. HOKKAIDO UNIVERSITY

Title TANINY b Y RATLOREERFARBHIRI A Y bOBREICEAT R
Author (s) N, tE—
Degree Grantor biEEKE
Degree Name B (I=)

Dissertation Number FHE124575

Issue Date 2016-09-26
DOI https://doi.org/10.14943/doctoral. k12457
Doc URL https://hdl. handle.net/2115/63318
Type doctoral thesis
File Information Shinichi Kawamura. pdf

kaid
wok ° U'I,L

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




TAIVERY NV RATADORFR L
FRFHREFEXT A NOWREICET I HE

Development of filtered containment venting system and

improvement of nuclear emergency management

(ZALFS0)

LRk 28 4F 8 A

NI AR—



Yiraxd

1
2
3

w N~

N

ARFFE DY 5
AHFFED B
A FE DAY

KREEDZE MK

JR Sk AN A A D P TIA OB RE D51k

T U®IZ

B H— 2 FRRIC T DA AR 2O D AT

& — 2 BREDNE 2RI 2 WO 2 B & 2 7o dcE
VN AY T

ARE DS LM

w N~

=~

T4 INHE R N AT LD

XL ®IC

TANENR N AT KORA%
T4 IVE R kAT A OPERERT
KREDRE

AREE DB Sk

4
4
4.
4
4
4

B~ W N =

@)

AR R T NV FOBRBIZL DT 4 V2 s OMEERAL

T ®IC
TANEN AT URT 4V F DG
BRI R T 4V F OMERERGERR

A B T 200 SR D 2R A

ARFE D FE

KREDZE K

10
11
12

14
15
16
29
38
39

41
42
43
55
72
74

76
78
84
106
108
110



Yirax

H5E BAR~xI AL hoil
5. 1 [ZL®IZ
5. 2 RBEE OBEEEE & H
5. 3 BARFTRTALU NVAT LSO
5. 4 KEOfiim
ARFE D SRk

Spe = Y 2A
o 6B inam

e
S

112
113
114
133
142
143

144

149
150



B1E RS



1. 1 AHEOER

1. 1. 1 HEVELEEE - HFHREFROFK

2011 473 A 11 RICE Z IR AARRERICBW T, mEFE I H3ET (UL
TTIHEEE LK) T, EIRL T\ 1, 2, 3 S¥AHERICL 28O
IRTEMBEBEOIHAIZRII L, P 2RF kS bon, BRICKD
WED SR ILE OWENC R L TR LR L, B EE S BB S
oo FFIZ 2 SR TIR TR (BUF TITASMARR L IE3) 230 UiA ok
BEZ Lo o bic, REFITHH SNz e E o &1 b £ < BREFFIC
RESNDEEE 2 BT H M OHIIZ BV TEW L~V DG YO JF KNI 72
Sl ENTnD M,

ZOFEME, REVEIZE D ZEMROBIA TR L, ROXIITBLETE
%, FEBEFE OB (LU Tk IAEA LI5S YD ERE#OFEO RS F
B¢z, Fig. 11O XD ITRLTWD, 2055, BEFE —OFKTIE, 7%
Pise D 3 JE TH, HE L HE TREOHREL K> TVWD, ZORWTEN
Ul boFESGERZE, ER EBEFITINOBREE~ORE L I 5 729121
B ABREETHDL, LPLERL, TUBH0ITHEEE Lo o oGS, e
PEMVE N K 2D IRFEPH 7275 G5 & O (B8 N 3 T R 7R e B A BTN T3 2
L7 oT,

R — OFMZIIT, T OBEBENZRRE & 7o o HE LR 21X T, Rk
AN FERIIRTT 2SN ED B, ENO LT IR ENZP# L
THEBEOBEZIET HRRPED N TWND, LOLRRL, AT HEK
MEEDHZEZZBEL T, WRLITHIETE D LI T o000 EheE HERR
BTHY ., KFZEXZOBLEND, REV#EREAEOD Y Taxg L+ 5,



BB R2E B3E BAE B8

EBORLEDPLE BHDFEE - BUEDE D BRFHMDER Vapy
TEARDFLE EEBBD5LE Valltas-7 52l

N | . .

]

<
ABENEIRET | BUERTE, RBFRIE ZEXIE | 1

* [RTOUEE + HlEIE= 1 « TER M s WTEIFERE I
c BEREEBHRTO « TEIRFEFRM - SHEFREFIR NRIAVEIC -

Bl \RH &3, guno | TP
FHZAN /
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Table 1-1 Scope of this study to enhance the fourth layer of the defense in depth

for mitigating radioactive material release in a severe accident
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Fig. 2-1 Pressure trend of the PCV at Fukushima Dai-ichi Unit 2%, D/W and S/C
mean Dry Well and Suppression Chamber of the PCV respectively. SRV means Safety
Relief Valve.

350
— DWW
— SIC

300
9
Qo Leakage from D/WW phase
2 250 1 |~ gas part(assumption)
g SRV manually
g' Heat removal from S/C opened
o was started with water
" 200 injected into torus room
a (assumption)
0}
>
-
5 150 T /.’\m‘-
g M\
5
£ g
8 100
g
©
£
[
& 50 |/

0

311 312 312 M3 3M3 314 314 315 315 3/16 316 N7 317 318 318
1200 0:00 1200 000 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 000 12:00

Dateftime

Fig. 2-2 Temperature trend of the PCV at Fukushima Dai-ichi Unit 229, D/W and S/C
mean Dry Well and Suppression Chamber of the PCV respectively. SRV means Safety
Relief Valve.
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EBEZADBND,

Fig. 2-3 Steam coming out of a blow-out panel opening at the Fukushima Dai-ichi Unit
2 Reactor Building on March 15, 2011. The photo was taken at 8:59 AM on March 15,
2011.
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Fig. 2-4 Spatial radiation dose rate on the 5th floor of the Fukushima Dai-ichi Unit 2
Reactor Building.
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Fig. 2-5 Spatial radiation dose rate on the 4th floor of the Fukushima Dai-ichi Unit 2
Reactor Building.
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Fig. 2-6 Spatial radiation dose rate on the 3rd floor of the Fukushima Dai-ichi Unit 2
Reactor Building.
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Fig. 2-7 Spatial radiation dose rate on the 2nd floor of the Fukushima Dai-ichi Unit 2
Reactor Building.
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Fig. 2-8 Spatial radiation dose rate on the 1st floor of the Fukushima Dai-ichi Unit 2
Reactor Building.
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Unit: mSv/h

