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Abstract

In the analyses reviewing the safety of light water reactors, both deterministic and
probabilistic evaluations are performed for a wide range of accident scenarios considering various
conditions of accident progression from the view-points of loss of containment function, source term,
environmental effect, and so on. Although evaluation methods for these scenarios have been
developed through domestic and international research activities, it is important to continue to
incorporate evaluation methods that consider the latest findings for the continuous improvement of
the safety. It is also necessary to carry out continuous checks of the technical maturity of existing
evaluation methods.

The project was to be carried out with a six-year program from FY 2017 to FY 2022. The
objectives of this safety research project are to develop assessment methods that incorporate state-
of-the-art knowledge in order to assess the accident progression leading to loss of containment
function, loads leading to loss of containment function, probabilistic risk assessment (PRA), source
term evaluation, environmental effect evaluation as well as the radiation dose evaluations, and to
upgrade analysis methodologies by improvement of existing analysis codes. The followings are a
summary of the research carried out in this safety research project and summary of the results

obtained from the research.

(1) Development of the assessment method for the prevention measure to containment failure
(D Integrated phenomena analysis method

To evaluate the source term released to the environment due to loss of containment
function, accident progression analyses were carried out using an integrated severe accident analysis
code MELCOR, and various scenarios were analyzed considering equipment and procedures

introduced in the new regulatory standards.
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As for analyses of spent fuel pools, specific models have been upgraded that had been
listed as phenomena requiring specific verification under SFP conditions in Phenomena
Identification and Ranking Table (PIRT) of SFPs in OECD/NEA/CSNI. Using these models,

analyses were performed assuming a loss-of-coolant accident at an actual SFP.

@ Dedicated phenomena analysis method

Model development for detailed analysis methods and uncertainty reduction was
conducted for hydrogen combustion, superposition of melt spread/molten core-concrete interactions,
and containment integrity for static and dynamic loading were carried out. Tentative analyses were
performed for representative plants.

In addition, S/NRA/R participated in projects organized by OECD/NEA/CSNI for those

phenomena and obtained experimental data and other results.

(2) Development of methods regarding probabilistic risk assessment

Based on the results of safety research on Level 1 PRA in previous activity in S/NRA/R,
the formation of containment event trees was examined in regard to effective information
transferring from Level 1 PRA to Level 2 PRA. As for development of Level 3 PRA methods, risk
indicators were reviewed, and findings on the interface in consistent assessments from Level 1 PRA

to Level 3 PRA were summarized.

(3) Development of the environmental effect assessment
In the accidents at Fukushima Daiichi Nuclear Power Plant of Tokyo Electric Power
Company, Unit 1 to Unit 3 faced core degradations, and a large amount of radioactive material was
released into the environment and diffused into the atmosphere and the ocean. An evaluation method
for analyzing the amount of radioactive material released into the environment by combining
measured values and numerical analysis in the vicinity of the site boundary, etc. was in place.
In addition, shielding analyses on direct and skyshine radiation of nuclear facilities were
performed, and shielding methods such as point-kernel method, Sn method and Monte Carlo method
were studied in order to accumulate knowledge that could contribute to the validation of the dose

evaluation in nuclear facilities.

In this research, the Japan Atomic Energy Agency (JAEA) carried out part of the
experimental analyses on containment vessel thermal hydraulics experiments during severe
accidents within “Dedicated phenomena analysis method” and the development of the evaluation
method for environmental dispersion of radioactive materials within “Development of the

environmental effect assessment”
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Table 2.1.2 Equipment Example for Simultaneous Implementation of Alternative Containment

Vessel Spray and Alternative Core Water Injection - Cases of Non-LOCA scenarios -
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Table 2.1.3 Equipment Example for Simultaneous Implementation of Alternative Containment

Vessel Spray and Alternative Core Water Injection - Cases of LOCA scenarios -
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Table 2.1.4 Selection of WIN Modes in Accident Progressions
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Fig. 2.1.6 Timelines of WIN for A-0 and A-1 Scenarios

24




\ A%

W —imash (=2 LIBOIRIBBEIZIER+5) &L < ki

:7iﬁ'q?ﬂﬁmmﬂﬁﬁﬁﬁtﬁiL¢w

WM E—F B LTA
[t % 4
v‘ ECCS SLid Mo — Rl L o i
A-2 "‘ T AR,
r 1 R T
AL R Lv "- o ERTHE FiE-. FR# TR - R
BEFEATLA ¢ | ppnmarid [
el L (e Y - ;u-l---qmm.- ' H R o T
o ™ AR . AmnAN o ' ———— MR B Rk
) B D o el v BEE AT (cows) s S

A" S V A

A v A

A3
LT : BB

BHRE~AT LA
b

1 Bkl « SR

ERsE®
v ECCS MMMl i L < il

v

B P ATy

'—:r: :#:t- - - - -:F:T:;* v v

[T b4 ey
o (SR W NERETENE SRR Lo
T ss  EERLLN  (OOWS) SN # 5 TR B I e

vV VvV V \Y

-

Fil~= ¥
r VR SR, R

v

REEAE (klk %5

W k-
FEF = L R E A ]

R TR

217WIM D A2 K NA3 DE A LT A~
Fig. 2.1.7 Timelines of WIN for A-2 and A-3 Scenarios

25



\ A%

W —amah (727 LIS OHISES LI IR 57) & L < Iy

WIM E— F A LTA L
Ens®
B ' BCCS WEERMMEO M b L < o
ek T Y r AN E;"’::: RS BATHEN. CRENE
AL A
&£ T L

B RS ahaa e - S

A (paE WESEE

ErE AN
I cows) 2B

vV VV

B L=t ]

\Y

AEMEE s A REAEN L

IR e 2
S E.F 4 - 5o AT (sl

V V

B-1
ik

HWRHEEAT LA
ET L

(ERto b & R

L 2

"" BCLS RIMMMS —ElmG L < il

v

AR AT
FLAE (S R

vV

Vi (e :_mtni.  alaiiad
wm g EEARE oW Al

vV V'V

Fig~ > F#

ARBWHTER~T LA
LN SR

V

LU By

RATHESENR. CRRNH

v

DA AR BB

Ul Fle 5 5T EE Gy
IS F . Lo J LRIk

| AV

218 WIM @ B-1 M UNB2 DX A LT A
Fig. 2.1.8 Timelines of WIN for B-1 and B-2 Scenarios

26

W Y T L s 1y




W —mish (=8 LF DIIBPIE ST ) b LIk N B L A

\ L VLTS

WM E— F A LTA
KM
5 ECCs R MEE S L4 il
B2 ' BT AMEE R A BT B - RS
o L T T e FlE-~ FRil
WLTE Rl ' v v
BT A
B R IR Lo PR T C R
ke letu-r- aRtws AERERRAE .. e R
(% S e - L
: ! ‘E-—--‘f—--———_ —* ElaETHE
ETls®

B-3
TR : W

BT EA7TLE A
ETHRL

O RS -

BCCS it o —mas s L iy

' L. ] P e
" v,n ) '

ARITER
HEFEALECTR i e
CCRE) il

AV

v

L A Fi~ = Filtil P R L L

v

W
Frd [
L bl
l‘t—|

A RENER =TS E

M I T R RERE [ T

5 SRR PRk AENRAN (XA S

e

"'.'-x'.

1.-----.

AV, A VARG L

B4
ek R

k- e R
et A

[ ok « iy

Efls®
BCCS IR AT
S L
* A
b o TR -
Ll R — Fit~ v FRE ‘,
i L

Ll P 03 E e

i (+HES EETEE B 4
MBSy A R L T —

) el BIEASE  cews) s LB

vV VV

LEUE L EE R

~

ERETHLE

| AN, /A A

219WIM D B3 K U'B-4 DX A LT A
Fig. 2.1.9 Timelines of WIN for B-3 and B-4 Scenarios

27




(c) FRHTSRIEE > — 7 v A R OMIRAT #d
T TR G — A
AT CHCER L 72 WIM & — R Z @£ 2 T, MELCOR f##T % 32 M9~ 5 7= 8 O fighr 5tk %
E LT, Z 2 CIXPWR O PRAICEWTHBMICEEINLA L TORERFELEXIGRE LT,
- LBLOCA
- MBLOCA
- CCWS HBriRe s 2k
- IS-LOCA (ELiftik7& 2 A2 M CEER) D - — 2 THEJE)
+ SGTR (FLifiik & 2 A2 M N EEL) D /r — A THJE)
* LBLOCA KON CCWS O ¥ —4 AT BN ASIREER (LLF TCVIF) &
Wo,)
- FEEIL (LLF IMSTD) &0v9,)

INHERNFRICH LT, 2N E TRARTE 72 WIM T — RIZXIGT 25 X 9 FLEK,
DM A K OREAE R AT LA | BRI ENAR D BAEO RS 2RI L ot R I fR
DYAT DEDEANTA UNHRDER Y — 7 A L, &bic, —fERAEHEA
AR A DNFEAT LT RESGmY U R 7 BT B9 2 i fL i (L~ 2PRA ) 3! (LA
T MR L)) IS CEHES N7 7 MAGIREE (LLF TPDS) 2 9,) 2% &
Wic, Fiz, 221 EDOFR 2.2.1 Tl L7z 6 3LFD PDS 5 &|2, Ry —7F7 v AITxbi L
TR G OFEBA ID Z8H L, ZhHEK 21500FK 21.7ICELEDE, 2B, Th
bDOY—= AT, BTT =2 7 AZEKELRE ORI T2 & Lz, Zhid WIM
T RIS LTeRE A FI S § 272011, HRFEEEE~MEEENRT 7 B AT H0E
W2 ZEeMb, ZHHRMOIEEI ORI L LTT =2 7 A 2K R M I 47 C
EHLEWMELIET-OTH D,

