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Risks Associated with the Sever Accidents of Light Water Reactor
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KIKUCHI Wataru, KANEKO Junichi, WADAYAMA Kodai and HOTTA Akitoshi
Division of Research for Severe Accident,

Regulatory Standard and Research Department,
Secretariat of Nuclear Regulation Authority (S/NRA/R)

Abstract

In the analyses of reviewing safety of light water reactors, both deterministic and probabilistic
evaluations are performed for a wide range of accident scenarios that are affected by a wide variety
of accident progression from the viewpoints 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 continuous improvement of the
safety. It is also necessary to be carried out continuous check of the technical maturity of existing
evaluation methods.

The objectives of this safety research project are to develop assessment methods incorporated the
state-of-the-art knowledge in order to assess the accident progression leading to the containment
failure, straightforward loads on the containment failure and its frequencies, source term and
environmental impact as well as the radiation dose evaluations, and to upgrade analysis
methodologies by improvement of existing analysis codes. The project was to be carried out with a

six-year program from FY 2017 to FY 2022.

(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 integrity,
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.

As for analyses of spent fuel pools, specific models of cladding oxidation under air-vapor mixtures

and spray cooling have been upgraded, that had been listed as phenomena requiring specific
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verification under SFP conditions in Phenomena Identification and Ranking Table (PIRT) of SFPs
in OECD/NEA/CSNI.

@ Dedicated phenomena analysis method

Developments of detailed analytical methods and models for uncertainty reduction regarding
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 conducted under the Safety Research Project
"Research on Methodology Development and Application for Utilization of PRA for Regulations,"
formation of containment event trees were examined effective information transferring from Level
1 PRA to Level 2 PRA. The appropriateness of using surface concentration and effective dose of Cs-
137 as risk indicators in Level 3 PRA was discussed. S/NRA/R also improved the probabilistic
environmental impact assessment code to simulate the protective action model based on the
operational intervention level defined by the air dose rate in the Nuclear Emergency Response
Guidelines. In addition, we have summarized the knowledge on the interface in consistent
assessments from Level 1 PRA to Level 3 PRA using developed Level 2 PRA and Level 3 PRA

methods as described above.

(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 were faced the core degradations, and a large amount of radioactive material was
released to 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 (discrete angle method) and Monte
Carlo method were studied in order to accumulate knowledge that contribute to the validation of the

dose evaluation in nuclear facilities.

In this research, Japan Atomic Energy Agency (JAEA) carried out part of the experimental analyses

on containment vessel thermal hydraulics experiments during severe accidents within “Dedicated
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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 2.1.5 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)
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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 . - - -
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;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

32




v, REH—7r R kil
mm@ﬁ%@m‘MM%~FV;5&4&%&%@&%&%«@%@&owf%éb
= A RN A& i LN HES WIM T— KR Z W, EAT 544 E LT Cs-137
OEBEHERHEL O RARO 2 EZ Y BF, 2Nk a2 17 - 72, Wikt 2 51540
F—OEKRFL, —>50O WIM E— RIZK-> TELELT,
Vo A — BF I IRAT SIS & o T Cs-137 OBRBEKHEOENKE VW CCWS O
Seq-1 & Seq-4. Hy BAEBDFMICIZL —47 v A D MCCI DEEFESOENKE
MBLOCA @ Seq-1 & Seq-2 #i#E L7z,

(7) CCWS 128 5 Y — A X — LG

® WIM E— NIZX DA FDFEARFH

Seq-1 1%, FLEKE L CEIEEALOTE CAEmEEAT L D H OHE R O MNE T
AKE LU THEHBRABKIEEAR Y 7I2E D RCV AT LA QRKEMAH) IZlRST 5720, F
O O YINTIEAR BT O D, EORER. Seq-4 (A THTIFEF LR OBIEILEN
Do

—J, Seq-4 TlL, T 5 DEANEIZIRM L T RBRIKER 712X b RCV A7 LA
(WEARGER) OBRBEENT D729, Seq-1 £V bR FFIFEN BV T 523, WK%
HOWTEWIRIO RCV A7 L ALY | AR X Seq-1 [T TEWRER L5,
® J— X — L

CCWS Seq-1 } U8 CCWS Seq-4 IZH T 2HIH A > b VT4 B BREE~D FP L&A
X 2.1.10 {2, Cs-137 OB &% X 2.1.11 12777 ((a) : Seq-1. (b) : Seq-4), Seq-1 K&
(ﬁSeq—4 EBIZ, FLBEEROMINCT =2 7 A2B2[E (LR 2 EEBT 52 &5, FPIEY
ANV E—ICEVEBRESND, L LEMERIERTCTH > THREFHRIRIC X D RE~D K
HRdHDZ b, muﬁﬁ%%m*“ﬁﬁ&wot$&k WIS U T, BEE~D FP K
RV INT %, FRICH M gl 1 ZEDFP N EN5 Z L AR TE S, O
ib\%%ﬁﬁﬁﬁﬁﬁugﬁ%ﬁxéwmﬂiFP@ RECHUH O Z A X T Ol
WTHDY—AF—NIRESEEEE5 2D,

725, Seq-1 TIXHFLUMERN O 150 KM FP AN EOHMA MR CE 72, Z 0N
BT DI, SG M OKAL, SGARBVEIRE K O SG nBVE IZHERE L7 FP H &2 X
2.1.12, ® 2.1.13 ZO 2.1.14 127577

Seq-1 TIIHY 140 FERIT4IZ SG mBVE DIREN EH L. £ 150 FERI4IZ SG R BVE I HEFE
L7- FPEENED LT\ 5, )7, Seq-4 Tlix. TN DMHENIIMER TE 2\, Seq-1 T

X TE R ABRE K ISR KR Z VTV D 72, RN HK 50 RIS KIERE O
T2 ORI T L, SG REVE ITHERE L 72 FP O RV A BREVT & 72 < 72 0 | FP O F AR M
EETLEBLXDBND,

2L, K7 —2TE, ZRAIOKAKFEOMTZES BB L TR LW I HRD THL
33



WERBEEZEEL TWD Z LI ET S,

(1) MBLOCA (Z X 5 Hy B4 8D

® WIM E— RIZLDA N2 bORARH]

Seq-1 TIEEETEK M OMERRAERIEE KR 7128 D RCV AT LA IZRT D43, 7]
WO RIER 712 LD RCV AT L AIFIIT 5, ZD728, Seq-1 TIIIF L~TEAK N
TET., FHERZHICE W TORFEKRDB I TOND, —JF Seq-2 Tix, BTV WD EE
K X D IF LA~ S, TERAERIEE KIS X - TRENCE A S ~DIEKINTDR
Do
® H, B/AEEDFM

MBLOCA Seq-1 & T MBLOCA Seq-2 (28T % JRFIFE ) BN & OUR 4R ) 55 #5
THAELTIFLNE Zr E O Ho A E%2, X 211512777 ((a) : Seq-1. (b) : Seq-2)., i
TIFEBELEN TIEIK-Uva=y A6 E G e Boml, JR7IF E Btz
MCCIIZ L > T H, BFAET D EEZ B D, Bl 21T Seq-1 DRI ETIFARNIMT TIHAE
L7 e BAERIT 2% TH DN, I FIFENRMNIN T o BAERENRR D Z LR TE
L (RFFENELHNT 56 %, R FIFENEEGHEIINT26%), £DO72D, LLTOHEEBI &I
R ZHZE LT,

JR TR E 1 N

B 2.1.16 XN 2.1.17 12, JF LKA K OYREHR BB & IR 2 7~ 97, Seq-1 TIFFNIZ
HEARDBAITONIRNTZ O IF LKA DR T 23 5 < BREHERRE R 28 RENCEEH L, 2T
O REEHRBE S ORI EH 2R T& 5, 70, B AR KM REEE R E
i (LA TTAF) &W9,) Z TEZ ERBUTHAEL, BEHEELE T (LLT [BAF)
EWV9,) HTEIDERABNKRTTHZ L BHERTE D,