Landing

Fig. 2-9 Spatial radiation dose rate in the middle basement of the Fukushima Dai-ichi
Unit 2 Reactor Building.
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Fig. 2-10 CAMS trend of Fukushima Dai-ichi Unit 2 from March 14, 2011 to March
16, 2011. D/W and S/C mean Dry Well and Suppression Chamber of the PCV
respectively?™.
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Fig. 2-11 CAMS trend of Fukushima Dai-ichi Unit 2 from March 2011 to November
2011. D/W and S/C mean Dry Well and Suppression Chamber of the PCV
respectively.
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Improved EPDM seal

Fig. 2-13 Seal arrangement for PCV top head flange.
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Improved EPDM gasket

Upper face of the test flange Lower face of the test flange

Fig. 2-14 Test flange and improved EPDM gasket.
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Table 2-1 Air tightness test of EPDM gasket using helium gas
after radiation exposure of 800 kGy and thermal exposure

Thermal Flange Test pressure
exposure opening 03MPa 065MPa 0.9MPa

Dry air 200°C No No No
168 hours 0.8 mm leakage  leakage leakage

Steam 250°C 0.8 mm No No No
168 hours leakage leakage leakage

KRB ORE S A Table 2-1 (2779, 0.3 MPa[gage] C 10 43, 0.65 MPa[gage].
0.9 MPa[gage] C. ZALE 4 30 3 PREE L 72 RICIE ) 2 MERR L, W9 4L S R FFIRER]
T OETETIE @%m&ﬂotoit\%@m%%wtﬁzm%nf%%ﬁ

TR N, BREFRAEMEZ TR LT, SbIC, FHRFIDNESNDLZ ETY
FUVICBANELD Z L aBEL BIRRBEEO T T o VRBMAZ IR ETO0.8
mm B 0 SEIRIET, FERICA Y U ARERR 21T o 7o, ARBUIZ V72
W7 TRy M, Wi - HERFHED 112 27—V Thd T &b,
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ThhH, KRR TRELEHAAZHFIZIINEZWEETLHDIZR>TND, 20D
AR THIMAWITRD T AP REENENO 2 5L TNESAT
77U VICHANAELTYH, TOEML TR ST TS — M 3ME T
THZET, [UEBMENMERI SND Z LR ST,

Flo. TNHOREBRZRIZ— M OB 2R L2y, RmIZENFEO R

TR LR o T,

FEOBERFHTIX, FHEHEALUN (1 BEERRN T, SREHEC M
L <IEREBEBRGHENC L > THRIESROIRE L ENEK T SE 000045 & 5,
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EPDM $ o — VA IR 2 W B IEPERE A MR T X 2 LI CTE 5,

() v I T v T — M O ERBE MR AR

Ry 7T v Fr—NMERET 7 DI L, FiE 7 B o BRI
A ZJE LT 800KGy LA L vy #RHUR 21T - 7212, 250°C DAL EREE T C 168
REZEE L. ~U 7 A% HWT 09 MPa & THIE L CREMEZER LTz, 2%

Bk O ERR LA Fig. 2-15 12, ARERAS R 4 Table 2-2 (2R3, FEIZBNT, A
v 7Ty T VI B EPDM BT R N E A bETHWLN DR, K
RBRTIEH AT v b ZEEET AR — M OB BN T L CIEREZ R LTz,
KBRS T 2 45T ) CORFREM X, 0.3 MPa ®FEZ 10 47, 0.65 MPa
& 0.9 MPa DEERZIZEHL 30 73 TH D3, WT AL FILIR 2 F VT2 2O iR
IZBWTREITES, EOETHROLNT, RIFRKEEL R LT,

Fig. 2-15 Air tightness test of back-up seal using helium gas.

Table 2-2 Air tightness test of back-up seal using helium gas
after radiation exposure of 819 kGy and thermal exposure

Thermal Flange Test pressure
exposure opening 03MPa 065MPa 0.9MPa

Steam 250°C No No No
168 hours 0 mm leakage leakage leakage
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RIZ, FHBERI O Z VI IEPERBHERF OBLEG | i R EPDM T 2 /-
> k(800 kGy D y #RIEAT) LNy 7Ty T — M B AG R T, 20000
TR MM IR AR 2 Ehi L7z, RBERIZITINY VLK TMEL, 0.3
MPa T 10 47, 0.65 MPa & 0.9 MPa T €41 30 0 PRFF L TR MERE 2 sl L
7z, PRERAFE R % Table 2-3 12" F, W ALO ST b ATEIK & VW72 2 WO R
IZEWTHWITES, FHETH RO LNT, B2xEEL R Lz, ZoR
BRIk - T, HHBEEMICDOEZ DIV IR OMER NI TE 5 Z & 03
waEntz,

Table 2-3 Air tightness test of the combination of improved EPDM gaskets and
back-up seal using helium gas after extended period of thermal exposure

Thermal Flange Test pressure
exposure opening 03MPa 065MPa 0.9MPa
Dry air 200°C No No No
720 hours 0 mm leakage leakage leakage
Dry air 200°C 0mm No No No
1080 hours leakage leakage leakage
Dry air 200°C 0 mm No No No
1440 hours leakage leakage leakage
Dry air 200°C 0 mm No No No
1800 hours leakage leakage leakage
Dry air 200°C 0 mm No No No
2160 hours leakage leakage leakage
Dry air 200°C 0mm No No No
2520 hours leakage leakage leakage

2. 3. 3 BMESIVMOERICEYTI%E

2 SREDIEINA IR UIADBRETERBIT 5 LR O ATkE BT, BB L
TRBE TR PR K 2 B 2 BRI B SR O E IR A LA T2 2 L0
TORY Mo TEMBERENZER TSI ETBL ZENREE LW L ARE
LT3 2, Iy bR TETWHIUE, BEDOKTICE o TH AT v bD
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BIENRCTE DML T, WOTHIEEIZRNY PR TEDL LT HLERS
5, ZOHBT, TR L~ DB TR S F T F ORI
WEMERE L, AJBREL RBEMHERNTE D L 212 L72Fl% Fig. 2-16 12”7,
Z OMEIXEBFRI T BREIICT T v MEEE AT 2 EXEEFRIC
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Shield wall