AT DO FRMT S OFEFLH ID 12OV T, R 218 DFRMEESHBICHE L, ERFGEN
SGTR O# I ID 1X/GYYGYYJ.IS-LOCA I VYYVYY ], CVIF X 4~6 X7 H N BYY]
72D X OBH LT, o, ZRLSNOERKRFRIZHIT LM ID O 5 XFHIL, A
PEANDTEK B ENMRIEZ FT 720, £ 215 DR 2.1.710F & O BIEO KB ICHIG S &
DEIRFICHER L THELE,

E DI, AEIENT Lo — A%, %Rk § 5 KkFE — 2R — KEK =K E AW B RBED
R CEr — A TBMERICE LR o722 e D, R TKEBERNBOBIEICKIIT S &
RELT6 XTFHIZO0 &T 5,

28



# 2.1.5 MELCOR f##t % i L 7= > —47 > A D4 (LBLOCA J O* MBLOCA)
Table 2.1.5 Conditions for Sequences for MELCOR Analyses (LBLOCA and MBLOCA)
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Table 2.1.6 Conditions for Sequences for MELCOR Analyses (CCWS, IS-LOCA and SGTR)
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Table 2.1.7 Conditions for Sequences for MELCOR Analyses (MSHT and CVIF)
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Table 2.1.8 Correspondence of Arrangement ID for Analysis Conditions
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Table 2.1.9 Major Event Timings and Parameters in MELCOR Analyses (LBLOCA and MBLOCA)
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Table 2.1.10 Major Event Timings and Parameters in MELCOR Analyses (CCWS, IS-LOCA and SGTR)

CCWS [CCWS [CCWS [CCWS [CCWS [CCWS IS-LOCA IS-LOCA SOTE
Seq-1 [Seq-2 |Seq-3 |Seq-4 [Seq-5 |Seq-6 Seq-1 Seq-2
WIM £ — F A-1 |B-2 [B-3 |B-1 a2 B0 [B-1 A3 [5-1
EL L - T T fi L THED

7 | A R 2 ] 5.1 T 5.1 5.1 0.3 17.3 7.2 £9.0
FREE L 0 3524 4 5.3 52 |52 5.2 5.3 5.3 0.4 17.6 17.5 29.3
% |t~ s [180 |95 [s9 |95  |180 i1 e e s Pas oo
gl ISR LA (RS |- - 0.2 - - - - L s
a7 |emEEA Y LA A eesa) |- - 432 - - - - - -
{5 | %4 7 s Wil ki
vk | e nammassEe [107 |- . . 107 |- X 16.8 18.2

2 [h]

MIEE S L % (1 Hay 2] 1.3 1.3 1.4 1.3 1.3 1.3 - - -

smmsLemmesny  |<01 |<01 |<01 [<01 [<01 [<01 [o. = 0.1 0.1

1 2 37 ) B 59 ) - - . . - - R e -
e [eaiemacmesam) 706 604 [162 1507 [1845 [56.1 1590 1939 p779 priz }
apall Litiikcdri b TE i FE 6 1A B E -
:” wssnsa s onmmmp |59 |58 (432 |82 59 |- 8.2 | 5.2
= o |EHREBHESA T L4 - R . m - . o .-
i-j Mshsigetmitfi 374 (323 |359 |326 [374 |- 30.5 31.0 56.6 68.0 51.9 83.7
: RWST B iBE il h] 48.0 42.5 43.2 - 48.0 - - 14.1 -
E:' ;L‘“{‘Iﬂ{%”‘ﬁ:’f;\! 57(0) |51(0) |5500) |5100) |5500) |11asn oz hoaoy bo  broy  broy s
.T,_F_f m“'f';;”;;mq‘]“” 104 |<01 |01 |<01 |03 |15 P 1x10° 3x10° [Lex10° [L8x 10° [ 1.3 x 10| 1.4 % 10°
A Ny e v v7 oxizmy | 3.2 1.8 34 1.2 3.2 0.8 0.5 0.7 b.s 3.0
L IMecrg s smiem <01 <01 |<01 |<01 [<01 3760 ho 1.5 < 0.1 0.1
o MCCT B SRR fem) |<0.1 |<01 [<01 |=<01 [<01 |200.1 14.3 1.1 = 0.1 = 0.1
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Table 2.1.11 Major Event timings and Parameters in MELCOR Analyses (MSHT and CVIF)

. . CVIF CVIF CVIF CVIF
E;E'IHIT P;E:IHET ziquT ;E__?T LBLOCA [LBLOCA |CCWS  [CCWs
Seq-1 Seq-3 Seq-1 Seq-2
WIM £— I B-2 B-3 A-3 A-1 B-1 A-1 A-1 -2
- | i R RS 1) 1.9 1.9 1.9 1.9 0.4 0.4 19.5 5.0
P o 4 B 00 ) 2.0 2.0 2.0 2.0 0.4 0.4 19.8 52
;E:L R TEr— 9.3 8.9 21.0 36. 7 2.9 10.3 24.5 9.7
g - | AT 2 7 L (RS (] - 0.2 - 0.2 - - - -
7 | R 2 Lo fEAEEY Al (k] - 351 - 301 - - - -
Y& v 2°F o« WEEEACHELL b D -
! ) m,‘;;,m.,f:;ﬁ;‘i;’;] %1107 ; 15.0 1.6 . 6.0 15.1 -
HiE # L fElhaY [h) 1.2 1.2 1.2 1.2 - - 1.4 1.4
8 0K LA TERh e 30 = (.1 = 0.1 =01 =0.1 4.1 10.9 =1).1 =i0.1
1 il kT 2l ) 1.2 1.2 1.2 1.2 - - - -
i i b 2 B A 200 ) 51.3 114.0 115.4 118.8 152.5 151.9 - -
L* i A0 BN i i
:f RipiaaEs 27 LA imssnp) |26 36.5 8.2 311 8.2 1.0 - 5.8
gt (13 T TR, . . .
= | s ey sn) . 3 2.2 20.0 ) ) i )
RWST H 8853 [h] 29,8 27.3 - 22.0 . - - -
| ot 59 (0) 61 (0) 58 (0) 63 (0) 188 (136)  [129(76)  |106 (52.6) |134 (88)
;5% ‘;ﬂ?;:;f.'ﬁgq?’m 4.1 12 2.6 3.7 33x100  |26x10°  [ss. 67.9
I ey ) S FRY R 4 7 4 Al m] | 2.7 33 3.1 58 0.8 3.0 33 1.8
;‘_J MCCT # #51% & (#ifi ) [cm) <01 <0.1 <= {.1 < 0.1 2458 273.0 48.9 196.0
s |MOCT # % & (R ) em)] <01 <0.1 <01 <0.1 133.3 131.2 71 117.6
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#2112 ERO3AE T BWR BELERINEL X 7 LA iy BN R AR AT o — A
Table 2.1.12 Experimental Analysis Cases of Spray on Partial BWR Mock up Bundles

AT LA i

r—A KA (%) H (%) * ZERIEN
(m’/h)
1 BAF T J5 0.1 L 0.1
2 BAF T J5 0.5 L 0.2
3 BAF TJ5 0.5 L 0.1
4 THADLY TH 0.1 3 kg/h 0.2
5 TEAODLY T 0.5 6 kg/h 0.2
* EAS IR 5 b
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7% 2.1.13 SFP LOCA fi#HTIZ 35 THEFT & A 7= 5 FH 35 IR EHBR ot g iR

Table 2.1.13 Burnup History of Spent Fuels Loaded in the SFP LOCA Analysis

ID BRIED A 7 L WA MAMME(A) | BEEKW/ER)

B1-C10 1 T HI AR IR IS L R 10

B2-C10 2 TE HI AR IR L PR 10

B2-C10 3 TE ] A Py B HH PR 10 9.3-11.9
B4-C10 4 T HI AR IR IS LE R 10

B5-C10 5 TE 1 AR IR L PR 10

B5-C500 5 1% 4 7 VA 500 1.5
B5-C990 5 2H A 7 VEH 990 0.79
B5-C1480 5 3% A 7 EH 1480 0.54
B5-C1970 5 4 %A 7 NEH 1970 0.42

# 2.1.14 SFP LOCA fRHTIZ 35 2 IS = & O I FF REHAL 53
Table 2.1.14 Spent Fuel Distribution in Each Region in SFP LOCA Analysis

s PRIGE [ET 2 SFP # H1 A [#] BREFID FEAT AR
(A1 2 ) (A1 7 L) (1#)
B1-C10
1 1-5 TE R 52
B5-C10
2 5 2 B5-C990 208
B1-C10
3 1-5 TE o B 156
B5-C10
3 B5-C1480
) : 4 B5-C1970 024
5 5 1 B5-C500 208
6 5 4 B5-C1970 1290
At 2538 (K)
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Table 2.1.15 Basic Analytical Condition of LOCA for the Whole BWR Plant SFP Model by