ZDOFERMNE . IFLEKEIT D T & T Seq-2 Tl Seq-1 £ 2%D o AEZI A
DIVD Z E PR TE T,

JR 4R FE T R o

X 2.1.18 XU 2.1.19 I2% ¥ ©F 4 KL K O MCCI R BIE X #7773, Seq-1 Tl Eik
EREPICBWNTOREARBMTOND 2D, 7 7V BUEHFRHITERFSRIZ L S LOCA K
DIENF Y ET AIZHFIEL, T ¥ BT 4 KR, T 7V EHZE, ¥ 7 1 O A
ARITREFEIZ BN L. FRERD G 2.6 F#£I1Z MCCL 34T 5, €Dk, RCV 2
LA NEE S D E MCCL TR 5,

Seq-2 Tl, ¥ ¥ BT 4 ~OFEFEFEARPEA L TWNDLTZD, Seq-1 £V F ¥ &7 1 KL
NEWIREETT 7Y BNkt E s, T0HT 7 U ik HERCE IS MCCLIZRET 5

DD MCCI ZEVE S 1E Seq-1 DFI 1/10 & KIEIZHH] T 7=,
34



Lo T, 77V BHEETOF ¥ ©7 ¢ AR Hy BAERICKE S EELH AT
ZENDND,

(7)) 7K DBRBERE I O A

2.1.20 {Z MBLOCA Seq-1 % TN MBLOCA Seq-2 (281} 2 Akt 4 2 — 225 — KR D
= E R, ORI AR LIRS D, COy & ETekHE, 22K UUKAK DO IKFE
Ho#HBEZRLTEY, FRERORRE 2 LXK > TROMBE ST T-, AR TIEKM
WENOKFBIRBEEENCE B Lo FENCR D, KEREOHEEEZ =224 7
L7z,

ZORNG, 2 r— AL L FESy RIS MCCI ZAEICB T 2 REfHFICs VT, k
FTRBES L X AREEBICHE T T A2 bbb, LnL, Ebo b A RCRtiisihvz
1BWEE TP T D5 TRFBIREN KT A FAFICHE LT I13vol%L T HZEL TWanz
EDVHERTE D, 2B, SEENT LIcfio2y — 7 v AZB0WTH, BRERICET S b
DX o Tz,

35



HEeme T o .

7= o 5w L o T e A A

aon wee | ",r-‘%- o4

T e e

ROV - i meoan RVl LLR
_F"r#-ﬁ prt | ‘l e
] 1mn 1] 160 [T ] 0 40 L il I 121 140 [ ]
B [he] 551 [}
() Seg-1 (b} Seq-4

2.1.10 7 7 A Z & DBREE~O FP itiH#El 4 (CCWS)
Fig. 2.1.10 FP Released Rate to the Environment in Each Class (CCWS)

E 10 l— 5 o [ AR C5-137
E 10 br o s R P ~1 "
%]1}" l--'ﬁ--:r'-ll'l - 3 E ! oy o 3
£l 102 [ r ﬂ!}’ e | e pet=
e | 'E.E‘ 10 |
E LI 'E 1
ﬂ. s B iR mCV IR ™ ogs J{ P H.-:-.-al-.lq'r
“e T @ @ om0 w wm o o I a0 s 8 W0 10 0 160 180
B [hr] HFIH] [hr]
(a) Seq-1 (b) Seq-4
2,111 BREE A~ L7z Cs-137 O fii & (CCWS)
Fig. 2.1.11 Amount of Cs-137 Released to the Environment (CCWS)
I L]
14 |'1"_ i N — H |'1.
i it Af— Y e—
'E' (] ‘ 'E' i I i,
Z Z
4 4
I I
! (1] ] Ei] &l -x] (§L1) 15 140 I (1] IR ! [#] 1] il (2] L1 1 120 1453 | 6 130
W [hr] EFH] [hr]
(@) Seq-1 (b} Seq-4

2.1.12 SG @ — WD KAL (CCWS)
Fig. 2.1.12 Water Level in Secondary Sides of SGs (CCWS)

36



130401 [l
FOAGEER — T —
= A sClaN — - :i gu&:&‘::: —_
1164 BF: SGAREA — i e B SO —
. D SO — 4 s OH SRl ——
= 2 s fin
B B oafli
E Nl (/ @ - E
TiM ' any Y
0 J ann 2
Sy Ak |
200 e 11 '
/] 20 4n &) £ 100k 120 141 160 1% a p1] Al ol L 14k 120 140 [T
EFf] [hr] 1] [hr)
ia) Seq-1 {h) Seq-4
2.1.13 SG {zEVE DIRE (CCWS)
Fig. 2.1.13 Temperature of Heat Transfer Tubes of SGs (CCWS)
I
HEE AT — e A— T —
i ty — 120 =
I — (1]
= ! —
i |4
\ Pt o]
E .'P'-__h\'\_, 0 y
. | i if.'
| - H i H H ¥ 1 I
] a0 I 1 1401 1] 180 i ] an &l L] T 1200 140 LB 1]
B[] [hr] MHefi] [lr]
(a) Seg-1 ih) Seq-4

2114 [mEVEICHERE L 7= FP E & (CCWS)

Fig. 2.1.14 FP Mass Deposited on Heat Transfer tubes (CCWS)

37



W THEE i B ——

L Wi E TR — T
W T-HHF hi e — KB RE  —
I (LG TR, — BAFE LB —
Ok e H R R TN 08 el MY H AR TSN
= SRR = RPCRET
o 1 I &0 ne .
= e =3
.':_:; -~ s
:'_!'C i I_" E',.: 4
5 N
aa | [ 02
|
[
L1} ' i i [ ]
i) b 4 # L (1 ] ] 4 ] ] L
] [hr] Ef|] [hr]
() Seq-1 {b) Seq-2
2.1.15 R IR E IR NN BT 5 Zr SOSFEYS @ Hy 38 E B (MBLOCA)

Fig. 2.1.15 H, Generation Equivalent to Zr Reaction inside and outside the Reactor Pressure Vessel

(MBLOCA)
14 14
[ A B b il —
12 HTLAENE A —_— 12 AR A _—
FH S bt L o em— 7 L gl om—
(1] — 1]
B E,
i'_-:' ¥ : F TAE i’—‘_l I;! — —TaF
-ﬁ' i -Ld L] I'I
+ 1 —— BAF 4} —— BAF
. ; ——\“‘\H_
: Fif~o K& & , Ffi~ o K&
n ] & s K n il 2 4 f R in
W [hr] IEF[H] [hr]
() Seq-1 (b} Seq-2
2.1.16 4.0k . (MBLOCA)
Fig. 2.1.16 Reactor Water Level (MBLOCA)
) L]
250N 1530 W
Emm E 2000 ‘
" A
E - MK |28 | 1473.0 K
11730k |52 11730 K
. E | ]
|
o s pf
|'ln'l- a 4 L] H 1] " L[] 2 L] ] L] 4]
I [ ] [hr)
{a) Seq-1 i) Seq-2

2.1.17 REHER R IR (MBLOCA)
Fig. 2.1.17 Cladding Temperature (MBLOCA)

38



-1k

-ha

40

it [m)
k

-4

AR

EE

L]

25

m]

g

ERE

{_.,:Ill_"

[

=) 11D

MC

WP J,/’-‘-‘—.-
1%

& A il
/ —an

DG LS i - iz 1
HIRCVIER

O 8 R e

L STECYTER 45
i TR
Fap BT g Al
3 : r W w My 1 4 P " i
HFIR] [he] W IR [hr]
{a) 5eq-1 (b} Seq-2

2.1.18 ¥ ¥ ©'7 ¢ /KA (MBLOCA)
Fig. 2.1.18 Water Level in the Cavity (MBLOCA)

o

BT (0 ) —] AN (R 0 E)  —

B K (T 2 ) f e | A (57 S ) e

w016
.
E
= nnLe
L ool
o
= ek
!
o
06
=
B

; s iz |
' r

3 4 @ ] 1 i z 4 B A

5 [he] WA [he]
(a) Seq-1 (b) Seq-2

2.1.19 MCCI R & = (MBLOCA)
Fig. 2.1.19 Ablation Depth by MCCI (MBLOCA)

W ——
N :g-l?htm — o 3 R Y
i i el
Lo [T ] TAFE T
an-ilh TaFd-o [[RE T4 HAPE T
0y -fak gart s BE-10 6 Fib-w Pl T
G20 b Fa-w g T (TS F 1Y MCTHE T

