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Development of Criticality Evaluation Methodology of Fuel Debris at Fukushima Daiichi Nuclear
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Regulatory Standard and Research Department,
Secretariat of Nuclear Regulation Authority (S/NRA/R)

Abstract

A criticality management method is considered for the retrieval of fuel debris (a substance
consisting of melted and subsequently resolidified nuclear fuel, as well as in-core structures,
concrete, etc.) from the Fukushima Daiichi Nuclear Power Station (1F) of Tokyo Electric Power
Company Holdings, Inc. This safety research project developed the following evaluation methods
so that technical knowledge related to the inspection and the safety review supports the criticality
management relating to the 1F fuel debris retrieval processes. Here, some of the development of the
evaluation method was outsourced by the Japan Atomic Energy Agency (JAEA).

(1) Development of criticality management evaluation method

To confirm the validity of the criticality management of the fuel debris retrieval process,
data for the criticality characteristics of fuel debris of various compositions were collected, and a
criticality map database was created to enable criticality safety evaluation. In addition, a Monte
Carlo calculation solver was developed to evaluate the effect of randomized spatial distribution of
the fuel debris components on criticality characteristics. To validate the analysis code and nuclear
data library used for the criticality evaluation, the modified Static Experiment Critical Facility
(hereinafter referred to as “modified STACY”) was, fabricated in the JAEA’s Nuclear Fuel Cycle
Safety Engineering Research Facility, and experimental data were collected for critical experiments
that simulated fuel debris by varying the experimental conditions, such as the number of fuel rods,
water-to-fuel ratio, and structural material simulant. Furthermore, a three-dimensional core damage
and melt progression simulation code comprising a thermal-hydraulic module, a fuel rod behavior
module, and a neutronic calculation module was developed to obtain information about the fuel
debris properties.

(2) Development of the criticality excess dose evaluation method

A criticality excess dose evaluation method was developed to conduct a dose evaluation
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for the radioactive materials generated by criticality excess during the fuel debris retrieval process.
Scenarios in which the fuel debris became critical due to excavation during the fuel debris retrieval
work were modeled, and the dose at the site boundary was simulated using the dose evaluation

method for criticality excess dose.
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Fig. 2.16 Safety plate drive device attached in the modified STACY core.
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Fig. 2.17 Debris structural material simulant.
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Fig. 2.18 Flow of analysis of adjusting rod simulating debris for the modified STACY critical

experiment.
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Fig. 2.19  Mixing mill, compression molding machine and sintering furnace.
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Fig. 2.20 Example of prepared debris simulant pellet.
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Fig. 2.21 Analytical instruments for debris simulant.
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Fig. 2.22  First critical core.
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Table 2.2 Core configuration conditions.

R EE U7 HRIRIEREE (U IRHEEE S wi%)
PR AR EL 50 ALLE 400 ALLF
B e OV 4 1% 7K
i KA 40 cm LL k140 cm BAF
K& 15 mm, 12.7 mm
i R 18 Tl s 0.8 %
FaHE K RIZ X D e RSN B 03$
AR S L E T3 ¢/s LAF
LMD K D45 1R IF O Fh Ve FERh PR =R 0.985 LLF
e R B FEATAE 2 A 3 2 228 1 B3 .
0.995 LA T
ARREIRE D M 1 FEh I i
PBOERS « SIS A KRB L MR 09 LA E11LLF
EBR RN K D B KRNSO 03$
FERH R K D UG EE RN R 3¢/s LLF

) [ESIOTZERR e AN BRI - T JERH JE AR AE  (2022) 2 K0 51 L —HBEkZ

F 2.3 A RAE L B E T D AR D AR

Table 2.3  Core characteristics values related to the nuclear limit values.
YRS ] R RAE i /IME
IR B EEAR KL
) 6.0X1072 2.0X10°

d
0 ($/mm)

Fe R B FE M =
FR Y G 7K
Vlim*
(L/min)