MELCOR2
HH B A FRNT S/ 225 & LT S8R M OVRAT
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1). BREHEA IR - 2,538 {&
2). BREHERBEY A 7 NV HL # 2.1.13
3). T — X 2.1.39
4). b5 oA - BRI 73 1 ) 53 AT A ARE
5). HRESCIE AR AR R L - JRF-0Fs R4 10 H, 40 H., 190 H KA
FRAT DI b B &
# 2.1.13/% 2.1.14
II: BEETIN/INTA—H
6). BEbET IV BRI BB A Wb T2 BR AR AT
7). HRHA TR 2271 BWR HEHEREI 78 2 PR e SEBR AT
8). WOEE RS R B2 1 BWR REIREF X 7" L A BR 2 F2BRARAT
A A B
9). WMk opkEER | AT 1 BWR HEHIREE 2 7 L A B5 12 2 BR AT
7 = FET IV MM % B 8
10). 27" L A k£ B2 1 BWR BLESREF X 7" L A W 53 At T2 B
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1), AT VAKIET v | HZAT2 BWR 7' 7 k SFP &=
AR YNEE: e AT A R 53 A T
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Fig. 2.1.39 Spent Fuel Loading Patterns Postulated in LB-LOCA Analysis in the SFP Rack Region
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#* 2.1.16 BWR 77 > b SFP KAt LOCA figtfr Offtr~ h U 7 2
Table 2.1.16 Sensitivity Analysis Matrix for the LOCA in the Whole BWR Plant SFP

AT A FR SN TR0 &
7 v 7 NAEESR
N— R — A 60 % TE R B JEE B
AT — A 1 100 % TERRIE B E JECHR
SR AT o — A 2 150 % TERRIE B E JECHR
SR AT r— A 3 60 % 40 H 1% JECHR
SR iAo — A 4 60 % 190 A JECHR
P fRAT o — A5 0 % TE NG Bl B 4% BAF
AT r— A 6 0 % TERRE B E 1/3x(TAF-BAF)
JRPEEFRAT 77— A 7 0 % TE RS B E 14 1/2x(TAF-BAF)
# 2.1.17BWR 77 > b SFP KAr LOCA f#HTIZ B\ THABERLIE A AR D 15 %l
BT 2 WREH]

Table 2.1.17 Time for Cladding Oxide Film to Reach 15 % of Wall Thickness in the LOCA
Analysis in the Whole BWR Plant SFP

A7 VA WK N7 Vo271 kR

Ty 7 ANREBEE | BlERE (R) | BERRE (Ref)
NR—Rr— 2R 60 % #9194 %39
RRIERAT 77— 2 1 100 % #7209 %10
LR r— % 2 150 % #9800 # 34
LR r— A 3 60 % >1.0E4 >1.0E4
TR r — A 4 60 % >1.0E4 >1.0E4
JEIE AT r— 2 5 0% <1 <1
LT r— 2 6 0% # 44 2
AT r— 2 7 0% >1.0E4 >1.0E4
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X 2.1.42BWR 77 > I SFP Klf LOCA/ #BE RERERE (N—A 47—« 27
LA B ER 60 %)
Fig. 2.1.42 LOCA in the BWR Plant SFP / Cladding Surface Temperature of RING-1 (Base Case
Spray Reaching rate 60 %)
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4 2.1.43 BWR 77 > b SFP KAl LOCA / #7BE K EIEE 27 L BiER
100 % (RREEARAT 77— A 1)
Fig. 2.1.43 LOCA in the BWR Plant SFP / Cladding Surface Temperature of RING-1 Spray
Reaching Rate 100 % (Sensitivity Case 1)
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2.1.44 BWR 77 > I+ SFP K#lfr LOCA / #BE R ERE 27 Lo BlER
150 % (RREEFEMT o7 — 2 2)
Fig. 2.1.44 LOCA in the BWR plant SFP / Cladding Surface Temperature of RING-1 Spray
Reaching Rate 150 % (Sensitivity Case 2)
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4 2.1.45 BWR 77 > I SFP KMlr LOCA / #7B & RKIREIEE 27 LA BE#EE 60 %
/40 A& (REEMRAT 77— A 3)
Fig. 2.1.45 LOCA in the BWR Plant SFP / Cladding Surface Temperature of RING-1 Spray
Reaching Rate 60 % / 40 Days (Sensitivity Case 3)

79



= COR-TCL.104 COR-TCL.105
COR-TCL.106 COR-TCL.107
400 A COR-TCL.108 COR-TCL.109 5.0
COR-TCL.110 COR-TCL.111
350 H COR-TCL112 - = MAX-TCLX13 | = == - = == = . - 4.5
—HOUNTKEL = - -TAF \
300 BAF TAF B 4 O
£ - 3.5
2 B BE D1 2%
']:]I\P( 250 \ ,‘\ X ( V19 | 30 .
% e s wr (e an e - E,
fa 200 - STl ev ==l 25
- “-_\_!
gtﬁm | R S 00 N
i 4 - 1.5
0 b m -
- 1.0
50 %
- 0.5
\ r\ BAF
0 0.0
5 8 11 14 17 20
R [hr]

2.1.46 BWR 77 > |+ SFP Kl LOCA / 8 REIREEE A7 LA BlEH 60 %
/190 H % (RREEfRAT 77— % 4)
Fig. 2.1.46 LOCA in the BWR Plant SFP / Cladding Surface Temperature of RING-1 Spray
Reaching Rate 60 % / 190 Days (Sensitivity Case 4)
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2.1.47BWR 77 > |+ SFP Kl LOCA / #8E REIREEE A7 LA B0 %/
Wi 1 BAF (REERAT 77— 2 5)
Fig. 2.1.47 LOCA in the BWR Plant SFP / Cladding Surface Temperature of RING-1 Spray
Reaching rate 0 % / Leak Hole at BAF (Sensitivity Case 5)
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2.1.48 BWR 77 > I SFP KW LOCA / #¢7E RIMIBEEIERE 27 LA BIEHR 0%/
IR 1/3x (TAF-BAF) (&EEEFRHT 77— 2 6)
Fig. 2.1.48 LOCA in the BWR Plant SFP / Cladding Surface Temperature of RING-1 Spray
Reaching Rate 0 % / Leak Hole at 1/3%x(TAF-BAF) (Sensitivity Case 6)
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2.1.49 BWR 77 > I SFP KW LOCA / #e7E RIMIBEIERE 27 LA BIEHR 0%/
IR A 1/2x (TAF-BAF) (REERIT 77— 2 7)
Fig. 2.1.49 LOCA in the BWR Plant SFP / Cladding Surface Temperature of RING-1 Spray
Reaching Rate 0 % / Leak Hole at 1/2x(TAF-BAF) (Sensitivity Case 7)
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Fig. 2.1.50 Cladding Oxide Film Thickness Reaching Time Assuming the Constant Temperature
Based on the Cathcart-Pawel Zircaloy 4-H,O Reaction Rate Model
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Fig. 2.1.51 Sapmle Results of Clustering Process for Accident Progression Analyses Data
(Graph Indexes Show the Identifier of Each Classified Cluster)
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Fig. 2.1.52 Strategies for Geometrical Modeling of Equipment for DP model

) PEAHE, S MoEAE. TGOTHIC i EMET Ve v T VAT T ALY v T &k
M U T2 KB AT FIEIC BT 21981, BB 7)5%2 2018 ROFR, RO, 3
H 26 H~3 H 28 H., 3KO08(2018).*
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Fig. 2.1.53 Contour of Hydrogen Concentration Calculated by DP Model
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b, ERIFEMUREA I S BN R B) F2 BRI B 9 D FEBRAEAT
(a) MFZEMEEE

TR T a Y s~ [BKIFOEREFLOEEYILFERRIIHR D ERR ] T, JAEA
ICERFE LT, KBS AT EBEE (LUF TCIGMA 295 ,) % H 72 BRSSO #h
B BORENC BT 2 E R E LT, BT P 2 E X COKRIRABLICHET WA I =
X LDRNCE T 2 HBERRERRERZ M L T\ 5, RS TIL, CFD OKFERA AT
FEOWMME 2B L CEERR O 72O OB A 2S5 Z L2 L LT, JAEA |
ZFE L T LR CIGMA FEBR & X RACMFEHT &2 Ffin L7z 30789, JAEA O ZEFEFFES, Tl
CHETIZHE LM EERIC L 2 BEREREZEHICET S CIGMA ERzff e L
CFD fRHTIZOWT, LA )V ASEEEAEfRNT (LLF TRANS) &V 9,) Z W fi#ric s
B LRI AR IR S I R A B AR AT ET VSR VD & TEBREER & BAT
IH LI ERRIE SN, 22 TiE, JAEA ~ORFEFEIC L 0 Ef LA mn i
Ko THAET L BATEERTIC L 5% EAEREEEIZET 5 CIGMA %R * © CFD fi#fr o
B 2 IZ DWW Tk 5,

(b) FERNE

AP TIL, CIGMA % H WA mHNC Ko THRAET 5 HRMERIIC X 2 5 8=
BEEER 25 L LT CFD f#fr 23 Fl S iz, CIGMA Tidz %@ﬁ+5#6&5ﬁf
T A SR R BRI E L (Particle Image Velocimetry : PIV) 25 0 &I 1k 2 4 L TR
V. CFD O F~— 7 AT AT RE R a b7 BB 7 — 2 2 UG T & %,