2I-L3h MO
15 J0klh ROVIEEL T
Wik WEHETEY

JA-114k RLCVEDN L O
5 ab4-asoh L2 L

BT moER ER DS = mA EW 2y @ O RE O HE B LN LM B8 ® KR @w T
Mg |00 () Hyprogen|+00) (%)
(2)8eg- | (h5eq-2

2.1.20 =T & B KFEBRERHA (MBLOCA)
Fig. 2.1.20 Hydrogen Concentration Assessment by Ternary Diagram (MBLOCA)

39

L]



@ &
ARIETIZ. MELCOR2 IZBITAEWN3I/NL—7FPWR EF /LD E 2 FEHM L., FAFEL

LTWIME—RERETHI LT, BERFRIL O &2 FE LI, ZORE, BERF
GRWIM T— RIZk B3 U A0EWNIC L - T, Cs-137 &S MCCIL O A, FhiZ
O e BAEENELT HZ LRSI,

INANRAEFER BN RREER S VT Y =T ¢ v 7 FLRUN O E T —

K. T2 b0 ID 1I2B1T 5 4 XL TBYY). [GYY) KO
VYY) TldZeWwor—47 2 AL, WIM E— FOEWZ LV . BT Cs-137 i ElzBW T

ENRELSRDIER L I oT2,

40



(2) BB — L T O Sl R AR
O Wr7EHEE

ABFFETIL, BWR @ SFP |23\ THE S 4 5 KAllr LOCA 1Z%F9 % MELCOR f##T &
TOEREE L, REHEGIZE 5 £ TO SFP 2R EHMERMT FIEA B T2 2 L2 BN L
LTWb, BEEMICE, BEEBHRORIELR NS DHEOX R INSLRHETIVREZOR Y v
778 —EIZOWTHRFTL, ZhoIZESEMELEDT,

@ EhaNE
a. HEEBLORE

SFP (235 1) B KRB HHARNT FIEIZ- DV T, KIE NRC (Z XY JeATaFE (BL T TUS-NRC
FATHEIE] &9, ) MThh TS, TE, WHAEICEBW TS SFP (2R 2 HASK
FAGIZ BT 2 WF7E 3T TR Y | BB E TR LA 77 L A AN B3 2 SEERAE33.3435)3
FEfi SN TWD, £72, OECD/NEA I KV HESNT-FHMFEIZ LY £ & 5417z SFP Fifg
BT AT Y v 7 ROWHIEREN 2 M OMEENFHITIN TS, T78b5, 2015 4
IZFEAT S 4L72 Status Report®®, KON 2018 FIZHITINTCHEHRT X 7T —T L
(Phenomena Identification and Ranking Table : PIRT, LA F [PIRT] &\9) (BT 5 LR —
RTTH D,

SFP 249 2% PIRT (23 Tk, MHIHEE . MR X0 A b3 77 by
BB BB T AHEMFICL Y, SFP IC Ty KB B D R D IRE N
REHBS 3 3842 U U PR E O S ié%ﬁL%@7wz:~7%ﬂﬁ#5;&%ﬁﬁ
& LT, MO A RREK . BOBHER 1 R OBREHE S O 3 Be 1240 1T, EEBRGICET S
TRV & T T ARICBIT 2 ADO L~V EZBE LTS,

O LERATT AEHCE S & R BT TIEE 2.1.21 123 K 5 72 SFP &K%
(2% D KAEWT LOCA T ET AR On Yy 7 7u— %% E Lz, #A7 1 L LTEE
BLRITHIN T DT ET NV OMEE & 2 Vgl # A7 2 & L CEIEI T Ic L 5 A2~
VAR ARG, £ L CH A7 3L LTI ARG Lz SFP RSBt B AR 2 i
L7z UTIZEXZAZIZONWTHEEF OB,

41



2R 1EBRBREFTA NG A—REE &2 2 7 2: SFPEEN X 7L 4 WEAAREH ((2.1.1 (2) ¢))

O REEEEC S EERL (211 (@) . ................... I FLUENT’:;5SFPEE§M7%§}$WWEI ........

3 K5 {t€ 7 & (Urbanic-Heidrich) E

225t 7 - (Natesan-Soppet) X ‘
TLAITU ATV

TEREFRBRYE C D B R 7 AR X 5
*1 [:T(D}TD%IJ

| 5 v 7 AOZERFHA | /J\fﬁd%(ﬁ@7 v 7 LA b0

a7y P INEEE 211 @Db0) | [ [ORIGEN POLARIS - £ 2 371 |
b EARADER RS SR

fx73:5FPéﬁk‘E7‘\‘II} [Go~vro] |E'ﬁi‘§§1\|
Hi(211@d) |

r
1
1
E
b 7 o 2 B ARG i
i
1
¥
i 222 ; iﬁ | MELCORm:l5SFF%W)J&MLOCAﬁVfI
W 7] el III
1
1
1
1
1
1
1
1
1
1

P BRI - R

.
B A I
F

L 27U ABGER((2.11(2)b(0)

[ Ar/mngeer | [ o & i s k
I | :

: SN TS
p A 7L A S A 3
| e X B BT ) v TSR T
______________________________ : @ BHEETF N NTF X — X DAEEN:
| NFIX 7 LAl | : s o ) 7 BRI DR HEERE
---------------------------- : immmm—> @ 2T LA S i O HELNE
| NELX 71 4 Bh{riesl | : > o LARRHIIA O ik
e — e : f _____ ....... e
s lm AU |} ZAIIERSRT 4 L ONL: 5 TR CRIE)

NFI : JR-r-hkt TR At

4 2.1.21 SFP &K KB LOCA IENTE T UMD R ¥y 7 71—
Fig. 2.1.21 Logic Flow of Building the Whole SFP Model for Large Break LOCA

b. BERETNNRIA=ZEE (FA7 1)
@M”Wmﬂ%#?@WEAMM%%Mﬁ

SFP (2317 5 LOCA T, KRALDREHARIENIZ S DR Y | BREHED & OB K 5 mAK
RIIZ LV ARERDPAG SN DD, KB ERE T & 0 AT L. 20 DREHFEA
F 23K L7 RBE TIR—FERYIC IR 3R R OVKZR R R Z T 55K & 72 0 B RS 3 #ifi] &
b, SHICKMMET L, BETFTHAONEH T2 L RITA T U A1 L DKM S
No & ER-ARIEARDOMWERIIC K DWENREL 2D, 2 9 Lo IRFM O TR K21
DHTOWBEMAIC LD REE TG L TOUNERD D,
IKFERUNT X DBRALIERR R T, BRAEMEAS O BBl TlE— MR I Alic L v RS b &
T, BEENELS RDIZONTHRERENEINT 52 EBMOENTND, S HIZE{LIEA
TV DR LR MR T35 2 &0, HBEE OIRE LRSI VR L v A 3
BT 52 IRV RTEANESET D EMBLEPICRADEET L L L0 | BREIE
SRR LR R O ENRZE LR ENFH NS S 7 LA 77 7 A LI 5 BB
AT D, VNa=g AKKISICE D RE LT KENERER TH DV Va=y L0 MNE
EEAHAAEA AR Z U CEBZRMREBDM T 2 2 Mo TRYSI, 25 L7l eb 7
VAT U oA DOREINTHEL G DR H 5, £z, 22K EDRINT LD AR S

NoHmALY . Z/eix, /\ilJn\ B, ST L AERBEEAFICID R —F AR E R
42



D, BALBICRRPBELEL, T4 7T 7oA 1 LTRERD D &0 ) |E LIFE
T3,

AWFFEIZF 17 5 MELCOR fi#HT Clk, KAEKIZ X D Vv a1 Wb #EE % Urbanic-
Heidrich 23228 L7 E KA O BANCESE R LTV 590, RN KREIZIRAT 5 FEK
TovahuABbicx LTl KET V3 XESLFFEET (Argonne National Laboratory :
ANL) 23326 U 7= 8k FZ8R 12 £5-5 & Natesan-Soppet 23424 L 72fHEIN (ANL €5 /V) %l
HLTWAY, Fo, 7V AT O ARBEDODEAI LTI, TV AT U A EBICHET
%D ANL ZBIFDERT—ZICESE T4 v T 1 73ndeTA 724 LRUTE D EHE
L7z,