Extension
Reduction joint Actuator
gear
N\
Handle I— L Valve

Fig. 2-16 Example of a manual operation device for a valve in the Filtered

Containment Venting System installed outside of the Secondary Containment
boundary.
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3. 2. 2 FCVS OREEROBR
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Fig. 3-1 Basic system configuration of the filtered containment venting system.
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Fig. 3-2 Schematic diagram of the FCVS filter equipment.
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Fig. 3-3 Mechanisms of aerosol deposition in the scrubber of the FCVS filter.
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Fig. 3-4 Image of aerosol particle motions around an obstacle.
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S: = Dp%(py+ £/2)C.uy/(9nDg) (3-9)

HELREHRE X, EIC L o TR 2 BRI E ) &R D) 23>
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R OER FRAUL, EHOERGRICH L TR TR SN,
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dv nDE[ ) CpmD, %1 5
m, — = Pp— P g——— Spv*
dt Cc 4 2 (3-10)
22T, Co lHEHURML]. g IXEIIMEE[MIS] Th %, Co ITHIEIEHED Lo
IR (R w:ﬂgwﬂ)@%ﬁf%ém\mpﬂzuT®&%\uT?L
plcx s,
Cp = 24/R,, (3-11)
(3-10)=%, (3-2)xL., B-1)AXNnB&kD 2 >OXEEHS,
dv 1 _ (pp — p)s
dt T (p, +p/2) (3-12)
_ (pp +p/2)CcD,7
18n (3-13)
IZBWTv=0DFKET, (-12)X &< E IR EE S,
_ [pp—P)gtl_e_th)
(3-14)

pptp/2
ARG & T D FHIFORL AR E D Dpld. 1 um BEZ PO HMmT 5
TN L0 RPLA T & 720 | (3-14) XD v [ LI

EEBEZDLZDMN, 1 um ORI Tl
) [MIsliZET D,

[ CLUT O 0 B TERSEE (v

v. =T [pP B p)g _ CCDPE[F":J B p)g
T 2 18
pptp/ M (3-15)

T UYEEREIIUTO L5253, FCVS D7 4 VA IZRBIT AT

T U PRI X DILENROFRIRIC 2D EEZ BD,
T ADFRID IR I DR OEE G REAL, 3-7) X6 x Frjizon
Tk TRIND (M FEIER) .
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!d%{_ 1dx+F
P dt2  Bdt

m

(3-16)

MHROIC X 2R U, < ORFOFE LD & L bic, KK FEEGRNS Kk &
Ry < EHNIKIE LT, my'(dx/dt)* =kT THDHZ b, WAEHL,

m< d*(x%) = ot 1 <d(x?) =
2 dt? 2B dt (3-17)
INEMES &, oA E C L LTRAEHGD,
= d(x?) = t
T= 2BKkT —cexp(—ﬁ)
(3-18)

(3-18)C AL 2 THIE, UKL T DA EREI TN & < 72 5 O TIET 5,

< Ax? >= 2BKkTt (3-19)

— i =t TXolZH o TZRiA2t =t TXITFET DHERE W(Ko, X, ) & T 5 &,
WL, 77 v iR D[ms] & VW TR TR EN D,

dw d*w
at b dx?
(3-20)
1 (x— xu:]:
RPN Tt TR
VT (3-21)
ﬂﬁx2}=ﬂ(x—xﬂ2}=J1[x—xﬁlw$v=2Dt
o (3-22)

(3-19)=, (3-22)=, (B-3)X &LV, 7 I U L MEHAEIIKRATEZHND,

C.kT
D =BKT =
3D,

(3-23)
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Fig. 3-5 Mechanisms of aerosol deposition in the metal filter of the FCVS filter.
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3. 3 TANERYNVRATLAOMEEIM

3. 3.1 Hg¥F+rI A
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R U= bHEE T U A ERN R T 22N TEDLR, I HICHFKY
T U NI DOHERDOFFRIZ L > TEOD»O T NV—T 12 TZ 5, BWR 77
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Pl ORE R TV AL LTRET D, FCVS MPIIET R EEMAE IR O E
W OB T, ATV FITHELERENITOL, BNARORE LIENREL
WRT O LW —AThHD, Eio, MIFXPEFHFEET (LT TIZARIRX]
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Fig. 3-6 Primary containment pressure of an ABWR plant in a severe accident caused
by a combination of LOCA, SBO and all ECCS functional failures.
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Fig. 3-7 Primary containment temperature of an ABWR plant in a severe accident
caused by a combination of LOCA, SBO and all ECCS functional failures.
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Fig. 3-8 Predicted trend of the scrubber water level during containment venting.
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Fig. 3-9 The performance test facility for the FCVS filter equipment.
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AR & T O L A Table 3-1 1277, MBRASRNIZITE R - HEDO R 7 Z
W) ANVEGRTANFZ VLA 2K LERETELLIICLE, £2. &
TR IS E S RETEOZ L A MERUE ST RE TE D L 51T LT,
AR A e DIELEEIE 0.35 m TSI iaIfE 2 SR D 1/140 ICL TRV, A7 T
NI ANV I ESTD OFUERFEREFR—Th D, —H, AT ITINEERT 1L
& OO KA E IR T OBR LM IZBI G- L e\ o 2 0oy & Fifi L T
X&HE4mIZ L7,

FTo A7 TN TOKIBBEIZERT D ERTCETH D U = —3—50 (We) 13,
RS L EETIZIERRE TH D,

W, =pLu“/o (3-24)

ZIT p HAZ T/VKOEEKGM), L ZRERS () ALRED LR
) Iml. uiZREEE Ok od 2§E) [mis]. o I ZREEI[NM]ITH 5,

Table 3-1 Comparison between the FCVS filter and the test facility

FCVS filter  Test facility Note

The cross section per scrubber

Diameter (m) 4 0.35 nozzle is adjusted

Height (m) 8 4 Air space between scrubber and
metal fiber filters is reduced

Number of scrubber nozzles 140 1

Number of metal fiber units 128 1

Pressure (MPa [abs]) 0.655 0.101

Temperature (K) 439 293

Maximum volume flow rate (mh) 33000 236 The same flow rate per scrubber
nozzle

Weber number near 58 41

Local Weber number near scrubber nozzles  4.4x105 3.1x10°

(2) AR A

AGRR TIERABR T X & U THIR - BEDOZER A Wiz, Tk, BRI
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WZxtLC) . BRI, 7T U CHRERECE ek U7z, Fig. 3-10, Fig. 3-11,
Fig. 3-12, Hg&Bd\%M'%E®§%®%Q&\%%§%Fﬁﬂ%%ﬁﬁ
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Mo T, Fil - HWEOEKEHNDZ LT, RSFEEZRLEN L, IFTFEED
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Fig. 3-10 Comparison of Stokes number in the scrubber of the FCVS filter.
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Fig. 3-11 Comparison of Stokes number in the metal filter of the FCVS filter.
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Fig. 3-12 Comparison of gravitational terminal velocity.
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Fig. 3-13 Comparison of Brownian diffusion coefficient.
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Fig. 3-14 Predicted trend of vent gas flow rate.
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Fig. 3-15 Comparison between measured decontamination factor and Stokes number.