7. CIGMA SEBRSE DA%

CIGMA FEBR DA Z X 2.1.54 12773, CIGMA OFEBREZIINZE 25 m, FEio 7
ZRS<\ENI0m HD, 22Tk, Vo7 EHEN»SOE S % ELoom & LT# T, JAEA
WNENE L-AER S Tk, HEROFERES EIICA~D U A LEKOR ﬁx*i@ﬁ%
R L CTREBNREEK 70 °)CE TIMEL L 7IREEA MIISIE L L, & 2 THEHEENC
DNERIC BRI 2 BB S 5, T DR EBREGSO EEOBET T — v, FEEIZEO R
WOX v > 7 50 mm OWHEIY ¥ 7 v MCHAEAKZFEAT D Z & THEGEIN EhE S vz,

K 2UIBICARIBHT CHREG LT D —A 1 KOV — R 2 OFEBROFEREM 2 RT, r—A
1 (CC-PL-30) Tli&, EH7F— By v v & HWTELS. 1 m LA EfEZ MmEIT 5,
—Ji. 7/—A2 (CC-PL-34) TIETEY Y7 > FHHWTEL4l m LL LD By O A
WHT D, WIWIANY U ARREIXZELA 7m ML EIZER L, T2bbaliEkEOE S X CC-
PL-30 O H K L 0 1Z/E < CC-PL-34 O HEIGEIK L 0 MV, EBRTIX, 0% (FIHkE
& ENFEIR O TR 72 BILR) AT D H ARG R IZ 2 N E R gV & e o 72 9,
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A . OpenFOAM |Z & % CFD fi##r

JAEA 23 L7~ CFD fig#r * Tl A—7 > Y —ZA 32— FD—>T&H 5 OpenFOAM 73
WH L7, OpenFOAM THW O 2 B FREAUTE &, #E#E, =3 X REFELT, 2h
DI 2 TH AL F R ZMA G DE LIz, OpenFOAM [I/3— 3 2K - T
FINTND YNNI KRR TIHE, BLIRIR AT 23 OB EZ T 5
728, OpenFOAM-6 K T8 OpenFOAM-9 @D 2 DD 3— = > % W THNT 2N FhE S vz,
OpenFOAM-6 TIlI KA Y O FZ] N % #E D DM AE e 2 BT H Y v N —
ContainmentFoam®’ 73 VN 54172, OpenFOAM-9 TlX7T 7 4 /L b & L TEEINL TS VL
73 —chtMultiRegionFOAM T 77 A fifiii s 7 FR 2 & R A iR < OIS B e 5y T IREERER D
MR EZEE L THY O, WY AA—TIE R RRE SOV TEFR—TH DA, L
TICARTENE Y = 2y MUCBET 2|0 & WP CRirEfR S, FREA, BMRESR) OFEmIC
HEORH D,

KIRMT THRG L § 2 KAEDIREBGITEIRIES ITER T 2720, £ O FRIMEREITELITE
TIRIFT D, 2 2 TR R OBLFER 72 5 R 2 B 8 L C RANS E7 LA &
N7ze RANS E7/0& HW DT Tld, SLIRIC & 2 W8 Ok Bl 52 13 B 2) B YR 8o (2L
(Simple Gradient Diffusion Hypothesis) & FEENHLLTFORXTRIL IS,

a[y, aly,
(o)u';Y'y] = =D, 5:]=-—§i 5;] (2.1.4)

ZIZTC, plHRATAOEE, wld i FROBWERY, VId& AW k OoREzRL, (N
LA IOV [ NEEEME L, "7 U TR NS OB B ER TH D ALK
Sy aRT, AL OLBUREDALELIRILER I CTd 0 | EB EILHCC H D ELITR MR S, &
MEEED GNDEI Y = Iy IS, DI THEI SN D, Ek-eE7 /L TlE, &t x/L
Xk & FLMBREEZ O Cu B LU T ORRICERBLS L5,

2
=(p)C, —
te = {p)Cy .

(2.1.5)
C, = 0.09

KIFHTTIE. ZDk-eET N Ek-wET IV (0 =¢e/k) ZAEMT) LREIET O LA R R T
HThHDHLA I NVAE Re ICE > THAEDE k-0 SSTET AN M SNz, T2 T,
OpenFOAM-6 & OpenFOAM-9 DAY P F N "— g NZE, k-w SSTET MR Dk
W DL ST D FIZEFEINC L HAERIA (production term) MFLAIA E N T2 LU
TORNT L DEAN DA (ELIEE) = %L X AR & BT HGRRAERRIE) RNZENZEN
ORFFRUITIN 2 B A7z,

v, 3(p) (2.1.6)

Gy =—9—
k gSct dax;
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1 2.1.7)
Gy = v—t[(h +1)C3 - max(Gy, 0) — Gy
KF Dy, CEEFVERE LTEZ NS, O LS REFENDREME Lizk-0 SST 7
VT EDHFFEIZ B TR < BREE S U Tuy 50001

— BN REBET L FELE LTS, OB WD H D, Sc lTELIERPELR S & BLITEHE
BRI O TR IN D2 |KTTHTH Y | BEENIZE T 1 Aitc OB EBRAH D Z &0
2\, Ll KIEHFTO L D 2 IR <AERT 25813, TOLEEICL > TEADK
T BE T DD, S lTIRIEMN L BN L > TELT 5, 2D LD B ERE T
TOWEE TR LTI, Scp & FHERERIHE - TR 2 %« Z LS 2 RADOET
BREIN TN D,

o ( R%)+R%
Ct = OC¢plXDP SCtoCl CZ
(2.1.8)
€, =1/3
CZ = 1/4

Rig\Z# I & MBI O TR SN DAY Fv— FY v HTh D, RQ.18)IFFHND
REDHBOLZEE ELNHES) TG0 TS, 2BMICEILSELETALTHY . HEMRE
DREEDETICONELIE Y = I v FSe, B R&E < (ELIIEHR 2 /s <) Eb 52 &
272 %, Abe HiE. kO#%EHEAUCK(QR.1.6)D Y — AHEFH Lck- e 7 MICEEISc, &
TNEREMT 52 LT, MRERICLDMEREZEHO FRIARECIEIND Z L AR
L7z %, Hamdani ©/%, ContainmentFOAM ~ /L 3— & chtMultiRegionalFOAM Y L /3—D
W Ck- @ SST ET VAR Ly Bi# 1 Se,— A, & 3B HSe, & F L7 3H 21T,
ZDENERFELTZ?, BERBREZH 7220 OBEEMZEIZEIT S RANS £7 /L 8
#2119 IZRT, AN TIL Hamdani H O 2 5B LT, MO L BY
ContainmentFOAM Y L 23— L chtMultiRegionalFOAM Y /L 3 —(Zk-w SST &7 /L3 &
M. BIEIZSc=1 OEEM, %EICENSc,TTABEMA SN, AR AERITREZEICX
5 ERIEE G Th L7 0BWE S FATEY | SLREEIZBIZ W T b RO BN &
BT ENE, BHEICOVWTIER T T > FAEICH L THE UEEN TN,
TEENIRAR & M ERE D BVR I R IS B 2 5- 2 27 « 7 L (Dirichlet) £ 5544
EEBDOAREH 2D ) A~ (Neumann) BERFHENMEAEDLDE THOWONT, ZOW
S A 2.1.55 (29, B L B REE OB T O & B R okt 273 & 0 12,
VAR & B R D BRI (361 2 AR DR ET, & WE R OIRET, & ER IR E T 2 F L &
L (Tp =T = Tine) . BRI DSLAT 207297 K9 ISEE R HHEEE 2SR E S iz,

T.r—T; T..—T;
q= /1f cf = int — /15 cs > int (2‘1‘9)
f s
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T T\ Top M OTog 3B L 10 T O FARIRE M ORI L | A M O AT K OV {4 BE
DEMREREZ RT, Eio. SR OSJIIAEIBO /AL BB E COREME =Y,
Frcid, EBRTHE SNI-REEEANFRmIRENERSGME L L THEX O, KNS 2
FEE FRET VOB IR LFHEICE D BRNEERE KD Hiviz, Tl K0 FikE
BREOHRDBFHFEICIMVIAEN D,

4 2.1.56 \CAFEHTITAE A LIz st RS TR &2 3, MR OF @ TE LT XK AE
Hragilk, JKEOEDIIBEHREFIK CTH D | MEEK 75X 136 TRIETH D, # 7 IORME
(ZONWTIE, MTRULEFHEKRTLY b LR R 2T+ 228 T, ~U v
D TT AYREE DRF AT U TREITAE RO ZE3 0.5 %L T & 70 2 2 L S HER S 4L T2, E 72,
X 2.1.57 \ZfRAT ORISR & UCRRIE Lim~ U w7 A REE OIS I 5540 & 597, A1~
U LRE DR S 0m AR I RS LA T 5,