ANL 7 VO ZYEPERER L OV T A — 2L, IHIBRLER 52 biv, o7 LA 7
T ANRETHRMETMBERZNPBEL TVWDAIEMEDH 5 KM TITHOTZ KA Y
B — )V A)—=x 15%¥% % — (Forschungszentrum Karlsruhe : FZK) (23 CHfE 7z
DN A WEE O BEHEFERUCIE S X L7, 7'&5%%%‘@ T, X 2.1.22 (oI LA

B & W R R-Z25- 7 0 T ARG R AR, I DN BV T iE 2 VW o225, R K&
OEFREMILITEA L 7o E iR R o 2 T O BRI ;D%&éh\%%éﬁﬂwgi
PR THEESITERIC X 2HER AT K D B LR 2l E L T\ D,

AP TIIER-ARIBEA R E MW TRiE 2 it g L 4 5, REBRTIX, 702 570
RCMBYF 2 BT E IR £ THAR L, & O%REW TR B 2 MERF L - RS XUIKEZ Wi LTz,
IR 2 5 2 5 7 O3B A 1100 CCOREERIC 1 43 E & . ARIEBRATCHE O BRI
%ﬁifﬁ%ﬁﬁimﬁﬁﬁﬁﬁéﬁkoHzlnwﬂd;$£%’ﬂ?éMH£mH
L DHTET V&9, K 2.1.23 (21, MELCOR fi#fT#s R4 SR & i LT 5,
Rt T, IR bIIE S (15 pm) %5 %, BRESOS OB D 72 O TERIREE 2 1050 K

L. BRFEEARTILBAR R 2R T A —2 L L, FXICE, 1473 K28V T 1 KH%Z
%ﬁf&ﬁbk%kﬁﬁé@%b%ﬁ$(%):ﬂﬁé%ﬁﬁ%%ﬁoiﬁﬁ T, R
D50 % F TOHFPMHA THENRMICESRZDRITIZEF—E L&D, R UERTITD
NI B HRKEKIRA K FERIT %%T%H%@ﬁﬁﬂﬁ INTWD, TR T, Mk
EATILBIRE DT 7 4+ PRETIZZOMMZHFRTE T, ZhE2flndT22 ik
REOEEIN & %o fafOBm 2 HENATE D 2 EBn0n5d,

43



?=32 mm
£ & =600 mm K
e
> %
Outlet
JINERF
----------------------- B
K N | iR
DihuA 4kE &4 Tt [ | O
FHEALIE=15 pm e 1| =
NENEER] = 18eR 0 L—e— | T ¢
[ o |
NN N
T
~
*ﬁun F\

(b) MELCOR2 / — R4y

2.1.22 Steinbriick 25235t L 7= 2V B v A WS R b 00 B35 FEER 45 (& & O MELCOR

5L

Fig. 2.1.22 Test Facility and MELCOR Modeling of the Component Test of Zircaloy Cladding

1200
£ 1000
XU
= 800
X
600
T 400
o)
3200
-;_F:L_:

0

Oxidation by Steinbriick et al.

-
(9

. s - ENEE
g = EERILEEE 1.0
& EEiPEE = 50
- fiEEENEEE > 100

20 40 60 80 100
75 S AHEEL 2 [Vol%]

2.1.23 Steinbriick % 23 fifi L 7= /v 1 v A WA WAL 0> B 3% EBRARHT O fifi 5L
Fig. 2.1.23 Experimental Analysis Results of the Component Test of Zircaloy Cladding Oxidation

by Steinbriick et al.

44



() BREHEAIR-T » V7 IRRICEBIT DS % B8 U 7o 8 PR SRR AR AT M OVEe 4 e R

BB O —HBASK I LICEEH L, ZRKSHRREIC K 2 BREVE DS A E T B 5 & Rk E
BN EH U, BB R, T R VAR y 7 AR OHIE T L — R TR E AR K
XL DT DESHREIC L ARBNEE L 725, K 2.1.24 27T X 512, MELCOR Tli,
SRR A Rk A O 15 B SR TRERBUL L72% U v NI W T, BWR IZE W T, RN
RAVNFEENEER (BB Ly N HEE. Y v Rx Ry 7 A T 7%) BoOERE L
b, V7R RRHERT T v 7 22T » U A XA SFP BEIZE) BIZR WV THES
BEZBE TE D, FHEWERRE) O JE AR A~O M OBEHEENIN 2 T, HiERE
H i RO ) B O ARIHMSEN & 2B R 2 WA REA, . TR TARERERF, ;. M OH A R4
Jt (radiosity) J;;OFEAELET MICI VKRB L TWD B, T v 7 NOBHIREE S L
T, BB FL-F v Ry 7 ZAFF ROTF v v RAR Y 7 AT v 7 [H]
FEMAMSICHRESND, EbIZ, Ty 7 MICE L CRFFT 2R ET 2,

KE SNL CTlE, YV m A PSR 2 W CRUME S AU BHE A R 2 v R
BRI & 72 D ERFFERP CORBERBEERZ LML T\ D, KFETIE, 2K
BWR FEHE R IR BE S BR [ O 70 B BWR ALK 1x4 (RRRBEEBRS D 2 Ei %
MELCOR (2 & Bt g & L CTHRY FiF, F2H S 40T D B IR LS E o 22 Kb =R
RNy RVIHO OB RELZLIZER LT, F v RN AR vy 7 A-T v 7 [WEE R KA
BFF A ORIEEAT> T2,

(c) A5 BWR BLEIRE IR IAE F2BR 12 -5 < 2 Y MR

RERICB O THOW - 2EBEREHES RIL, S BEREMER Ok e v K& &1 9x9 #
F BWR RBHES DR A A L. DT oA 2 WEENIC B Sz AT Hpe —4
— N LTeRBEE Dbl SN D, =y RV RVICHEL TF Y o3V Ry 7 A%
BLLTZ DT b A BEZ i U, BE i O SMAITE I & OB FUIWBGREE 3 fThiiTWnd, AR
OITZERD N FARBEITS CTHA L, 22BN TTINE (1.8 225 3kW [ZH]
) B OANEL (S kW Z#ERF) 250 Lz, /N> RAAD TIEAZR O &2 JE Lz,
PP 1 O FLISE T, 23 RVBTIEN e R 11 8 R OVl 5 [ L2 13 R 20 A5, ARt 97 AR
ICRE LTBVESICEIVIIE LTe, TAMEZ Y a VEHBROF ¥ o RIVR v 7 AR L
ToBEMRE IS b BVE 2R E L, & DICBRBRREFHT LV N RV O ORI E 2 1 E
LTW5,

X 2.1.25 (a) & ON(b)ITIXEER{AR & MELCOR @ / — R3EI &3, N2 RANKZ 9
Aoz har—AARY =2—24L (CVIOI-CVI09) XV, £/, #EEREEZ 9 # DR EN
/L (COR104-COR112) IZ X VKRB L TWDH, ARMAEIZFHIMEIZESWTAT Lz,
Uha=y AOBBEFEHKTOMRALET LV E LT, A bICBWTHERINTZ/NT
A—=ZICK D ANLET VEZHEH LT, BB ERPIREREIET 7+ MEDEE & LTz,

45



4 2.1.25 ()R @) iE, F% 0.1, 0.15 RTF0.25 D3 r—A L L, FRFICFS "% 1.0
ICHEE LIZBAO, MEEERICEBIT 2R & 278 m LTV 3.36 m (2B M@ EIRE IOV
THEHME & MELCOR2 THIRE SR D bl 27”97, FHAME O FEIIT v T v o BRBEBA 4h 2 B Ik
LTEY., ZREOHEH TIZFRFZRK 75h 2B W T 1445 K IZB@E LIRS TRAELTE
. FE=0.10 — 0.25 DB E AT TITIRE LR B2EICE(LITIF L A LR bR T,
IO ORNIIRRRE O A 7T, FMSNBERREIL. N 6.5himHENs 7 7k
DA % ) LT RIS 27k L T %, MELCOR2 (2 X % e R AR T P3N
RV OICIEVIE E RN A E 0 | BEE IRE 2 BS503R 3R BE B AR 14 O BE R W8 03 2
X0 HRERTHL I EERLTVD,