“Max flow”, “Mid flow” and “Min flow” represent simulated venting flow rates of
33000 m3/h, 27000 m3/h and 13500 m®/h respectively.
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Fig. 3-16 Comparison of the amount of entrained droplets between the inlet and the
outlet of the metal filter (a simulated venting flow rate of 33000 m®nh at twice the
maximum containment design pressure).
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Fig. 3-17 Comparison of the amount of entrained droplets between the inlet and the

outlet of the metal filter (a simulated venting flow rate of 13500 m?/h).
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Fig. 3-18 Measured decontamination factor at the maximum vent flow condition (a
simulated venting flow rate of 33000 m3/h at twice the maximum containment design
pressure).
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Fig. 3-19 Measured decontamination factor at a medium vent flow condition (a
simulated venting flow rate of 27000 m%h at the maximum containment design

pressure).
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Fig. 3-20 Measured decontamination factor at the minimum vent flow condiﬁon (a
simulated venting flow rate of 13500 m3/h).
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4. 2. 1 FHIUVRT A NZORBHUE

I THET A NZOREMICHNDIEES T A I, 13X MO mEE A
FTA FERERERLELTWD, TOTIVI ) 7 ABEOERIICFEET ST B
VOoAAF %, SRAT U ERMBLTEONIRELS T A N ThHY, T URENRE
ICFRIST 22 LIk o THitE S D, A7 4 NV ZITHWDIREA T A FOE
Bz, Fig. 4-1 129, $REA T A N ORFRIX0.85-2.00 mm, ERFEFIEITH 41
W% Td %,

VAT A N OREREEICIX, K EMERRE L TTE 22 BOZELNTE
L. WAEMERRICEET D, BNERND DRy T AT KES DKL TH D
PR EEDSENONZESUC il D & 22 HLNITK S TSR ST 3w RIS ERE
PETT 5720, 7 4 V2 ANORKICTHEY) 2B EE & Fi7- 8 5 70 & 0% |
DELE., 725 TR RSGMTS U ERERGES L ETH 5,

AW TIE, BT O2EHI ORT A L ZIZHONWT, £7 Fig. 4-2 17T
WS EZ ER L TR ZED -, BPL T4 FEF v Fra=y b LIRS
HARBIROEELEONGE EAMEOMICEE S, Z0F%F vy Rla=y b &
T A NVERMLBEOFIT 19 ARFRET H, ZOMHIEIX, 287 MRRERPICY
—REIOWEATA M REEEZHHRET DL LT, REEEE BT DT A
DS E 2 P T 2 R T2 2 L 2o C, BELTZHDOTH D,
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Fig. 4-1 Silver zeolite for the organic iodine filter.
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Packed bed of
silver zeolite

3m

| 78 Z8K 78K 20K 2

| 2 2

1 2, 3, 2,

| A 2 2 2 2
e le— ) i

Candle type filter unit

______________________

A-A’ view

Fig. 4-2 Schematic diagram of the organic iodine filter. Nineteen candle type filter
units, of which identification numbers are written in this figure, are installed in a filter

vessel.

BRI UFET 4V F ZBINLT- FCVS ORI % Fig. 4-3 (R d, A=
UHFET 4N L, BIETHEH LIz FCVS 7 4 VA EEEO T, 2 55T

EIND, FCVS IXTERKFHCHEATIHMCTHY . SRIMEHRERIRETH
T NJTEMETBT 2721 TlTE DM R Z BET HLENH L, L7edi-> T,
77 VEOEBIIMG W E - ERIEIN TERNI ENE, RMOMES
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REIIEAFPICRE S BT 5, £7o, BEAT A SR Y EOEOEKITfil
T, MRENMETT 2051 T 2 0ERH LN, ERE—¥EFEHNHZ L
NTERNDOT, G VRET 4 NVZO EREEICA D 7 4 A %30T TRy
SRS, WU LBRE AR D, ek, AMI UET 4 VX O ERICE

&IN5 FCVS 7 4 W ZAEENIZIE, AR TR LIZL 21T, 7 I A X%
BT8R 7 4NV X E&ELTEY, FCVS 7 4 L FIEEND O I AT
BEE SN D Z E&2FHIETE A FHZI LTV 5,

G UFRT 4 VX OTFHICIE, ZJE 100 kPa CIEBIS 2 11 7 Bk 2 5% 1
Do ZOENBBREZBERE LT, ZNE 0 EFHMITHRMNAIREZ S0, FFHER
BB AZEALTEL, ZUZL->T, XU MIHIZH A TWHEENT

FRRNEEG L, BRI o o KENEE N CTREE E il L CET 2 2 L %
B <

FCVS exhaust
Nitrogen
gas inlet
¥ 7= Rupture disk
|l Nitrogen gas outlet
Reactor Building o
Y Organic iodine
filters
| =
Dry well 7~ Rupture disk
== Orifice
To Hardened H H| Metal fiber filters
Containment
Venting —
System -
Suppression
pool wuluw
FCVS filter
PCV LA LA EL LA

Fig. 4-3 Basic system configuration of the filtered containment venting system with
organic iodine filters.
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ZHICIA T, AHI vHFET 4L L FCVS 7 4 VX EEEORICHZEE 100
kPa TIEENIT A ENIBBIRZZX T2, ZHUTEREL T 14 N &, FRREIRFICRZIGRR
RBICROTZDTH D, N MR A T A b EARITREENH D Z &
NH REAT A MRIETENME L7oKDS 3 U RWAEMEREL IR TS5,
LINLERG, SBEA T A NEiRISE Tl &, Ko FREA T4 MIWE
ENDBEOKFETIREL T A FRFEL . ZORBEEMT 2 2 & B3 HIFFT
ERAR