. CFD f#AT#E R

JAEA T3 L7z CFD fENTHRER ° 026 SEBR & BUEMENT C15 b AL £ 1 DR &2 b % [X]
2,158 1R T, W7 — AW THME M ARG (RFZ] 0 FbA1r) &[RRI R IR B IR
T L2, BEmENEW 7 —A 2 (CC-PL-34) Tl —A 1 (CC-PL-30) kv &E K
TEENE 0Tz, FElo EHTCIEER I Y L ESR T OB E A, FEIZS A AN
RIEHR DEIMET 23 L BRI TR Uiz, BATIZI W TR AR O AR S5 (TBE Db
HEEZ 5252 P OMUNEBEIN TVWD EEX D L, ZOEITEBNONEEEY
DETIMLICHEKT DD EEZBND, CIGMA DOEHRBENICITBEXSCF Y ET Y
FEETHZOOVER—F FHIOAESCES 4 mm BEOR) 23655, RS Tl
LEBHL TN, ZOMEMOBEENZELLZLL—HREZEZLND,

B 2.1.59 12— A 1 (CC-PL-30) DAl EEENEL T [ 7347 (2 DU T FBRIARE L & ARATRG 2R
Db 7R, fEHTIE ContanmentFOAM (Sc,=1) & chtMultiRegionalFoam (EjfJSc,) DI
FHORERE /T, SmEEHBLG S 1000 B E LA HFEE (EL>8.1m) CREZEICHE N
KT L7, RERICE W CHAREBIIMMOBERE L 0 #E<, MEANCZ L v AT 5 AAR%
TILE OFRENICIRE S D7, BEO T HICFET D miRitds & ORI REICHEE
720N, 1000 FOLARE I T G L DRGNP S, A (EL>8.1 m) (B S L7
RIRSEIR S T HICBE T 5, ST TH ZOZEBAHI L TP Y, EREIICITFRFZ 1000 7 £
TIHRER T ZBRICTRL2b 00, Z3LAREIZIRE 5347 122U THENT#E R & B 3
X R —BE R Uiz, mEIEE (EL>42m) 23EV 77— A 2 (CC-PL-34) O JEARIEEE &)
B 7 A3 AR DU T BRI 5L & FRMTARS R O Il 2 [ 2.1.60 127”3, EERIZIS W TR E T ]
IZAT » TIROBEAENEC D137 —A 1 ERBETEDN, T DFEIL 20 CLUINTRE L
. RWEERE L TCHWERBEZ R TZEFEERTLTCWSER LR, ffTICE
WTHZENAFB L, EEMICERBR L BAFIC—H LT,

r—A 1 (CC-PL-30) DEREFH DO~ 7 AORESAA K 2.1.61 IZ/RT, ~U 7 LR
93



FEDENE T A ALK 2.1.59 KON 2.1.60 T/RLUZIBEDO A LIZIERLCTHD . X
2.1.59 X O 2.1.60 & [A£EIZ, ContainmentFoam (Sc;=1) & chtMultiRegionalFoam () Sc,)
ICREREWVTR SN T2, BEOEMISc, T TV TIL, Sc /35 Rl g i T D% 4

ICHFELTRRTIO DA —F =L 2 ENBETE DSc=1 DT L 0 L EERE TO
BADPIMHEI END & TRENLN, BEICIEK SITRT EBVHEICHETOEVRALN
b DOEFTEE TIIR, RN TR EIREEHEO 2 R BR i Thd LA

—# Ra N1 X 102D A — % —Th 2 72O FILEIIL TH Y | 4 [E RANS £ 7 /L IZH
M U7e hmiiEsE (K(2.1.6) R TN 2.1.7)) ZEALTck-w SST EF/MEZ DL D RIF/T
DELFIREZFEIC A7 THMERERH S Z LN WmEMHETHL RIN TR Y 06062 X 5|z
ASce, M5 Z LI K DPITIRE S KRN 272 2, —J7T Abe b DOHFZEIZIBNT
X, k-eET IV ERMIEET L (KOG FERICK(2.1.6) % i H & De Dk HFERIZ G 12 H
KT HHMHIE) OMITIX, BIRSc, DR NBHFITRN DHRER & 72 o 72 3556, KA OFE R
[ RERT SN mm8%7w®@ﬁﬁE@m;@%Nif—&wﬁﬁﬁﬁfkhé%mw\
NS OEENRBEBCHHENRERICOVTUIFELRIRFPLETH D,

r—A 1 (CC-PL-30) K7 —R 2 (CC—PL—34) DEFHRIZBIT 2~ U LJRE DR
MZ b ZM 2.1.62 1R T, ERTIZZF—R 1 &7 —R2 21281 DB DMHEENICKE /2
BOREL LN, BT CTHLINGEBIFICHE L, MEESRARIRSE X0 kv —2
1 TlE, FEBAS LE O EL9.3 m ORENSHEFNIA T 59T, #IHIEE (EL7 m £ X
D k) LEICAZENELD FHEO ELTS, 7.1, 6.3m OFHIAIZEBW TR O TR~ i
AU T AOEEIC L VIBENE EF L, ELI3 m [ZBIT DTS 2, W5 Rk E
D INFIHERT H2BLIIMET CTHOHIEINDI, K 2159 1R END LI~ 7 AFHE
BRAER LD B RRA Lz, — . WHBEERAYIHEE LY bIAWT—2 2 Tk, #I#k
JETEDIAICIREMET LIERICIRESMA —HFEL TWD, ZhiE, BEMED T
IR ) 2 — AMEZE L CRUB I D RN R A - A1 L T < aafe LRl Lz 2
HTHY, T CTHEMENICINE BB L, AT TIEL, EL7.5m (BERm izt v L
B)IZBOWTERMER LD OB BREPEATL, F1-, EBRAEL EEEO ELI.3m TIL,
RFZ) 2000 FPLAREDIREEIR T A FER LD b RE WA, BITESHTholz, kD LB
D, REHTIEASY U NRAEZEENCON T — A 1 TR\ KFHT 2 —F., 77— 2 Tidaf/h
P AR & 7o T,

¥ 2.1.63 XX 2.1.64 I/ —A 1 (CC-PL-30) KOV —A 2 (CC-PL-34) (281} %MK
WHDR 7 MR Na 2 —KEeZNEioRd, tha s — | 3MEHEREFMORE %
FLREBD LK, R THRIKETH D, X 2.1.63 (F—A 1) TIEAEHBIBEISILTWHE
BRASGR O L CIXBE ST T FRRIE (), Bas i BRI OFR) OFFRBAET T

. REZ 2000 FOLARE CIImAIsEE L 0 & T 5 OBEmITEE C LA, Hast O T TR
TMORMENRAEL TWDEDORDLNS, K 2.1.62 TRLTEANT U AREORFRZEL) G505

DS, BEN TITIRN 2RO T ple N OIRBR D3 HIZR A IS HE - Tl L7 it
94



EERL, RBOIEREFE EHE > TEEPEATEZ DR DND, £72, ELV LTS
TIERREIF EAEAEC T RN Z 80D, —J, K 2.1.64 (TR LT=7—R 2 Tl
EREHRENGRHSNTOVDICHLEDLL T, B ERENTIZEASEmL, JELY
THTIEBOAARIEAREAE L T D, Ziud, @ TS o7 Y o — Alf5EIC
LDRAFELHEUTAEHETHY K 2.1.62 (TR LIz~ 7 AJEEELOBPELE MR
B REXBHLHELLZRERTHL B HND,

(c) &

CFD D /KA FEHTSE ~ D M 2 fRET U CRMREN 0 72 D O BT R L % B i 9 %
ZEEHEME LT, JABA ~OFFEFEE ST LD CIGMA Z AW 74 mm HNC L - TH
A% BAREER IS X DB E R BB EBR D CFD fif T 2 i L 7=, MM Cld, EBRAE
PREEL DBMRIEEZ BB T H 2 & THRIMRICHR S AT HMBEDOBREOHEEZTY A
Noie, EERFER & MRATRE RO I X 0 | CFD fiffT X E MBI O E O RBAT 58
ERZDZEDER I, FOEAMEN RSN, £72, VA U —H Ra D/NSWER T
HE O RIFEE ICRNT, —FF CABNO R 2RO BERENEE L 2D 2 LIRS
Niz, 7220, BERMITBIT DEN TORN DR — A 2 1280V THUE N Txiit 23
ACRVEBIZOWTHMERARHRE L H Y | FEEHB O M A IRNEGTE ~D/ME S 5
D THBBERTT 2MENRD D,
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# 2.1.18 CIGMA FEBR O WIS B OB i e
Table 2.1.18 Initial and Boundary Conditions of the CIGMA Experiments

Experiment ID CC-PL-30 CC-PL-34
Numerical Case Case 1 Case 2
Working gas Air, helium Air, helium
The outer surface cooling region EL>8.1m EL>42m
Initial temperature 72 °C 74 °C
Initial pressure 175 kPa 174 kPa
Initial stratification EL>6m EL>6m
Helium fraction of the whole vessel 11 % 11%
Helium molar fraction on the top 48 % 48 %

) [ESLATZERA S8 15N BRI )T JEBR SE A . T30 2 4 BE L1 ) it i 55 B S 3R
B (BAKIFOLETT 77 v MR SREITEITRA) FE RS E].
2021.8

% 2.1.19 BE(ERFZE Citifl S 7= BLIGE 70
Table 2.1.19 Turbulent Models Applied in Previous Studies