(d) FB5rE BWR BUEIREE 14 (R RIRNEFEBRIZ IS < 2 Y PEfERE

AREBRIZB D THWEE S BEEAEHESKRIL. X 2.1.26 (a) AT & 9 ITE R L (3
R 48in = 1.21m) S, SO RBEEE RT3, 2 BROSTRHE 7% 520 9x9 ¥ BWR
JREHE Y ORI A2 L, FEAE  ORFHIRE & & B & AT 2R A K
DENEFELUTH D, 5 EOEEREHESEE +FREEO 1x4 (K% (FLy Rk
xJ& /3 KV 44K . East/West/South/North) (2 T L, EEEEREHE SR & FEEICT
YORNVR Y T ARDRT v 7 B LTCIREEZ TG L, &%/3 RAVRNLIZ e — 2 —THIE L
TeERZEREEAL TND, AREBRTIE, @R O FEBHIC, AN R LK H )
PRE 2Bl T DM AN — R REL TR, FRAV FLOBZMEL, HHO 43
RVZIEMEL L Lz, ZhIZ Ko TREAR 2 K& < L TIRHEEIC K 5 R & (2
L. EBREATICESCBHEE AT XA —ZOREBELM ETH 2N TES, FTRED
JAD S VB T v o RIVR 7 A G f LT BE R E 2 28 O BGEXHT K v llE L
72

¥ 2.1.26 (b)iZ MELCOR2 @/ — R3E|ZRd, By RV RN Z A HO 2> K
2 —/LRY 22— (CVI01-CV104) I KLV | F 7o FEGE % 8 {H D3 E & /L (COR103-COR110)
ICE D ERHLTWD, AOFRARTFHAEICESWTAD L, 22T, hRpsRoe
LEKRZY 71, 4Kkd 5 HIOEEREHESREZ Y 72 TERL, MEBEDOMDY 7/
AT FSF % 1.0 & LTz, Yva=0 AOBREFRIAKRT OBRLE T VI HEAMREEHE
BRAEAT L RIER T D, ARMR T, HARBRBEFZERIR R &[5 OWEGR G M Thit T D 2
ED ., AL EANE SO ERE A 0.02 5L Lz, £/, £ PO ARZERIiE L
IR ITHEME 2 5 R e & U Ch R 7o MBS & LTk, h OB BHE SR D 7 % 4.87
kW (2FETIZ 11.8kW fHY) ZMEL L 7=,

X 2.1.27 ()25 (I, BmE077m, 1L15m KON 1.53 m (2B 2B EIEEIC SN T
FEMfE & MELCOR2 Tk R Dl 2 on+, EB7 — 2 L0 MBI 54 4.83h 12
WTHR N RATRRBENRAE L, 0% FHITREERNEIEL CWhole, F v Rv

W R ROVDRBEIZEVWRIE L, FERNCB W TR 6.72h ITB W TREEN A L=, A
46



N ROV O EREEOIRFEIE 1200 K 205 1300 K £ T EHF LTV, ey R
OEREEZ 1 > R NEET 5 &S < OBEMNTIRER T2 R4 2 8BSz, —5 T,
RN TIZ. T ¥ R v 7 A L YTEE O M OBRETERREFT ™ % 0.1, 0.15 KT 0.25,
7w 7L F v RNy 7 AR OB ITGIREEEFT ™2 1.0 ICEELTEY, WIhofl
AETHHEFREORELIZTFITE 2 2R3 0holz, FI=0100%4, 8l
XY RIATR W T —ER OB BT E 123\ C H RBAURBEN R A LTV D 2, Z L]
DIRLE EFEIZ DUV TIX MELCOR2 (T K 2 TS RATBVE RIS ZEEOME DO HIT A>T
5T N5, MELCOR2 Tld Ny RAVWIREZ —RIGAIIZ LD ET /ML L TnWbH Z &
M5 D LTe/Sy RV N TO L) —ZRRBEDEIT 2 R A 720D BREEZED e
A WBEE ORI B L BB TICE2IRERTZRV—HEF-> TP TE TS,
LU D4R BWR HEEREE AR BRIE F25 &% OV 0 = BWR BLERIEL 1x4 (SRIAGE EBR 1T L
SE, 7 v I NOBRHIBIRRE DR — 27— 2 & LCF ™ = 01RE L T2 2 &%) ©
o % & LT,

47



00000900

©©00©©©©®
©0©000000®

2.1.24 MELCOR2 (2B & 7 v 7 HATREHE S IR R DRSS 2
(BWR Bt D55 5)
Fig. 2.1.24 Radiation Path the Fuel Assemblies Loaded in Racks in MELCOR?2 (in case of BWR
fuel)

48



FG'= =0.10 Measured oxvgen rate

— Ff c: =015 oy 4
CR = - L '-H_-
FU u‘daﬁ I’mi...--..---.---._..'.._-..._u_«.._‘ .
Ll w3 k= R
B oA™ o2
Nk Y = noo
SRR82 € s ® %
______ C e o00 | :
iele % 0
.@‘;--.F?f}! 3 | ﬁ
oee FLaEs 4 7L — | cViey m - w Measured + .
LA - - i 4
""" oo ¥ [cwed[F] 500§ temperature,
f{' El mn 2 4 [ :"
= E Time (h)
= - ()R- BRI HE (5 %2.78 m)
SVI% _i,_ 17900 25
. E ~
g hos- — ) =
—_— 156 S| * wofll]  F £
L et TC1 s B 100 ﬁ
053 sl X, %
ol [oremons £ :
acocnocon | @ TCH o » K 4L Em
& @arlew » F 0.0m]l FiEx 4 71—} vl B
TCl&TC 1 e 4 s00 |
BT (TC) Wi | [Ceve | -
(a) 7 & MR B14) (b) MELCOR2 / — F 41| Time (h)

(d) HSe-RRHTILEE (@53 3.36 m)

2.1.25 A BWR AEHEERE A PR BE SRR B OMIRAT 66 2R
Fig. 2.1.25 Single Full-length BWR Mockup Fuel Ignition Test and Analyses Results

49



Wese
s e { )
7V ) S N N 5 - N
B | e FEAN Y PV JEHRBN Y P
Fr =X gﬁ% ggég %;%%‘i] " aviao—pu - avio—n
BGOSR xy 2—n | PSR gya—a
mEE S, N N
S < + < <
y st - ey - L} M
7 v — ~ N ° ~ °
M M M N & *r < &
¥y = RX E#7L— b  |CORILL COR211
TC 3 CORI110| ' (cV104 § COR210| |Ccv204] E
L
1.53 m COR109 2] |cora0s 2]
COR108 |1 |cor208 -
TC2 ‘ CV103 § CV203] =
L15m % | |cori107 5| |cora07 5
. \:% . — = P———
% | |cor106 |l |cor206 «
(= —
o —
TC 1 CORI105| [CV102| =11 |coRr205| [CV202(|Z
1 e e
0.77m COR104 _|1 |coraos _
(=1 —
o —
COR103| |CV101 a COR203| |CV201} a
0.0 m F#%4 7L =1+ |COR102 COR202
JEFEEL  FEEN JEFEEL COR101 COR201
SY RNV FASY P
S E Faosy B CV301 CV301

(b) MELCOR2 / — F4>#

(a) 7 A MER

2.1.26 #57i BWR AR 1x4 (R RIABEFBR o Y MELCOR2 / — K45l
Fig. 2.1.26 1x4 Arrayed Partial-length BWR Mockup Fuel Ignition Test and MELCOR2