4. 2. 2 HEIURT 4 NFOFREFH
Bl OB ERERIC BT, F T TR T 0 L FITERE BN DRGSR A Table
4-1 |ZRT,

Table 4-1 Design conditions of the organic iodine filter
for an ABWR plant

Design conditions

Maximum design pressure (kPa [gage]) 250
Maximum design temperature (°C) 200
Maximum design gas flow rate as 100% 316
steam condition (kg/s) |

Decontamination factor 50
Maximum load of organic iodine (kg as CHjl) 1.3
Maximum volume concentration of 40

organic iodine (vol ppm)

FEAN A 2 | IR RBHERF OBLE D OIRFUE T, IRFUBE OS2 8l Lanv X
NI FBAEEN D, BN DL AKI UVET 4V HITED ETITE,
B, 9. FCVS 74 VWA AEEEDIENRRER P DL Lnb, AKI VR
T A NVEEOIEINE, BINESROIET L VIR 725, £ Z T, FCVS Z#MOE
NBEREFHR L, AIVET A NVEZMIIHET L B2 0N KEN% E

81
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A UPEIZPRDG AT, AT U RITHSF IR -k RN bR S 543
THED 0.15%LL FIZHHI S5 &SN TEY ., pHFl#ES AT AOBHRENED 5
NTWERY) G vVRT7 4 VHBIETH o MEERETE 2 X o127
D72, ZITEEOMRERAERNZ L E Lz, RSN TOARKEI D
FOGANI RN I PREN LD, RSFIICHEHE I U RREE %25 <
b 570, FCVS BEIZORN DM BT 7Ly va U F = 23 OKAHIRIC
AHIAUENEEBFETDLENET D E, N NEROFAETHE S Y FEOK
FEIEE 1349 40 volppm & 72 5,

I UHRT A NVZIZHAT D M RL, X2 MBRSEE, RS A
FRENZENT D, FORELZ S BEBREHORES—R L LT, KORKE
MW K DJRFARm s ek AR TE R, I M Lm AR IR IE K
FERAGDEE T U FOFEKMEN 2 MAAP 22— R CIT, A3 vk~ 1L
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HANZWMANT H X N HADGMEERE M Lo, £ OfEEIE Table 4-2 I2R-T & 50
T, INOOEMERKI VET VX OEEFEIHE L CEET 5, SRR
(X ADBERE AT A b FeltifE 2 @i 5 5 R T, 22 SV[stowigk s LT
KAWL > THEZBND,

1/8V = V,./Q 1)

Z 2T, Vagx [FREA T 4 b FHE OBFE[M?]], Q ILFIEE A2 @M T 5 AD
TE[mYs] TH B,

AN T AOMBIT, FIHNCIIENASRICRE I TWeER L FHRAE
BIZERE SN KB OEIG D E < 2D DR ST I13K &[N ZIE 100%
(2722, RFAITIRA A B LTI UVRREERZIE TS EL/REENRH Y |
AR L > TREBLHRTLOIVLERDH DL, —FH, TNUODOFEEMRTLUIMIER L
S ROREEEETLREENRH LD L LT, ERT — 7 VI Ok

HICHRT DHEDA DD, BRITHILKENBET D & HE b IST D2
LTI UVREPROMFEICZHE L, “RIEMEARETHL. BATA IS
W ET HZ & ThIGZHET LR H L, LnL, ARIUHRT 1L
& BRI BIVD FCVS 7 4 WA IEBEBND AR 7 Z 3 KET V1 VMRS Z
ET, ENOPEMARNTRELTH R T KIS NS T2, A
UHRT ANBDTAGFME UTITBEAE L L7z,

Table 4-2 Gas conditions in the packed bed of silver zeolite for an ABWR plant

Vi One week after One month after
ent startup continuous venting _continuous venting

Volumetric flow rate (m3/s) 16.1 6.65 383
Contact time (s) 0.222 0.539 0.934
Difference between gas temperature
and dew point (K) 823 8.6 7.3

Steam 10%
Gas composition other than organic iodide Hydrogen 30% Steam 100% Steam 100%

Nitrogen 60%
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r—.N—,;T ===
Thermal insulation ; ; -
and heater i " |
| I |
Test column! ! ; Dummy column
I 1 1
|| :
= |-
|1 . :
Ne  He ==P<E]
i
MFC || MFC il
v, %7 MFC: Mass flow controller | |
A A i Cooler
Boiler < E/I'St === =1
ra il
B Qil bath for fgas

temperaturg control

Sampling port @
Buffer

Discharge

A

Sampling port (1) «+—

Methyl iodide
gas generator

Fig. 4-4 The test facility for methyl iodide absorption performance of the silver zeolite.
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4-3 2559,

Table 4-2 (\Z/RF5RMFICHR LT, FEEORETIZ, OB 3. 21 ()T
BEtT 2L 910, 74 NZNOTEZMDIXS DX HELERL T, HEfiliRef A
0.188 VLA L CHEREZ MR T2 Z E DM ETH 5, AR TORMREERIL, LV
RSP R BEVREIC T2 2 & 2 RFIC 8K B2 T L, 49 0.12 7549 0.15
MREREOCHICRE L, 20256, RBRALLRBRAIZHKRTLZ LI2L -
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T, HAPHEOFENHRE TX 5, 3B A3 IITAHNELS, 2tk -T
PPN R S 2508, — T CIREBE FICfE> TA Y 7 4 AETOARKIEENE
PETT 52 2B LB RAIREEREICR>TWD,

3 7 b A FVIREEIL, Table 4-1 1T/R T FEREAEE O KA TH 55K 40 volppm
\ZRH % A THI 50 volppm IZRXET A Z &2 5EAR L L, R A2 TIHRELZN
2 5™ 116 volppm F TS W72, Tz kv, 3Bk A-1 &R A-2 2 ik
HZ LT, WAEMERICHT HREDORELTETE 2,

AR A-4 1 XER O~ MIHNTEWVRE, ENRETH D, AR b
AT BT, Table4-2 IR B0 N2 M AMBRIZH D HKF LEERD
FENEWDA, U I ENHLHITHEH ST, KRR 100%I2 78 - 725
BOIRE L ENOFRMFITHY T 5, R AL ERBR A4 Z T L2 812k,
E & ENORENPTRETE D,