Author CFD code RANS buoyancy correction Sc;
Abe et al., 201855, 2020  OpenFOAM v2.3.1 k-e Gy and Cg3Gp  dynamic
Kelm, et al., 2019%° CFX 17.2 k-w SST Gy and G, constant
Kampili, et al., 20216 ContainmentFOAM k- SST Gy and G, constant
Hamdani, et al., 20222 OpenFOAM-9 k-w SST Gy and G, dynamic
ContainmentFOAM  k-w SST Gy and G, constant
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Solid domain

B Fluid domain
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Fig. 2.1.56 Computational Grid System of CIGMA
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Fig. 2.1.61 Time Change of Vertical Distribution of Helium Concentration in Case 1 (CC-PL-30)
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Fig. 2.1.65 Numerical Results on ENACCEF-2 Flame Acceleration Experiment Using the
OpenFOAM Code
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Fig. 2.1.66 Numerical Results on an Experiment Performed in OECD/NEA-THAI3 (Combustion
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Fig. 2.1.68 Numerical Result on Displacement of Shield Plug due to Hydrogen Explosion
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Fig. 2.1.69 An Example of Numerical Results on Shield Plug Shedding
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Fig. 2.1.70 An Example of Numerical Results on Altitude of Flying Structures due to Hydrogen

Explosion

116



l L_J Sl lile=l=lal
1 IHEEEHR IEEIEN |

1ﬂ|-3lzldlﬂl|m | "! liﬂm
1 I"! I

ARl R Al R1=E

KA IMETIL

M) PR, JEmseEE. [RGB RS T /1 EAT 4 SIS 1T DK R IESE
DRFERHT ). AART 2 2019 BEOER, KHERF. 3 H20 B~3 A 22 H,
2105(2019) 7
2.1.71 4 SHEJRFIP R O gt £ 7 v
Fig. 2.1.71 Analytical Model for Unit4 Reactor Building

117



FMOLE 30 [wad %) FMOLE 3D (il %l

|
[ » 1 [T]
u im|

MOLE 0 Deol%)

| KFERE
H—™ [vol.%]
FHDLE 3D Deolts g #0.0
] s 18.0
Ij":" 16.0
4E 5% 14.0
@©  KRFEIABREGD HFI 500 T DKW L3 AR
12.0
E# ) 0.0
fHiE
|h'\'.l|.|.".'|‘.'! fvalad i '-'h'_'LL- ;_. [E el -
M | e 1 -{ .
3 K ) . 4.0
I:Fl* . 2l -
fHE e :
".. TI.:'. x «.-. - (" 9 ¥ P
FMOLE 10 fwoPsd FRRILE 308 vt oo
‘ -' T
ﬁ . =: [ =::l "
ik

@  KRFEFAKE T 2258 500 7T O KFE PR 340
) FERRE, JRE S, THRAUCE R B R T R ET 4 SIS T DK RS
DREPEFRAT ). BB /52 2019 BOFES, RWKRY, 3 20 B~3 A 22 H,
2105(2019)7
2.1.72 KRR FE 53 AT O FRAT G 5 D 5]

Fig. 2.1.72 An Example of Numerical Results on Hydrogen Concentration Distributions
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Fig. 2.1.73 An Example of Combustion Analysis Results (Ignited in East Side on 4" Floor)
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7 2.1.20 CAV /X r — V28T 5 SOARCA /X T A —H
Table 2.1.20 SOARCA Parameters in CAV Package

IRT A —H INT A — H SOARCA H#ELE{E
BOILING BRI D 7= 6D O 3 I h #R oD T 10.0
COND.OX FRAL W FH D BB =R 5.0

COND.MET & JBAH DO BVRE R 5.0

# 2.1.21 MELCOR CAV /3y 7 —UITB T D EE T A — 2]
Table 2.1.21 Examples of Sensitivity Parameters in MELCOR CAV Package

RT A —H A
BRER
HTRBOT T 7V R OB IEER O FHL (default 8:1.0)
HTRSIDE 77 Al OBMEEER O FHL (default E:1.0)
COND.OX B2 H) D BRI R O T H (default fE:1.0)
COND.CRUST 7T A N DOBMRERO T (default fE:1.0)
EMISS.OX F b OEES 2 (default fE:0.9)
EMISS.MET 4B DS (default fi:0.9)
EMISS.SUR JE RS IS OHE ST (default f:0.9)

KIZFANET /L (Water ingress)

zone thickness

KIBAET VBT D HR/MEAE S (default f:0.0)
0.0:5/ME 72 L
1.0:7 7 A M &R

void fraction

T 7 UNAKRA R (default f8:0.3)
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% 2.1.22 CCI2 EBaif 5

Table 2.1.22 CCI2 Experiment Summary

Koz 7 U—h
% 2 g2 2 Y — b
2 [ BE:MgO
arys7Y—+h K R
IR IR 500 mm X 500 mm(1E 5 T¥)
W7 7 U R O 1) 400 kg

a7 7 ) KR O 1) TR AR
(UO2:ZrO2 : a7 ) —

60.62 :24.90 : 8.07 : 6.41

ko Cr)
SR #1120 kW
AR T R4 9 25500 s
# 2.1.23 CCI2 fifhT 41k
Table 2.1.23 CCI2 Analysis Conditions
Water
HTRBOT | HTRSIDE | COND.CRUST | COND.MET | COND.OX |
ingress
Casel 1.0
Case?2 1.0 10.0
Case3 100.0 Off
Cased 10.0 Ho
Case5 100.0 5.0 5.0
Case6 100.0 On
1.0
Case7 2.0
Case8 1.0 3.0 Off
Case9 5.0
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Table 2.1.24 Heat-up Processes of Heat Sources for Containment Vessels
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Vessels

Table 2.1.25 Local Responses of Each Heat-up Process and Countermeasure of Containment
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Table 2.1.26 Characteristics of Factors and Their Effects for Pressure Boundary Failure
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Table 2.1.27 Characterization of Analysis Scenarios
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Table 2.1.28 Initial Conditions for In-Vessel Analyses
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Table 2.1.29 Analytical Conditions for In-Vessel Analyses
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Table 2.1.30 Analytical Conditions of Accident Scenarios for In-Vessel Analyses

R EHH Gt AR AL

BEIET] JENRZRIET) LK | MM BRI )T RO R AT O R &
WESRENOZEE | Az,

SRV {E&h 7.79 MPa FROE RO R LSRR LT,

SRV {EPH £ 7.40 MPa 7285, VEEHIEE &3 YEE 7.52 MPa ©

VRN IR it = 130 kg/s DfiE L LT,

(B 1k 37 ) 1.0x10kg/s G CX DR L LT,
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# 2.1.31 RATIREMAT O fRAT 514

Table 2.1.31 Analytical Conditions of Focusing on Local Temperatures

FENTET NMZBET 5 HIE

ELifE T L SST k-0
WS e T L Direct Ordinate
Ay a2l 120 X 10°
T SR\ B 5 HIH

2R 200 sec
FREIR 2V AR 0.01 m?

TR IR 5= 60 kg/s
Rl RITNES 1000 K
BIESES Es 320 K, Ny : 100 %
BEY R =)L) 285 kPa
JEA BRI N

T OB (L 5%) 0.64 W/m*K
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Fig. 2.1.80 Overview of Pressure Boundary Components
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Fig. 2.1.81 Overview of Containment Vessel Boundary Components and Internal Structure
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Fig. 2.1.82 Analytical Mesh for Reactor Pressure Boundary
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Fig. 2.1.83 Analytical Model of the Reactor Pressure Vessel Inner Structure
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Fig. 2.1.84 Analytical Results of Velocity
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Fig. 2.1.87 Flow Rate from SRVs
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Fig. 2.1.91 Analytical Model and Mesh (Containment Vessel)
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Fig. 2.1.92 Analytical Model and Mesh (Inner Components of the Containment Vessel)

148



SRV R A b 00 IR 0 .
i) Kojo, Hotta, SAMMI2020-1040%®
2.1.93 JRIRIZ B 2 it £ 7 /L O
Fig. 2.1.93 Schematic View of Analytical Model for Leakages

- wal_fempenTiun g wal_tempanatung wioll_termperature L wal_lempasoirg
T ann A% #0 S amO L A0 AP A0 5P IO B 35 A4S0 ES D00 OO AN S0 535 000
[ —|- = -' - - — - - —-— -
(a) SRV JRiH, (b) MS Il

- wial_kempanatuig « wal_temganatume
IDsHE 480 ADwsdD T dmel B0 AOmels
L — e - o .