KAF L Z 7 NOKIE O FEZ 15%08 & L CREAf
) ESLFEBE S IE N B AR O BESEBR SRS (2022) 2 LV BT L —iBk

1915 65
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# 2.4 STACY RTHA L OB RrME E
Table 2.4 Transient constants for modified STACY.
A DR R AE /M
VB A I
B BEAREL +3.8x10 —3.7x10°
(Ak/k/C)
WA AR A K
B BEAREL +3.7x10° —3.8x107
(Ak/Kk/vol%)
HRR IR 2
B BEAREL —8.5x10°¢ —4.1x10°
(Ak/k/C)
BI1AS HR 1 F A
(s)
F R
-5 S 8.1x1073 6.8x107
(=)
) ESLFEBE S IE N B AR U BESEBR SRS (2022) 2 RV BT L —iBk

8.4x107 6.9x10°¢
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Fig. 2.23 Fundamental performance verification experiments.
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Fig. 2.24  Core simulating fuel debris using stainless steel rods.
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Fig. 2.25 Core simulating fuel debris using stainless concrete rods.
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Fig. 2.26 Schematic diagram of the water level measurement baseline.
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5-14-2-1-269: 17 x 19 map,. PT=1.5 cm, 269 fuel rods.

) ESCOFERH SR N B OKIR - i JE R SE A (2024)
4 227 1.50 cm A% 1A O T2 FEARPERERERR SEBRIF 00— (U0, BREMEASL : 269
)
Fig. 2.27 Example of a core using a 1.50 cm grid plate (number of fuel rods: 269).

- PO 5101341 23 020 map. PT=1.27 om, 341 fui roda
) ESCOFERH SR N B OKIE - i JE R SE AR (2024)
4 228  1.27 cm A& -8R & VO T2 EEAPERERERR FEBRAT 0 0 — ] (U0 REHMEALL : 341
)
Fig. 2.28 Example of a core using a 1.27 cm grid plate (number of fuel rods: 341).
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# 2.5 S-14 EBRCHIE L7=Eg AN O —E

Table 2.5 S-14 List of critical water levels measured in critical experiments.

Ne. A e 9]0} J;W:Jr vy F KR i S KL

AR (cm) (°C) (cm)
R0686 2024/8/6 | S-14-1-1-329 329 1.27 20.7 129.24
R0683 2024/8/2 | S-14-1-1-333 333 1.27 20.0 113.70
R0684 2024/8/5 | S-14-1-1-333 333 1.27 20.1 113.41
R0685 2024/8/5 | S-14-1-1-333 333 1.27 21.3 113.41
R0O708 2024/9/9 | S-14-1-1-333 333 1.27 20.7 113.41
R0O687 2024/8/7 | S-14-1-1-341 341 1.27 21.2 84.65
R0O691 | 2024/8/19 | S-14-1-1-341 341 1.27 19.2 84.73
R0709 2024/9/9 | S-14-1-1-341 341 1.27 21.0 84.65
RO710 | 2024/9/10 | S-14-1-1-341 341 1.27 24.6 84.57
R0688 2024/8/8 | S-14-1-1-357 357 1.27 21.2 64.64
R0690 2024/8/9 | S-14-1-1-393 393 1.27 22.0 47.64
R0692 | 2024/8/21 | S-14-2-1-253 253 1.50 19.9 121.29
R0693 | 2024/8/22 | S-14-2-1-253 253 1.50 20.5 121.21
R0694 | 2024/8/22 | S-14-2-1-253 253 1.50 21.2 121.09
R0695 | 2024/8/23 | S-14-2-1-261 261 1.50 21.4 94.49
R0696 | 2024/8/23 | S-14-2-1-269 269 1.50 22.2 83.31
R0706 2024/9/3 | S-14-2-1-269 269 1.50 21.5 83.33
RO707 2024/9/4 | S-14-2-1-269 269 1.50 25.3 83.25
R0697 | 2024/8/26 | S-14-2-2-277 277 1.50 21.0 75.79
R0698 | 2024/8/26 | S-14-2-2-285 285 1.50 21.5 70.05
R0699 | 2024/8/27 | S-14-2-2-289 289 1.50 21.7 65.32
RO700 | 2024/8/29 | S-14-2-1-297 297 1.50 20.8 59.99
RO701 | 2024/8/29 | S-14-2-1-305 305 1.50 21.3 55.99
R0O702 | 2024/8/30 | S-14-2-1-313 313 1.50 21.2 52.90
R0O703 | 2024/8/30 | S-14-2-1-337 337 1.50 20.4 44.44