Flo, XU NOEFIRETRELS A4 NIV TR EFETH Y, @B
FNRBRENTNWELZ ENDEBE LW ARNWEEZLNDS, LEN-T, R
IZBWTHARAFIORE AT A MIFERREEE L, N AR EEIRIZR D
EOCHEBRT T LD PO —Z TTELT-OBIC T A ZRAI R,

Table 4-3 Test cases for methyl iodide absorption of
silver zeolite simulating steady vent conditions

Test Number A-1 A-2 A-3 A-4
Contact time (s) 0.121 0.119 0.151 0.134
Methyl iodide concentration (vol ppm) 55 116 48 57
Zri]fcfjec:eec\fz;it\izl}%en gas temperature 91 10.6 85 125
Gas pressure (kPa [gage]) 8.1 8.4 56 250.4
Gas composition other than methyl iodide Steam 100% Steam 100% Steam 100% Steam 100%

Preheated to the Preheated to the Preheated to the Preheated to the

Temperature of silver zeolite before testing
gas temperature gas temperature gas temperature gas temperature

Absorbed methyl iodide before DF

becomes less than 50 (mg) 1637 1644 2431 1985
Ratio of silver reacted with iodide (%) 6.1 6.1 9.0 7.4
Evaluated allowable load of methyl iodide 131.0 1315 1045 158.6

on two organic iodine filters for a plant (kg)

DF: Decontamination Factor.

87



Fig. 4-5 7> & Fig. 4-8 [ZK &M CORBRBIMG OO AN DR, HARE, I U
b A FNBRELROHER 23, BRGSO < I H DR EE 2SRRI LL T ok
RS S, RO THIREN ERZGD, I3 VLA TFARERGIKTT 5,

100 100

E 90 = ‘H;NA_A\ 98
O
o 80 9
2 R
.5 /0 o4 & —e—Inlet concentration of
- = . .
& 60 92 @ methyl iodide
= M §
[+1]
2 20 90 2 Outlet concentration
S 40 88 2 of methyl iodide
= o
= o
3 30 86 é —A— Absorption efficiency
= 20 84
=
2 10 82
=

0 80

0] 100 200 300 400 hOo
Time [min]

Fig. 4-5 Results of methyl iodide absorption performance test A-1. Test conditions are
listed in Table 4-3 as test number A-1.
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Fig. 4-6 Results of methyl iodide absorption performance test A-2. Test conditions are
listed in Table 4-3 as test number A-2.
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Fig. 4-7 Results of methyl iodide absorption performance test A-3. Test conditions are
listed in Table 4-3 as test number A-3. Performance drops were observed when the test
was suspended and resumed because residual methyl iodide was measured at the outlet.
This was not considered as relevant to the performance of silver zeolite.
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Fig. 4-8 Results of methyl iodide absorption performance test A-4. Test conditions are
listed in Table 4-3 as test number A-4.
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Fig. 4-9 Relationship between contact time and allowable load of methyl iodide on two
organic iodine filters for a plant. The conditions of test cases A-1 to A-4 are listed in
Table 4-3.
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Fig. 4-10 The test facility for iodide desorption from the silver zeolite.
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Table 4-4 Test cases for methyl iodide absorption of
silver zeolite simulating vent startup conditions

Test Number B-1 B-2
Contact time (s) 0.173 0.166
Methyl iodide concentration (vol ppm) 126 120
Gas temperature (°C) 101 101
Gas pressure (kPa [gage]) 15.9 10.2

Steam 10%

Gas composition other than methyl iodide i{g;%gein;égf Flllsi(tdrgc;geine?%%f
Temperature of silver zeolite before testing temi)c;?zur o temF\;)c;c;g:ure
oty e et OF
Ratio of silver reacted with iodide (%) 1.8 4.1
Evaluated allowable load of methyl iodide 38.3 887

on two organic iodine filters for a plant (kg)

DF: Decontamination Factor.
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D THINTIBNWTERB AT TN TREBEAMT 2 2 & ZHE L TRE LD,
b9 —ODRBRSM (B-2) Thd,
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DEXEFEAE & 95 50 LA EAMERFT DR & L 2 DI I U R AW AE LT8R OH
B, ARI URT A VIR BRAERORLMER bR L, WTLh Table 4-3
IR TEFIRRBIZ I 28UE L 0 RIEIZIE T L CTW25 23, DF 150 BLEAMfefR
S, I URT AN AHRRAEBEDRMNEGN TRET 2T VEET
HHKILIkg & EHD Z ENDND, X MMM OEEREICENTH A%
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Fig. 4-11 Results of methyl iodide absorption performance test B-1. Test conditions are
listed in Table 4-4 as test number B-1.
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Fig. 4-12 Results of methyl iodide absorption performance test B-2. Test conditions

are listed in Table 4-4 as test number B-2.
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Table 4-5 Test conditions for methyl iodide absorption
of silver zeolite simulating vent restart

Test Number C-1 Cc-2
Contact time (s) 0.152 0.388
Methyl iodide concentration (vol ppm) 56 46
Difference between gas temperature 8.4 83

and dew point (K)

Gas pressure (kPa [gage]) 56 8.2
Gas composition other than methyl iodide Steam 100% Steam 100%
. . . Room Room
Temperature of silver zeolite before testing temperature temperature
100 100
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Fig. 4-13 Results of methyl iodide absorption performance test C-1. Test conditions
are listed in Table 4-5.
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Fig. 4-14 Results of methyl iodide absorption performance test C-2. Test conditions are

listed in Table 4-5.
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Fig. 4-15 The filter unit test facility.
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Fig. 4-16 Gas velocity distribution along the centerline of a filter unit. Gas velocity
ratio is defined as the ratio of the velocity at the measured point to the velocity at the
bottom of the packed silver zeolite bed.
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Filter vessel

Candle type filter
unit (zeolite bed)

Pressure boundary

Center vertical cross condition
section of the filter vessel
mesh model Outlet pipe
Velocity boundary
I condition

Inlet pipe Gas flow

Fig. 4-17 An analysis mesh for the organic iodine filter and its inlet and outlet pipes.
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WIEIZ T DR 722 % Table 4-6 12779, JEEDIX H DX (X H1.0%LINITINE -
TWb, o, &F vy Mla=y MNIBIT 5 RHE 4 @RS 2 T A HEIZD
T, B S HBDOS % Fig. 4-19 1R, ZDELHOXIEH11%TH 5,