(c) ENRHM LI~y FIFX

i) Kojo, Hotta, SAMMI2020-1040%%
2.1.94 A RFRAT OO BE LB OO R AT % SR
Fig. 2.1.94 Analysis Results of Wall Surface Temperature for Whole PCV Analysis
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Fig. 2.1.98 Results of Temperature Distribution for Local Temperature Analysis (Whole Top Head)
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Fig. 2.1.99 Results of Temperature Distribution for Local Temperature Analysis (Flange)
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Fig. 2.1.100 A modeling of pedestal in BWR using AUTODYN
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HYMERES-2 & H (Hydrogen Mitigation Experiments for Reactor Safety Project Phase 2)
THAI-3 # [ (Thermal-hydraulics, Hydrogen, Aerosols and Iodine Project Phase 3)

o o o

THEMIS i (Experiments on Mitigation Measures, and Source Term Issues to Support
Analysis and Further Improvement of Severe Accident Management Measures)

ROSAU Et# (Reduction of Severe Accident Uncertainties Project)

BIP-3 #t# (Behaviour of Iodine Project Phase 3)

STEM-2 #1H (Source Term Evaluation and Mitigation Project)
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ARC-F 51 (Analysis of Information from Reactor Buildings and Containment Vessels of
Fukushima Daiichi Nuclear Power Station)

® PreADES it (Preparatory Study on Analysis of Fuel Debris)

155



#2132 T vy =2 SOBME LGOI ELRMA
Table 2.1.32 Overview and Key Findings of International Projects
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# 2.2.1 C-PDS D EH
Table 2.2.1 Definition of C-PDS
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# 2.2.2 C-PDS & P-CET D4y fife R D BfR 0D E 7%
Table 2.2.2 Relationship between C-PDS and Branch Probabilities in P-CET
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#® 2.2.3 KGRI O FFAf A
Table 2.2.3 Analysis Results for Each Initiation Event

- e RIRFERHA | FOEESR

Sl R | R E R
1 CCWS BerEsE (Il Al 1.2E-05 7.9E-01
2 ATWS 6.1E-04 7.8E-02
3 2 IR R kT 3.7E-06 7.9E-02
4 AR S 2.6E-07 7.5E-01
5 CCWS BEREsE  (Han i) 6.2E-08 7.9E-01
6 ISLOCA (Bc & filir) 3.1E-01 1.0E+00
7 fi/ )M W LOCA 9.4E-07 8.0E-02
8 ISLOCA (B&ZRTRTHR) 1.2E-03 6.7E-01
9 SGTR 1.5E-08 1.0E+00
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# 224 FEF— L ADTF U A

Table 2.2.4 Main Scenarios for Dominant Sequences

No

PDS

MODE
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FREHE AR AL L — AFW K — HEERIO CCWS [BlfE &
8 — RCP Seal LOCA ¥4 — REMFEAENC L 5 RHR JFL
HEAKY — EREE O CCWS [FEIfERKE — HPI & — 2 &k
FIBERL) — CSI kZh — LPR &L — CSR &t — KB
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R RCV 27 LA (TERRAREE K AR - 7)RkE) — CNC 2
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FRIBERS) — CSI f%%h — LPR Z<ff — CSR kit — ¥
KeslRBERD) — 1 WARMEIRIERS — KEXKKD —
RERCV 27 LA (TERR AR E AR > 7Y P) — CNC &
W — RHBBRRL — CNCHEKEA)RIL — A xR K
)
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# 225 BT TV DL
Table 2.2.5 Mapping of Release Categories
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] AT A NI AR
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% S Hll
a AT LA KA
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# 2.2.6 IR OH
Table 2.2.6 Examples of Importance Analysis Results
N YGIIi=LE AN 2 A BE e 2k
EFERONE
FV RAW FV RAW
KA LOCA Fo K4 0.08 | (4081.2) 0.08 | (3702.7)
CCWS R F% 0.46 | (125.5) 0.52| (141.6)
CWI BEhR 7 il 0.06 123.8 0.07 113.6
A T A 7 LA KA (R TE BN 2k
0.05 1.0 0.11 1.1
PNl

MR FERIZHT D RAW (T —fRATIE WA, BE DT ORH
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gEnag | OV | AR IRINERR | — KRR | KRRE | FrET/ ranseay | KERE
PO | . e | g it T | HERD| ek CVERE: | BHAER simme | PPS
[RFIFE 28BS A FEFIFRERMER
O]
—>®

2.2.1 S-CET (System-Containment Event Tree) ¢ 3]
Fig. 2.2.1 Example of S-CET (System-Containment Event Tree)
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2.2.2 P-CET (Phenomenologic-Containment Event Tree) @ i
Fig. 2.2.2 Example of P-CET (Phenomenologic-Containment Event Tree)
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Fig. 2.2.3 Contribution Rate of Containment Failure Modes
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Fig. 2.2.4 Contribution Rate of Core Damage and Containment Failure for Each Initiating Event
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Fig. 2.2.5 Failure Occurrence Rate by Earthquake Ground Motion Level
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Table 2.2.7 Number of Fuel Assemblies in the Core in Each Ring

EEin| PWR
PREFE SR B 17 X 17#RE

I—T 3

SR LR EE & (MTU) 72
SROEVH ) (MWth) 2652
PRBHE AR K%K 157

COR RING1 DIREHEGIK 155K 5
COR RING2 DIREMEGIK 155K 20
COR RING3 DREHELR K%Kk 32
COR RING4 ODREHELR K%K 44
COR RINGH DIREHELR K%Kk 56
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Table 2.2.8 Calculation of Mixing Height

RIZEE BEERS [m]
A,B 1,500
C 1,000
D

9

U,
Min (0.2 X 7, 500)

) U, BEGHEE [m/s]. f: =2 U AU XF A —% [/s]. L: Monin-Obkhov £ [m]

# 229 RET T v MBI 2 FH L ORHWHIRS E & &
Table 2.2.9 Mixing Layer Height at Representative Plants by Season and Time Zone

L 4

£ £ BE % 4% £ EBE

400 300 300 300 700 1000 1000 800
HAL) A— ML

184



S R P N M L K H G F E D C B A
5 5 5 LB : MELCOR RINGES
oul oul oul e ?’.&#%%S‘WEEE(EF'E\{‘RU GEN f%fi\j%ﬂ (U ES
- 5 - B - BERY A VLB S VIR TEEFD) (B 194 9 LE]
5 5 5 5 5 5 5
oul oul CEN CEN CEN oul oul
1 2 1 2 1 2 1
5 5 4 4 4 4 4 5 5
oul CEN CEN CEN CEN CEN CEN CEN (0103
1 2 1 2 3 2 1 2 1
5 4 4 4 3 3 3 4 4 4 5
oul CEN CEN CEN CEN CEN CEN CEN CEN CEN oul
1 2 1 3 2 1 2 3 1 2 1
5 5 4 4 3 3 3 3 3 4 4 5 5
(0100 CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN [0100%
1 2 1 3 2 3 2 3 2 3 1 2 1
5 4 4 3 2 2 2 2 2 3 4 4 5
(0103 CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN (0103
2 1 3 2 3 1 2 1 3 2 3 1 2
5 5 4 3 3 2 2 1 2 2 3 3 4 5 5
oul CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN oul
1 1 2 2 3 1 3 3 3 1 3 2 2 1 1
5 5 4 3 3 2 1 1 1 2 3 3 4 5 5
oul CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN (01038
2 2 3 1 2 2 3 3 3 2 2 1 3 2 2
5 5 4 3 3 2 2 1 2 2 3 3 4 5 5
oul CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN (01038
1 1 2 2 3 1 3 3 3 1 3 2 2 1 1
5 4 4 3 2 2 2 2 2 3 4 4 5
(0100 CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN (0100
2 1 3 2 3 1 2 1 3 2 3 1 2
5 5 4 4 3 3 3 3 3 4 4 5 5
(0103 CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN CEN (0103
1 2 1 3 2 3 2 3 2 3 1 2 1
5 4 4 4 3 3 3 4 4 4 5
oul CEN CEN CEN CEN CEN CEN CEN CEN CEN oul
1 2 1 3 2 1 2 3 1 2 1
5 5 4 4 4 4 4 5 5
oul CEN CEN CEN CEN CEN CEN CEN (0100
1 2 1 2 3 2 1 2 1
5 5 5 5 5 5 5
oul oul CEN CEN CEN (01038 oul
1 2 1 2 1 2 1
5 5 5
[0100% oul [0100%
1 2 1
R Q P N M L K H G F E D C B A
B : MELCOR RING 5
B IREME S ARRLE (F0 < CEN,  JR4HEL @ 0U1)

T

TR A 7 VH(T T RERERREC) 6 1A 2L E]

22.6 PWR 3 /L= 1Tx1TRE DL~ v T DA A=
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ZRET D, A& IEE AW E OKEAKLT — & ~X—2Z (http://wwwl.river.go.jp) 75
AF LT, ET ML BIMEDOREEIZOWTIIFER 5782 (Relative Squared Error, RSE)
2 X0 EHi L7,
_ 305 - 08
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# 2.3.1 KREVESET )V WRF-Chem D 7o HH#E

Table 2.3.1 Basic Specification of the Atmospheric Dispersion Model WRF-Chem

(K5 RKSEE, $RiEL 3 IRKSE)

(AR fiii#
AT RS w2 AR
IR TEL A 1 - AT SR
AIERLLY o FEFE R
ZZ[RIBE b Arakawa C 7'V v R
ISF AT 0 1% REfH 4% 3 ¥k Runge-Kutta 15
R AR5 T/ b=y 7 BiRE *