) ESZAFSER AN B AR AT FEBR FE RS (2024) M LV I L —EBk AR
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Fig. 2.29 Outline of the three-dimensional simulation code comprising a thermal-hydraulic

module, fuel pin behavior module, and neutronic calculation module.

(2) 3 WoTIF DR - IREE B AT 2 — RIC X D 1F2 B OUEEL A L N EATEENCR D RRM
fif T
3 WoTiE DR - REE RN = — R 2 W T, 1F2 SR I DR O P BE R % 6 52
& LTZREM72 sl A v M BAT TR D DIRIT 24TV W@ AL b DL TOLER,
D FEA~DOEEF AV S OBAT, 7 LSRG 5 O HE 72 IE Y T OV AV~ OBAT I
VAL, FHEb~y R~OVER AV AT R O EIM & O ROG 2 754f U7, AT sEEE, X
230 12T EBD, 4 DORBHESIR (BREERHIZD 4X4 PEHE) . fliEET L— R, &

A b B R WL IFR, PGS (GT), MEHENE (CRGT) K OMIHEE)
34



HiE N 2 7 (CRDH) THERR S LT\ 5, 7288, & OME K O IR IR £ 72 BWR
HBHEIT LT, K 231 TiE, 0BG - BElERTOH A2 1T 2 RPV KOy
HRHEREZRT, ZOMBENDL, RPVIEH T, RE (EHEQER) ROV rhaa (K
) ORSERBEERRENT ERHERTE L, ThbDOITERICOVWTIE, B~y 7
TR 2ADRERIbERB 5 T DSEFRE LUHERT L & & bla, BEBET 7
U TV E OFELMESREZ 72 STACY iR LB KR OMEHIIE A LTz,

e

J=AC—=Z

L2

Melt
drainage

RPVIEED from l
absorber
blades
FLsZIET
L=k
CRGT i
AQ#)
', 42
| 2 EEZvY
RRENSDIERE FIEMEIL — RS
HEH DBRIHEE
B 2.30 FEAEMTIRE T L OMHTIRR (F LT, A0SR, CRGT fElk D HE K
)

Fig. 2.30 Detailed geometric model analysis system drawing (enlarged view of the lower part

of the core, core support plate, and CRGT region).
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Fig. 2.32  Overview of dose evaluation method of criticality excess.
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Table 2.6  Criticality simulation models based on event scenarios.
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Table 2.7 Setting parameters considering event scenarios.
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Fig. 2.33 Examples of dose assessment based on criticality scenarios.
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Table 2.8 Results of dose assessment based on criticality scenarios at the bottom of the RPV.

S AR NS RN 53 BCIR BE
I/ iR VE B 0.02 m* (0.2 ton) 0.02 m* (0.2 ton)
B BE FIN AT TR VAN 2T IR VAN
=G BIKIREAN | A=V FA T ik #5
WAL o 5% 1x10'7 5x10" 5%10"7 3x10"
B 5T SR <0.00l mSy | <0.00l mSv | <0.003mSv | <0.001 mSv

i) [ENLAFSE

PRZETEN A AR T JEPH S RAE  (2024) M K0 51 L —HBck &

# 2.9 PCV NT AX VNANZ BT DR Tl 7TV A5 < BREFEm R 5

Table 2.9 Results of dose assessment based on criticality scenarios at the bottom of the RCV.
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