Filter units :
e Outlet nozzle
Velocity (m/s)

0.00000 16.000 32.000 43.000 64.000 30.000

¥EE)

Fig. 4-18 A numerical analysis result of gas velocity distribution in the center
cross-section of the organic iodine filter at the maximum vent flow condition (Volume
flow rate: 8m3/s/filter vessel, Mass flow rate: 7.9 kg/s/filter vessel).
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Table 4-6 Numerical analysis results of flow distribution

among the filter units at the maximum venting flow conditions

Filter unit Mass flow Deviation from
identification number* (kg/s) the average (%)
11 0.411 04
12 0.411 0.4
13 0.412 0.7
21 0.407 -086
22 0.409 -0.2
23 0.411 0.3
24 0.409 -0.1
31 0.408 -0.5
32 0.408 -05
33 0.411 04
34 0.409 -0.2
35 0.408 -04
41 0.409 -0.2
42 0.411 0.3
43 0.410 0.1
44 0.406 -0.8
51 0.411 04
52 0.411 0.3
53 0.411 0.3

* Locations and identification numbers of filter units are shown in Fig. 2.
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0.6 == Filter unit 22
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Hight from the bottom of the packed silver zeolite bed [m]

Fig. 4-19 Numerical analysis results of the distribution of linear velocity of the gas
passing through packed silver zeolite bed in candle type filter units at the maximum

venting flow conditions.
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REFEM LU THE SN, BEBRNOKD pH Z2 7 L U HEICHIE 2 5
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T, SHIETEADT D, RBIZERST-AKI vFRIT, ARIUET VX 2@
T ORI L, R~ S s,
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Table 4-7 Effectiveness in the reduction of cesium release in a severe accident scenario
with large break LOCA, SBO, and loss of all ECCS at Kashiwazaki Kariwa Unit 7

Reactor core Transferred to Transferred to Released to
inventory FCVS filter* organic iodine filter* the atmosphere*
Amount of cesium (Bgq)  5.2x10"7 1.1x10"? 1.1x10° 1.1x10°

* Aggregated amount for 7 days

Table 4-8 Effectiveness in the reduction of iodine release in a severe accident scenario
with large break LOCA, SBO, and loss of all ECCS at Kashiwazaki Kariwa Unit 7

Reactor After Generation Transferred Transferred Released
core deposition  of organic to FCVS to organic to the
inventory  in the PCV iodine filter* iodine filter* atmosphere*
Particulate iodine (Bq) 45x10"  45x10M 45x102  45x10°  4.5x10°
Elemental iodine (Bq) 22x101® 22x10%  22x10" 2.2x108 4.4 x10°
Organic iodine (Bq) - 6.7x 10" 6.7x10" 6.7x10"  1.3x10%

Total amount of iodine (Bq)  6.3x10'®  4.7x10"% 4.7x10% 54x102 6.7x10" 1.8x10%0

* Aggregated amount for 7 days
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BEE IIEEE LA 12 km, 18 B ROEERRE T & A IENT (2 % /-
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Table 5-1 Status of cooling systems after the tsunami
at Fukushima Daini Nuclear Power Station

System Unit 1 Unit 2 Unit 3 Unit 4
RHR(A) A Igﬁg ?:E)gﬁr‘?’;rs;gtlgr%e A loss of cooling system A loss of cooling system A loss of cooling system
RHR(A)
including cooling x Submerge of power 0 x Ssubmerge of power x submerge of power
systems RHRC/RHRS(A.C) source and motor 4 loss of cooling system source and motor source and motor
EECW(A) « Submerge of power submerge of power submerge of power submerge of power
source and motor source and motor source and motor source and motor
LPCS A |§23 gggﬁr‘?’;;;:tléﬁe A loss of cooling system A loss of cooling system A loss of cooling system
RHR(B) A loss of cooling system A loss of cooling system stand-by A loss of cooling system
RHR(B)
including cooling  RHRC/RHRS(B,D) submerge of power submerge of power stand-by submerge of power
systems source and motor source source and motor
EECW(B) submerge of power submerge of power operation submerge of power
source and motor source source
RHR(C ) Aloss of cooling system A loss of cooling system O stand-by Aloss of cooling system
RWCU A loss of cooling system A loss of cooling system A loss of cooling system A loss of cooling system
Muwe (o) stand-by O stand-by 0O stand-by (o) stand-by
(alternative water injection)
RCIC (o) stand-by O stand-by 0O stand-by O stand-by
QO : Operable, A : Loss of function due to the loss of support systems, X:Inoperable

e LT 1 2,4 ST R TR E2HAIT 272002 TOREGKH & ECCS
HERETER LT D, Z ORI TR EKICEE 2 D3 X, ECCS ITIFNLiE
T 5 TWRWRFIFREEERF M AR (RCIC) & 1EKA#EKR(MUWC) 72T
77 o7,

HIEBZICRAE LIzFG L . USRS Lo Eisi e, EIRIEE), 2o NCHk
FXAEIEE) (mY AT 407 ) 11, 2, 4 SRETIRERETHY . 1 5HER
F & LTEDRRYZ Table 5-2 127”77, LR TIXZ A6 OXFIGSIZ DUV TEEAIC
SHT L. ZEINZHOWTEET 5,
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Table 5-2 Chronology of events and response actions at Fukushima Daini Unit 1

Date Time Event Plant Operation Restoration and logistics
March 11 14:48 Reactor auto—trip triggered Post-scrum actions and continuous
by earthquake acceleration. Reactor cooling by Main Condenser.

Two out of three external power
line lost by earthquake damage.

15:22  First tsunami wave reached the
site. (repeated until 17:14)

15:36 MSIV manually closed.
RCIC manually started.
16:15 Reactor Depressurization started.
about 21:00 Field walkdown started for damage
identification.
March 12 0:00 Low pressure alternate injection
to Reactor by MUWC started.
about 5:00 Filed walkdown completed.

Procurement of essential material
for restoration started.
5:22 S/C temperature reached 100°C.
= Loss of pressure suppression
function of PCV.

7:10 Alternate spray in D/W by MUWC.
7:37 Alternate spray in S/C by MUWC.
18:30 Preparatory operations for PCV

venting completed.