170 S & Ll [T
] st ] i
yapn ok |5 | 1500 |:
.. 1
» . I
Z 130 | =] | 1 T |1
B Porth M L _4-'—‘;' |
ZE 10 Egu 4 = 1o ==
& 5T} T _\\f'lf L o0 .:
i I.lI i .--
£ o g ™
& s = -
%) ll."r F__-’ 5 / -_._-'
L / .
m-'{—--* ¥ b ——7
0 2 4 & 5 0 T .
B () By ()
() R B BB L (B 20.77m) (bR AT e (R E L1Sm )
) 170} — r
Wesl
o js0q -Souh = r M
— PN 0 " ‘_'“ 1300 I E \'\:lll L‘/
FrR-CLog) |5 et A w H )l e 1
FER.EL g 38 MELCORZMITRIE 22 noo - B B i
----- FORCLa, |0 I o B e -E ) H
PR, 15 MELCOR2N fris 5 = ¢
FrR-CLa) 25 = e
BEHF—5 - /
BEAT—% / ot
[
(1] 2 4 & E
By il (k)

(e E-AEbTH 8 (M2 153m)

2.1.27 #B5r& BWR BEERAEE 1xd (R RBRBE FZHRAE R & fRAT G R o FLig
Fig. 2.1.27 Comparison of 1x4 Arrayed Partial-length BWR Mockup Fuel Ignition Test Data and
Analytical Data

50



(e) BEI/IH T BWR HHRIREL 2 7 L A Bx 2 FEBRARAT J OV 4 LR

LOCA D AT LA I AN X B /80 R AR R Z 3t % 72 | JE-B0BF 36 (NFI)
ICEFEL. | 2.1.28@)ITRT LIADREAN Y RV E N AT LA BriE LR % i L7-
B3I T CTHWEHEEREHE G RIL, 9%9 T BWR BREHEY OAMER OREE S 21
35 SUS304 OFEENEZ TxT R FICTRE LD THY . B4 A 7L — M afidgEL
T, WEAAR=HF TERORT ¥ U RAR Y 7 A (F¥=R¥) hHERIND,
AT VA BUREEBRICHA W N RVIT 46 ROFEWR L 3 RO LRI D,
FEEGEROE G MM I NMAIT R TH Y B0 ER 2.1.29 1273 F, @i aEoY
—F RT3, KB IBEOZNIT 0.7 TH Y, EEO BWR BEHEA REHGH 255
ELTRESNTWS, FHEHBREOREEREZ, K 2.1.28@)II /R Tl mAE 10 2307
(TC1-TC10) (ZF\WNT FEHE L7z, 23> ROV Tid M 2.1.29 12753 16 2°F7 (rodl-rod16)
ERIEMEE LTWDR, 25 25 OmERd 5 2 2 F (], TCI+TC2/TC3+TC4 %)
2B LT,

RIEEMEHEASRE T Y o XV Ry 7 AL L BT v 7 BERIZ BT 5T A e v
3 NCEM ISR, FY RN RY IR T v DX vy TIINANRNAMEE 2D, T A
B a PN ENTEDIT, AT ¥ IR NA NRAFRBE AT T D AT LA KIZ
K DKNENEZIZ D720, HEPK 4 EOMBRGRET A ME T v a v EJERIBICBWNT
HIE L, BPOREERPICH N, WHESMIL Y YT T 7HESIZLV AT LA )
ZVIE T O E SIZBWTHIE LTz,

4 2.1.28(b)IZ1X. MELCOR2 IZ LV EBRIKRZET ML LT ) —T 4 VTR ZRT, E
TACFIPRIL, FEBRER E OIS E RSB N 32 AH, HH, L TOKME
FHI O D DOAFE S 7 Lo T D, SNLRBEFEERIZ AV 722K BWR BfEkEl o+
THERmULS A RV AZ 9o = hr—LR Y 2—2A (CVI01-CV109) (2 KV |
T WEERBEE 9 HOREE L (COR104-COR112) (210 FEH L CTW\5, MELCOR2
BT DATVAET VTR, AT VACE, &, % FHR. RS 22— R5 2
Do MMAEZEKIZE L, WM EIETREEBIE LIoKEEICTHE T EREL, BT
P OB R L OBK VERO LA EFE L TV 5D,

ARFEBRTIX, FIHIAKN, KOZELTAEE 0 kg/h 205 30 kg/h F TOHFPHCTHRE LT,
FEHRIZ IV T SFP T EE AT S 40 2 0 JH B IREE D FREE B A + 53 120085 1.5kW 725 29.2kW
(D 0.1%0°5 1%) OFFEME TNV RV D E ER LT oRlBRBIMA & L, FHil
ST EBBEREIREN —E L~L () 300°C) IZBIE LR TAT LA ZBG L
Too Elo, AT LA 7 ZAVEES Sm (—H3m), T & —FREE, &4 &K 1.0mh,
KIEEHKI 30°CE LTz,

FRAT R G % . REEEA L~ KR OA T LA i a ST A—2 L L, & 2.1LI12I1Z7RT
57 —AL Lz, KW BAF X0 L T H, 227 v 7 AN XY EFOBRE (r—A 1/2/3)

(ZIX TR S DK » ZZROMIE R IR DM, KR T v 7 AR XY FHIETFL, F
51



WD DELKHWADAREE LGS (F—2 4/5) TlE, 7y 27 AABXKELICEHLT
B DR - 2= &w#%b ZIT, F—RA4 KOS5 Tk, ERIEERE BT 572
bbi::t‘/j’l/“/*f CEV T v ANAMNDERETEAN LT, T D OFEBRSA:E AT IC
wf%%?é:kﬁiD\Eml@%%ﬁ\mﬂﬁ§ﬁ/ FHKITxT 5 A7 LA B8R
BEEIIIKIT D5 THET VAT 22 L2 M/ TE 5,
MELCOR2 it Seth 2 LA FIZE & D 5,

A7 LA BAGRIFZ] - FEBRIZIB W TEERICA 7 LA DN ST RN B W TR L
7o

IREME AN RL-F v RV Ry 7 2 OBESTEIRARE - (b)IZFB W THEF L 72 SNL
NN L 72 1x4 53 & BWR BHEIREL D 78 B A SR BRI LD & [A) 8 S AL 7o kb
N R-F v VR Y 7 AREEIRERE F T = 0L EE LT,

FEEEEE ORI R X 2.1.29 (R JRUEOBHET i Y 0D 2% BV X E L 35U TR
HINTREESOMEM NS, UTFICELEDD LI, BEBO A RVHNALEIC
FVIREISEDEMN o ZRESFTE, TNEHEE OEFRLET L2 L1
EVBEL,

—  PYHREHER R T OIXREWE-14/15/16 HTH D, T D OMEITNY L
DHRLNLETHANTEY . POEBTH R, SEHR72IEEE AR OfLE T
D2 EMBIEN OREL I ZITHLE X BN,

- ERRREHRZ R T OIREWES IFETH D, ZALIETEWIEITH D L IF R
WY RV OHDIINALES 5 O CREFBEEFHEDOIRE b & < | IREARIME < 72
HTEMOBERNOEELZITIZSNWEBZ BN,

- FRIBEEHBEZ ST OEIRERE-913EFETHDLH, ZALITFEHHIITH D LK
WX RVORBEIZH Y | IBEARBOKREZRMEICSH D Z L blEF O
RORELZITDHEEZEZROLND,

FHEWERMIREINE T —2 L0, BELVVIREABMEICL D BBhRARE > TEY,
Ty (N RANEEEERE) . R (R DREEWE) ROTTR (80 &k =a—F —REWE)
EWVWI B VLUTVDOGENARETH DL Z ENhoTlz, ZOZENDL, Lk OfE SR O
X VTR BRI, 2 LCTRTHO 3EHOET VEER LTz, o, FHT
PRZOWTIE, BICH X T 2 EKFHEEZBETO2HLERSH D 2 LN o0 o7,

N RAVHNIZA T VAR BIRAT D & TDOERICANY FHAEETIXZ = o F 3%
434 %, MELCOR2 TliX, 207 = U FHEBIMEOIREER LY ) — FHORKT Y v U F

