389e+01
Tkl 7 8942420 Pu242 1.002402¢ +02
= 10 8 2902300  Th230 9.999828e+01
= Sl 1 9 2912310 Pa231 9.999421e+01
; :upt’zun:'(mﬁm - 12 10 0922320 U232 1.451059¢+02
8 out.concstpllayert.dat 1 11 0922330 U233 9.999898e+01
8 out.concstpllayer2.dot 14 12 0922340 U234 1.074609e+02
8 out.conc.stp! Jayers.dat 15 13 @93237@  Np237 2.8859666+02
T s 1 14 0932390  Np239 2.721115e-04
i out.concstp2layert.dat 17 15 0942360  Pu236 5.151049e+01
# out.concstp2layer2.dat 18 16 0942380  Pu238 3.902613e+02
& out.conc.stp2layer3.dat 19 17 0952410  Am241 1.118394e+02
& out.concstp3.dat 20 18 0952421 Am2421 9.866311e+01
= out.concstp3.ayerl.dat 21 19 9952430 Am243 1.081015e+02
B out.conc.stp3.layer.dat 22 20 8962420 m242 3.359910e+08@
&l out.concstp3 layer3.dat 23 21 0962430  (m243 9.368668e+01
taskl 24 22 0962440  (m244 9.014584e+01
= _old_inp_pwr.dat 25 23 0922370 U237 3.895877e-43
= 26 24 0932361 Np236M 7.967797¢-320
LTGRO 27 25 2932380  MNp238 1.102367e-137
b init_py 28 26 0952422 AM2422 0.000000e+00
= coriumsity.py 29
Docker.txt 20
& README.md .
o ey 32 All Concentrations. 1/cm/h

External Libraries

llo ZASID Isotope Concentration, 1/cm/barn
Scratches and Consoles
1 @811760 T1176 0. 000000e+00
35 2 8811770 T1177 ?.000000e+00

Figure 4. Part of the output file of the results of calculating the concentrations of the CORIUMSITY
program
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2.2. CORIUMSITY code method

The program implements an iterative Euler method for solving the system of levels of nuclear fuel burnup.
The user must specify the size of the time step with which the problem is solved over the entire time interval,
as well as the number of iterations of the division of the interval. In each such subinterval, all parameters,
constants, and values of the burnup (decay) equation remain unchanged. After completion of the calculation
on the subinterval, the values are recalculated taking into account the new received data. The size of the
interval itself (the number of iterations), the time interval of the task must be selected by the user from
physical considerations.

2.3. CORIUMSITY code verification

As a verification test for checking the correctness of the calculation by the matrix exponential method, was
chosen the conditional problem of calculating the corium, for which the initial concentrations of all
introduced nuclides are equal to 100 1/cm/b.

Such a simplification is necessary in order to understand after a given amount of time what percentage of
the nuclide has decayed, and what nuclides have increased without the need to normalize to 100 %, because
the concentration is already 100. Time step: 1000 days. The number of corium layers is three. The number
of time intervals of the Euler method was equal to 100. This problem was calculated using two methods: the
matrix exponential method and the Euler method. The results were compared with the results of calculating
the same problem using a similar code (reference solution). Table 1 shows the results of calculating this
benchmark using the CORIUMSITY code using two calculation methods (matrix exponent and Euler's
method), the results of calculating using the reference code, as well as the difference between the reference
solution and the solution obtained using the CORIUMSITY code (matrix exponential method).

Table 1. A table with headings spanning two columns and containing notes.

Coriumsity code Coriumsity code Referent .
Isotop Euler mg[hod matrix mZthod code Difference, %
U238 1,00E+02 1,00E+02 100 0,00
Pu242 1,00E+02 1,00E+02 100 0,00
U233 1,00E+02 1,00E+02 100 0,00
Am241 1,12E+02 1,12E+02 112 0,00
Th230 1,00E+02 1,00E+02 100 0,00
Pa231 1,00E+02 1,00E+02 100 0,01
Am243 1,00E+02 1,00E+02 100 0,01
U235 1,00E+02 1,00E+02 100 0,02
Pu241 8,77E+01 8,76E+01 87,6 0,04
Cm244 9,01E+01 9,01E+01 90 0,06
Pu240 1,10E+02 1,10E+02 110 0,07
Cm243 9,37E+01 9,37E+01 93,6 0,09
Am242M 9,87E+01 9,87E+01 98,8 0,14
Pu239 2,06E+02 2,06E+02 206 0,14
Np237 2,00E+02 2,00E+02 200 0,22
U236 1,61E+02 1,50E+02 152 1,30
U234 1,06E+02 1,02E+02 104 1,79
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The table shows that the difference in the obtained concentrations after the accident for most isotopes
does not exceed a percentage of the reference code for calculating isotope kinetics.

3. Conclusion

The CORIUMSITY code was developed, which has the full range of necessary functions to solve advanced
nuclear safety problems. Taking into account the new standards after the accident at the Fukushima Daiichi
NPP, the development of this code is an urgent task and this code can be used to solve many urgent problems.
The code has been verified on an international benchmark and has shown good results. In the future, the code
will be refined to expand the functionality of the program.

For full release of the CORIUMSITY code, it is necessary to carry out an additional verification of the
results obtained using the CORIUMSITY code and experimental data from different benchmarks. For this, a
dataset can be used to assess the structure of the corium formed as a result of a real accident at a nuclear
power plant with a core melt. Similar accidents, have occurred at Three Mile Island and Fukushima Daiichi
NPPs.
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