March 13 about 7:00 Transportation of essential
material for restoration completed.
about 8:30 Cable laying and motor replacement
started for recovering RHR (B).
11:32 Alternate spray in D/W by MUWGC.
14:29 Alternate spray in D/W by MUWC.
March 14 1:24 RHR (B) restarted. Restoration of RHR (B) completed.

13:40 Reactor cold shutdown achieved.

Note: MSIV: Main Steam Isolation Valve, RCIC: Reactor Core Isolation Cooling System, S/C: Suppression Chamber, D/W: Dry well,
MUWC: Make-UP Water Condensate System, PGV: Primary Containment Vessel, RHR (B): Residual Heat Removal System Div. B
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LA OHERRERLT 7 v MRILO FERE O CH IR B E T2 7,
—J . HENMFEAM I CHET 5 BEERRBUCIT, MR AR BRI ETRT
RARRR DNV ERE S L7z, U OXIRAMER OS] 2, Fig. 5-1 (2R,
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_| Information Team |

—| Reporting Team |
—| Public Relations Team |

Engineering Team

—| RP (Radiation Protection) Team |

—| Restoration Team |
Site ERCHQ
—| Plant Operation Team |
Leader: Site Superintendent

—| Procurement Team |
Deputy leader: Plant Manager
Member: General Managers, _| Employee Welfare Team |

Chief reactor engineers, etc.
—| Medical Care Team |
—| Administration Team |

Security Team

Fig. 5-1 Organizational structure of the Fukushima Daini emergency response
organization at the time of the Great East Japan Earthquake in 2011. ERC HQ means
Emergency Response Center Headquarters.
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Fig. 5-2 One of the white boards summarizing plant system information shared
between the Fukushima Daini emergency response organization and operators in the
Main Control Rooms. Status of emergency power (M/C: metal-clad switchgear, D/G:
diesel generator, DC), ECCS and injection systems such as RCIC and MUWC,
injection water source (CST: condensate storage tank), availability of main condenser
(status of MSIV: main steam isolation valve), and so on were summarized on this
board.
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Primary Containment Vessél
Suppression  Temperature
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/
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Fig. 5-3 Emergency measures employed at Units 1, 2 and 4 to inject water into the
Reactor Pressure Vessels after losing all the safety-related injection and cooling
systems including Residual Heat Removal Systems.
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Fig. 5-4 Reactor pressure of Unit 1. RCIC, LPCI, S/C, MUWC and RHR refer to
Reactor Core Isolation Cooling system, Low Pressure Core Injection system,
Suppression Chamber of Primary Containment Vessel, Make-Up Water Condensate
system, and Residual Heat Removal system, respectively.
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Fig. 5-5 Reactor water level of Unit 1. TAF means Top of Active Fuel.
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Fig. 5-6 Pressure of Unit 1’s Primary Containment Suppression Chamber. D/W, S/C
and FCS refer to Dry Well, Suppression Chamber, and Flammability Control System,
respectively.
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Fig. 5-7 Temperature of Unit 1°s Primary Containment Suppression Chamber. D/W,
S/IC and FCS refer to Dry Well, Suppression Chamber, and Flammability Control
System, respectively.
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Fig. 5-8 Layout of mobile power vehicles and temporary cables used for the recovery
of cooling systems. Hx Building means the Heat Exchanger Building, where cooling
facilities including heat exchangers and pumps are located.
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Fig. 5-9 Reactor and Primary Containment Vessel cooling loops established at Units 1,
2 and 4 after the recovery of RHR, RHRC and RHRS.
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Fig. 5-10 High-level functional structure of the Incident Command System.
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Fig. 5-11 Functional structure of an improved site emergency response organization
with ICS concept applied.
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Fig. 5-12 An example of a common operation picture for information sharing among

responders in a nuclear emergency.
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Fig. 5-13 Concept of phased approach in emergency response.
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fourth layer of defense in depth.
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CST:
D/D :
DEC :
DF :
D/G:
D/W :
ECCS :
EECW :

EPDM :

ERC HQ :

FCS :
FCVS :
GTG :
HPCF :
HXx :
ICS
LOCA :
LPCI :
LPCS :
M/C:
MSIV :

MUWC :

Advanced Boiling Water Reactor, iz F AU g /K 7 i I

Boiling Water Reactor, /i /K J5 -7

Containment Atmospheric Monitoring System, #&#N as 755 € =4
H

Condensate Storage Tank, 8/K7jE % > 7

Diesel Driven, 7 « —1/LERH)

Design Extension Condition, &% #1514

Decontamination Factor, [RYt%%k

Diesel Generator, £ HT  — B /L FEH

DryWell, K714 7 =)L

Emergency Core Cooling System, k% A L HIR

Emergency Equipment Cooling Water system. 3£ HT « —E /¥ E
B TGEsIER

Ethylene-Propylene-Diene Methylene linkage rubber, = L > - 7' &
Ly e VAN

Emergency Response Center Headquarters., B /2 el SRR A 4D
Flammability Control System, FIBAME A7 A I B il 41 5%

Filtered Containment Venting System, 7 4 /L& X2 K/ A7 A

Gas Turbine Generator, 7 A % — & L 5%

High Pressure Core Flooder, &/ F4F LK%

Heat Exchanger, ZAZZ#ags

Incident Command System, BXEFFEfET X 7 A

Loss Of Coolant Accident, #3144 #8255k

Low Pressure Core Injection system, &&= .0 EK R

Low Pressure Core Spray system. 1K/E4F.00 A2 7 LA R

Metal-Clad switchgear, x % /L7 7 v NBHFA%E (B EEFE)

Main Steam Isolation Valve, =754 b Hf 7

Make-Up Water Condensate system. 18 /K5 7K %
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PCV :
RHR :
RHRC:

RHRS :

RCIC :
RPV :

RWCU :

S/IC :
SRV :
TAF :

A,

Primary Containment Vessel, & 7-JF &M1& 25
Residual Heat Removal system., %8205 254

RHR Cooling water system, 7% Z\pr Lias v H15%

RHR Sea water cooling system, %% ZABR Epkas i EE K R
Reactor Core Isolation Cooling system. 5147 B ik Fr 743 21 5%
Reactor Pressure Vessel, 5747 71 ¥4

Reactor Water Clean-Up system. J5. %7 ¥ B84 b %
Suppression Chamber, 7L v g v F = >3 (JEIHIE)
Safety Relief Valve, K23 L2445

Top of Active Fuel, BAEFEZITEED
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