K :’V:/J:b Sl

Smagorinsky 1 IR 7 72— v —E7 /L

B & O£ 7/ | Mellor-Yamada-Janjic 75 *
aﬁ?ﬁﬁ%ﬁ i i Purdue-Lin % *
e SREE RRTMG &7 /L *
[ i ot Noah €7 /L *
FAENT AL Y E—v a2 | Grell 3D ik *

kL— I A 7 =K
« A A
« IKESHETT A
A S

EEWMD (%) 1FEHEOAT > a v OFNLRIRLEZ & 2RT,
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# 2.3.2 ROMS O FE 7tk
Table 2.3.2 Basic Specification of ROMS

ik D%
FERE DT RESX 7V T 4 7 HRACR
(FAKRERE, 72758, B 7L, Reynolds-
averaged Navier-Stokes 5 FEF)
IR AR 15 U3 5 1B AZ b MR R
i EL A AR o FEFER (BRE A b L v FHIEZIBREELE)
Ze [ b Arakawa C 7'VJ v K
IRF R FE 40 1 JIEE — e & — Ny EEf#E  (Split-explicit ¥£)
HEMETE . YEHLTE Semi-implicit Crank-Nicholson
fil 1% (80 E Y
47)
ML | UTOPIA ik *
AKRAIEFE | Smagorinsky £ 7 /L *
iR GmE | SR n—Y Yy —FT b *
(K-profile parametrization method)
PNl TR NN R CA VIS *
H BT Ty AW, T Ty 7 A
YEIS T WTS /) | Drag-coefficient method *
kL— FA 7 —EK

- VEAFIE
BRI E

- 7nm—F

B (%) FEEOA T a L OFNPLBIRLIEZ EE2RT,
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% 233 AW TR LIEANT — 5 v — LB & DR T — 4
Table 2.3.3 Input to ROMS Produced using a Set of Tools Developed in this Study

ffpk— 4 S
FEZY R RX M HRIE U 7 — &

IS O WM - 55 RAE BT — &

WBEIC 3T B (UG, B, HH) | %7 — 4

WBPE A~ i HEHH R DHERE (HeHH 3R TR R )

K 234 I ORENRT A —X
Table 2.3.4 Parameters Characterizing Each Catchment

INT A—H 717 3V WHT 27

o 15 21 @®

AR} 7 @

R 11 @

T 14 @3

2 8 e 21 @3

) [ESTAFZERR S 15 N A ARJE 1 ) JE B F HeA . T Fn 3 AR B I 7 0 BT ZERe i SRt
HE RTINS SRR LR (B YR E O I X 5 B REFEHAR F 15 O # i)

T2 SMAEI AL E
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#0235 WA Lol FEIC LA S )R E O T T VE O RSE i

(RFFLODFEDO P TR OBRENNSWN I EE2EKT)

Table 2.3.5 RSE Values of the Modeled River Flow Rates using Each Optimization Approach

(The Red Characters Indicate Best Scores Among the Four Approaches)

tapll 7 —4Z#IfM | RSEfH
=a— h>ik | PSO ik SCE-UA % N A X Ak
%
i BE | 2014/5/1  ~ | 0.31 0.42 0.31 0.29
il 2014/12/31
ae)ll 2014/5/13 ~ | 0.41 0.40 0.39 0.38
2015/11/13
ATAJIL | 2014/5/19 ~ | 1.55 0.36 0.18 0.30
2015/8/19
ESJI | 2014/5/8  ~ | 1.2 0.56 0.28 0.42
2015/8/26
) ENZATFERRFE N B A7 S FEBH S B . T 3 4R B IR 70 KL T 2R A R
HE TR ER SO R E LR (BT E oW )N X 2 B &Rl 15 O B i)

HIE R OSMAES A LEE

# 2.3.6 EEFDSHEE L7237 A — X a, e Ob, % IV 7= MERCURY (2 X % &) 1]
CBIT B EDET LD RSE fE

ALY v PEIFIZEBIT DA /N—="F A—XF)
Table 2.3.6 RSE Values of the Flow Rates in Takase River Derived by MERCURY with Values

of a, and b, Estimated by Regression Analysis

(where A is the Ridge Parameter)

Case @ @ ©) @ ®
A 0.01 0.1 1 10 100
RSE & 15.4 0.804 0.463 0.440 0.927

) ESTHFIERE R BN B AR - FI A FE BR[O Fn 3 48 B U1 0 LI T 2S5t i S
TR i e S 5 S kPR T 5y (R M o 11T & 5 BhREZEAM 1% D B 0i)
HIE R SM4AES A LEE

Py
e
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2.3.1 WRF-Chem (T & 2 K5HEH
Fig. 2.3.1 A Schematic Representation of Calculation of Atmospheric Dispersion using WRF-
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Fig. 2.3.2 The Target Domains of Trial Analysis

(The Red Cross Indicates the Location of 1F)
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) T. Niisoe, An iterative application of the Green’s function approach to estimate the time
variation in 137Cs release to the atmosphere from the Fukushima Daiichi Nuclear Power Station,

Atmospheric Environment, Vol. 254, 118380, 2021.!%8

233 Cs-137 ORGFHEE (Bqm™> KOZEMMRESR (uSvh!) OBHIE &L FHHEMEE O
2
(MBI (CO) DEZ IR T, R &, BROEBRIITHLN factor2, 4, 10 D
# (EF2, EF4, EF10) #%7,)
Fig. 2.3.3 Comparison between observations and calculations of atmospheric concentration of
cesium137 (Bq m™) and air dose rate(uSv h''). The correlation coefficient (CC) values are shown

in the figure. The red, blue, and black lines represent error factor (EF) 2, 4, and 10, respectively.
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) T. Niisoe, An iterative application of the Green’s function approach to estimate the time
variation in 137Cs release to the atmosphere from the Fukushima Daiichi Nuclear Power Station,
Atmospheric Environment, Vol. 254, 118380, 2021.!%8
2.3.4 2 EZRGSY KDoA OBRIE (72 F) LR G L) Lokbig
GHAEME /BIAMEDLEDY 0.5~2 72 HEAZED factor2 LA & 725 (FRIOKREATHD) ., ok
OOIFRENENEE T & AILT ONME Z KT ,)
Fig. 2.3.4 Comparison between observations and calculations of distribution of air dose rate.
Calculated value/observed values between 0.5 and 2 (green area in the lower figure) represent
EF less than 2. o and <> indicate the geographical location of Fukushima city and Koriyama

city, respectively.
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Fig. 2.3.5 A schematic representation of calculation of oceanic dispersion using ROMS
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Fig. 2.3.6 The target domain of trial analysis using ROMS

(The red cross indicates the location of the source)
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Fig. 2.3.7 Concentration of dissolved tracer (Bq m™) in the surface layer 5days after the release

started
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Fig. 2.3.8 Time series of surface concentration of dissolved tracer (Bq m™) at a location
indicated by the black dot in Fig.2.3.7, which are compared considering radioactive decay or

not.
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Fig. 2.3.9 Time series of concentration (Bq m™) at a depth of about 50m at the same location as

Fig. 2.3.8, which are compared between dissolved tracer and particle.
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Fig. 2.3.10 A schematic representation of an ocean dispersion model in conjunction with an
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atmospheric dispersion model
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2.3.11 WRF-Chem (###) 7>5H ROMS (FRfR) -~ AE 2 42 D p 2]
Fig. 2.3.11 A schematic representation of coordinate transformation from WRF-Chem (blue

lines) to ROMS (red lines)
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Fig. 2.3.12 Distributions of sources deposited from the Atmosphere (Bq m™ h™!). Input fluxes to

ROMS (right figures) were derived from output fluxes of WRF-Chem (left figures). The fluxes
derived from the nest2, which has high-resolved limited area, were laid over those derived from

the nestl, which has low-resolved extensive area.
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Fig. 2.3.13 Concentrations (Bqm™) of four types of tracer deposited from the Atmosphere

(upper left; dissolved with decay, upper right; dissolved without decay, lower left; particle,

lower right; float) at the surface layer 1 month after the release started.
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Fig. 2.3.14 Cross sections of particle concentration (Bq m™) at 33°N on April 11 and May 1.
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Fig. 2.3.15 Time series of total radioactivity (Bq) in Domainl and Domain2. The dashed lines
and green lines represent deposited particle on the bottom and dissolved tracer with radioactive

decay.
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i) K. Sakuma et al., A modeling approach to estimate the '3’Cs discharge in rivers from
immediately after the Fukushima accident until 2017, Journal of Environmental Radioactivity, Vol.
208-209, 106041, 2019'%* X V) %
2.3.16 K3 £ 7 /v MERCURY O 4[]
Fig. 2.3.16 A schematic diagram of the hydrological model of MERCURY
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Fig. 2.3.17 Catchments of the four rivers, Abukuma (1), Ukedo (2), Maeda (3), and Kuma (4),

located in the coastal area of Fukushima prefecture.
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Fig. 2.3.19 Schematic representation of a source-term modification method applying scale

factors to dispersion model results.
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Fig. 2.3.21 Time series of cesium137 release rates through four rivers shown in Fig. 2.3.17

estimated using a hydrological model (Bqd™1)
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Fig. 2.3.22 Monthly averaged concentrations (Bq L) of direct-released components (originated

from the Source 1) of cesium137 in the model top layer in June 2011.
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SEHE KRR (BqL™1) Fig. 2.3.23 Monthly averaged concentrations (Bq L™1) of
components deposited from atmosphere (originated from the Source 2) of cesium137 in the

model top layer in June 2011.
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Fig. 2.3.24 Monthly averaged concentrations (Bq L™1) of components released from four rivers

(originated from the Source 3) of cesium137 in the model top layer in June 2011.
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