52



TAENZE D ET MEL TS, BEMTORER, RIET Y v IR EEEZ S 2
LHHENHDL OO, ¥/ ER/ FTRTPENC DWW CIHREDO T A= EHETHI ENT
XL EBIroT,

FBRE DO TIE, N FVHBICELS 7 = U FZEHAAMEIC A 2 28 EX TC3 kT
TCANMEDEFERRE Lz, 2N b ITtEE 7 a2 v MZEBWTrodl-rod16 52 L TW5,
AT ST S MELCOR D3 B Y OB IEIR I, [ 2.1.28 I2F1F 53 E & /L COR10
J OV CORIN KIS LTV D, ZHbIdHik 7 m v MZEW T CORIIT KT CORIN0 &Gt
LTWno, K 2130 005 2.1.34121F, &7 — 2DV, ERE O FRFPHEIET VL EE
KIGE & D 2R LTS, S TRIE T MIEEERS rod-14/15/16 #thigxtg & L, E
(B ONF IR TFRIE T VIR COEEX Z igktg s LT b,

WREE OBVRERRNICR L CHAICEWRZ T T E ER L b, #hEE
RENRE TN LRI U CHERICER L TR Y . &7 — ROV TEIRITRE R & TR
RO—FIZT LW, FHTPHET VL, &7 —AD 3 G OEFEXE T VO I ENE DR TRk
WHIFIZH DI bbb LT I ST KL TWD, o, ERECFRTRET VIS
ONTIE, &7 —ADERBEMNCE L oI aE L Tnd, —F T mithr—2 (r—
A 2/3/5) Tk, FEMBGE, K OV—H7 — A Tld o —F —FE EE O IR A3 0> 38 Bk oD 1R i
X L THEEWLASATHR L TEY . TRPEIET /VIZALEZ TRITE TR,
MELCOR2 ET /LI N R ZH—a vy RICIVRELTEY | REHEREHE SR DO IESR
’fﬂffﬁ itl:i’i\ﬂ%é: LTV,

WU ERE O FRTHEIET KT 25T A — 213, BEREHEAS KN
DT 3 ATRCF BN E B T 2 M B RICESEIRESNZBOTHY . £z, v
RAVNFEEWR L 1 0 A X R B E G R EZ BB L TRESNTVDLED, ThHD/RT R

HIZ K DFENTRE R 2 NS IRT 2 Z LI2 L0 | BRBHEGIREAL O 772 & TR B HLAT
TOWBRIZOWTHLIBREDRIBLEZGDL Z ENWIFTE D,

(D EET Y v VEF T, HEHT S — ROF— L EHRBRE <, 2 ORI
T5 /= RCb 7= ARBRENTOWDHA, “Do0F7 A=F 2LVl /) — FICEEY
Uy VBB S D E N ERET D SRR E T L Th B,

53



#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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# 2.1.15 MELCOR2 I & % BWR 77 o I+ SFP &fFE 7 /LD LOCA ffHT HA SR
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
I : SFP Bk 4o
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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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)
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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
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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).%

%4 2.1.53 DP &7 /L CfMT L 7o KB IRE DD = 2 —K
Fig. 2.1.53 Contour of Hydrogen Concentration Calculated by DP Model
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THEBEFMO 7= O OFA M LA 55 2 L 2 BRIy & LT, JAEA IZZ5t L T EFE o CIGMA
FEBR & RGN & FEhE L7 50789, JAEA OFEFEHEMS, Tlk, Tk TIhE k&
VRIS L B RE IR R EEENC BT 5 CIGMA EBR & %4 & L7z CFD i >\ T, LA
NV RSEBBAERERT (LLF TRANS) &9 ,) & HWMEHTIZI81T 5 ELIRPEHUR BT 71
IR AEBHNAAISANTZETT NV EEZHND Z L TERBRLE BT L EAHRES
iz, ZZ Tl JAEA ~OFEFEFHEIC LV Fhi L 72smmAENC L - THRAET 5 HRTEER
WA X DB E R BN 5 CIGMA FEB * O CFD fif Tt OBEE * [Z D>\ Tk %,

(b) EWENE

AHFFETIE, CIGMA % AW AANEHENC L - THRAET 5 BRTEERTIC X 55 &l ER
BEE SRR 25 L LT CFD f#tr 23 i S iz, CIGMA Tidz %@ﬁ+5#6&5ﬁf
T2 SR R BRI E 5 (Particle Image Velocimetry : PIV) 25 0 &I 1k 2 4 L TR
V. CFD OV F~— 7 fHTIAE I RE e a2 R T — Z Z G TE D,

7. CIGMA FEBR%E D%

CIGMA FEBRDOIKR A %K 2.1.54 12777, CIGMA OFEBREZRIINZE 25 m, FHloH 7
RS \ENI0m bS5, 22Tk, Vo7 EHEN»SOF S % ELoom & LT# T, JAEA
INFENE L 7o ARFERR 8 TR, FRIROFERES BIICAY U A L ZEKRO EAﬁX’;@ﬁE
EIR L CREBNEAREZR 70 °CE TRV L 72 REZ PSRN & L, = 2 CTHmEBHEIC
DNERIC BRI BB S 5, EDREBREGSO EEOBE T — v, FEEIZEO M BR
WOX v > 7 50 mm OWEIY ¥ 7 v MCHEAKZFEAT H 2 & THEBGEIN EhE S iz,

£ 2LISICART TR LT D7 — A 1 KOV — R 2 OFEBROFEREMHERT, F—A
1 (CC-PL-30) Tix, E#7F—nLHEY ¥ 7y F&2HWTELSIm U EfEkZmHAT 5,
—Ji. 7/—A2 (CC-PL-34) TIETEY Y7 > FHHWTEL4l m LL LD By O A
MHAT D, WIWIANY U AREIZELA 7 m LRI L, T 72bballiRE R S 1X CC-
HAO@%HEW;D1F<CCHJ4@%HEW;DEV EBRTIE, 0% (FIHEE
&M HIEE O BATHI 2R BER) AANEL O B ARTE R ICE N ENREBI BN L e o T2 9,

85



1. OpenFOAM |Z X % CFD fi##r

JAEA 23 L7~ CFD fig#r ®* Tl A—7 > Y —ZA 32— FD—>T&H 5 OpenFOAM 73 ]
WH L7, OpenFOAM THWH N 2 R FREAUTE &, #E#E, =3 X REFELUT, 2h
DI 2 TH A EF X ZMAEGDE LIz, OpenFOAM [I/3—2 5 N2 K - Tk
FINTND VNSRRI KRR TIHE, BLIRIR AT 23 OB EZmFT 5
728, OpenFOAM-6 K T8 OpenFOAM-9 @D 2 DD/ 3— = 2 % W THNT 2N Tk S iz,
OpenFOAM-6 TIlI N A Y D FZ] NHEfM % E D 5 A a2 n s H v v N —
ContainmentFoam®* 7’ VN 54172, OpenFOAM-9 TlX7T 7 4 /L b & L TEEINL TS VL
73 —chtMultiRegionFOAM T 77 A fifiii s 7 Fe 2 & R R A iR < OIS B e 5y T IREERE D
MR AZEE L THWO R, WY AN—TIEREFREREFIZOWN TR —TH D2, L
TIEATEDEY = Xy MIUCBIT 280\ E W PEE CREPERREL. B, BMRER) OFHMIC
HEORH D,

KIRHT THRIG L T 2 KUAEDIREBGITELIRIES ITER T 2720, Z O PRIMERRILELITE
TR T D, 2 2 TR R OBLFER 725 R 2 B 8 L C RANS E7 LA &
N7zs RANS E7/0& HW DT Tld, SLIRIC & 2 W8 Ok Bl 52 13 B 2) B YR 8o (2L
(Simple Gradient Diffusion Hypothesis) & M- XL DL FONXNTREL IS,

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

ZZT, plHRE T ADEE, uld i HMORERT, VlIZIARE k o RE2£RL, (N
LA VAR [ IRBEMETY, 17 oY TN S OEB R T B ELTAR
EERT, AUOLEURBDATELIRIEBIR R TH v | EE BT & 2 SLITR YR S, &
MIBED HNDEIEY =2 Iy MISc, DI TEM SN D, EHk-eT 7V T, BTV
Xk & FLMBOREEZ O Cu UL FORRICERBLS L5,

2
= (p\C, —
te = {p)Cy .

(2.1.5)
C, = 0.09

KIFHTTIE. ZDk-eET N Ek-wET IV (0 =¢e/k) ZAEMET) LRI O LA R R T
BThHDLLA VA Re IZL > THAG DY k-0 SST ET AR SN, 22T,
OpenFOAM-6 & OpenFOAM-9 DAY P F N "— g 21E, k-w SSTET MBI Dk
W DL TR D FIZEFEINC L HAERIA (production term) MFAA E N TV T2, LU
TOFN LD EN ORI (BLyESE) = R /L X ERE & SLITE RS R AR BNENZEI
OERFFRUTIN 2 B AL 7%,

v, 3(p) (2.1.6)

Gy =—9—
k gSct ax;
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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 EDBFFEIZ B TR < BREE S U Tuy 53900

— 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,
ZDENERFELZS, BERBRAEZH 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 D7 0BWE S HATEY | SLREEIZBIZ W T b RO B &
BT ENG, 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
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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, BB OEMISc, 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
DEFCIREZFEIC A7 THMERERH S Z LB WmEMHETHL RIN TR Y 96080 X 5|Z
ASce, M5 Z LI K DPIIRE S KRN o728, —J7T Abe b DOHFZEIZ I N T
X, k-eET IV ERMIEET L (KOG FERICK(2.1.6) % i H & De Dk HFERIZ G 12 H
KT HHMIE) OMITIX, BIRSc, DR MNBHFITRNDRER & 72 o 7 345, KT 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
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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., 20185, 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., 2021 ContainmentFOAM k- SST Gy and G, constant
Hamdani, et al., 2022' ~ OpenFOAM-9 k-w SST Gy and G, dynamic
ContainmentFOAM  k-w SST Gy and G, constant
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Fig. 2.1.54 Region of External Cooling and Initial Helium Strafitication
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Fig. 2.1.55 Conceptual Diagram of Dirichlet-Neumann Boundary Condition
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Solid domain

B Fluid domain

) ESZHFIEBASE A A B ARIE - T JEBa S . T fn 3 48 B8 7 7 B i
LRGSR ERFR (BAKFOLET 7 7 o7 v MRS A BT BN A)
Tk OPCRWMAE 2022.°
2.1.56 CIGMA O Btk 714 5%
Fig. 2.1.56 Computational Grid System of CIGMA
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Fig. 2.1.58 Time Change of Pressure (Left: Case 1 (CC-PL-30), Right: Case2 (CCPL-34))
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i) A. Hamdani et al., CFD analysis on stratification dissolution and breakup of

the air-helium gas mixture by natural convection in a large-scale enclosed vessel,
Progress Nucl. Energy, Vol.153, 2022.6!
2.1.61 7/—A 1 (CC-PL-30) DO~V v AJRESHE /A0 ORI ZE AL

Fig. 2.1.61 Time Change of Vertical Distribution of Helium Concentration in Case 1 (CC-PL-30)
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Fig. 2.1.62 Time Change of Helium Conceentration in Each Measurement Point (Left: Case 1

(CC-PL-30), Right: Case2 (CCPL-34))
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Fig. 2.1.63 Time Change of Gas Velocity Distribution inside the Test Vessel in Case 1

(CC-PL-30)

98



Elevation |m)

1 10

'\'ﬁ“‘.‘&: LF L LY
a W;;m 9
] 3 b
_ *H’ J.' - ;E\.‘__-
6] ey i i
B . 1 i
i |

i

31 3 i
2 ‘E 2
1 E 1
0 ¥ il e

1 i
1 1 iy

-1 0 | -1 0 1
= (m) r (m) r (m) x ()

) ENZHFZERASE A N BRI - JE e S . T 3 4R Fo M
RS REL R (BAKFEOET 7 7 o7 v MRS A BT B )
FE OPREEE), 2022.°
2.1.64 77 —A 2 (CC-PL-34) T REBERA K AGLE A7 O WF 21t
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Fig. 2.1.67 Numerical Results on an Experiment Performed in OECD/NEA-THAI3 (Flame

Location)
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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. 2.1.73 An Example of Combustion Analysis Results (Ignited in East Side on 4" Floor)
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# 2.1.20 CAV 7~y 7 — V28T 5 SOARCA /N T A —H
Table 2.1.20 SOARCA Parameters in CAV Package

IRT A —H INT A — H SOARCA H#ELE{E
BOILING | _HZEMRIED 7= 6 0 i i th #5700 #9 Ins he 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)
[FESRS
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)
KEANET IV

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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it o Bt b 2T ORI : First-order
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2,130 JFNFRHT D > U A BT B AT S
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

Distribution
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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)
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Fig. 2.1.93 Schematic View of Analytical Model for Leakages
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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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(4) OECD/NEA/CSNI D FEER, it KO T v ¥ =7 b b O HRINLE
HRFHR IR ENE SN 2B L FBRERICET 207813, Z<BEETr Y =2 |k

TEMINTWD, KFFEO—RE LT, TROHEET R Y =27 bA~OZINT XY | &

DEBRFIEITES S T — 2 FEOFERIVH LI ORI FIEICB T 2 Fefrkn A OIE & #w T

Wo, UFOEERERETR Y xs MIOWT, #IE B LN ERMAEE 2132 £ &

HDTRY, o, 2ITEETR Y27 FOMELZIRY TLOTNDN, b ORI

—TE DRI RFF O 728 O IR 2R 72 1% . W5 E DY OECD/NEA DA — L — AR S
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)

ESTER #fH (Experiments on Source Term for Delayed Releases Project)

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)
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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
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# 225 BT TV DL
Table 2.2.5 Mapping of Release Categories
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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
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[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)

166




—&% | TILOCA s | FRTT | SFMK# | DCH g | TIVE [IFSRKEE| R—X e | s = | g page | RIEE—

PDS Eh | nisatr |KFEE| T e Taimse | ppme | KRB L sumse |<whoags| KRR | BERE | BIRHIA K

BE L "L I 7L L Tl 2 L "L Tl 7L L

TILOCA
SE | TISGTR | %Y £ HY HY HY = HY HY HY HY HY
R IR SRR AT E DB RHIEE RFIFAREiaE
© ® @ i
T
1)
p
&
—l,_y@
n
v
_»®
o
Y
P -
—I__;®
o
Y
—>®

g

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
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Fig. 2.2.6 Image of Core Mapping of PWR 3 loop 17x17 Fuel
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Fig. 2.2.7 Setup Processing of Meteorological Data
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Fig. 2.2.9 Results of Anomalous Year Test at Representative Plants (Windward Wind Direction)
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Fig. 2.2.10 Results of Anomalous Year Test at Representative Plants (Wind Speed)

182



Step.1

el e B
M E OIS0, TR
Rt 5| BEREN FRTS
(500 pSv ht)
gD i
(20 pSv h-1)
o O—> Bl
Step.2 $GOE TR Eiﬁ?ﬁﬁ Emﬁ%
4 . e
B¥EIG B 1S
(flEpmpsEELIA) [ (Bres1BELLIR) TR, ENSLISREIEE S
e ) b / ARt

BE1CI5HE BR2ACLIEE

X 2.2.11 ZER RO R SR O e 284k & 22 ] Jilc S o o = L YRR T M1 oD BAAR
Fig. 2.2.11 Relationship between Time Variation of Air Dose Rate and Reference Setpoint of Air

Dose Rate

THHTREEER B TEROERS BHETIOEAS
i1 6 52 it . T R B DTty TR

CEEMREL T, T S
Wikl ERE N S,

TR F L
R AT Y

e

ER SR EOEETHET

HEEOHB"EETIHEL TV,
e

8 ] =4 1]

Ll

Qe STHERE oy . .
g EERA ik

X 2.2.12 JAFREFTHEE L T2 Il & DR
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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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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.!%

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.!%
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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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. 2.3.18 Inverse estimation of the source term
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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. 2.3.20 Schematic representation of distributed runoff model
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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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