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Technical survey on damaged fuel transport

Masakiyo HISHIDA, Yasuhisa OKUDA, Hideki YAGIHASHI, and Kunio MARUOKA

Division of Research for Nuclear Fuel Cycle and Radioactive Waste

Regulatory Standard and Research Department,

Secretariat of Nuclear Regulation Authority(S/NRA/R)

Abstract

Regarding the transportation of fuel stored in the spent fuel pool
(hereinafter referred to as ”“SFP”) of TEPCO Holdings, Inc.’ s Fukushima Daiichi
Nuclear Power Station (hereinafter referred to as “1F”), it is necessary to assume
the characteristics of the damaged fuel and the form of the package since it is not
possible to deny the possibility that the fuel is damaged. It is also necessary to
evaluate the conformity of the assumed package to the current technical standards,
identify the items to be evaluated, and implement their evaluation methods. Also,
the water quality in SFPs of 1F is different from that of a normal power plant, and
as the water quality affects the amount of hydrogen generation in the package it is
necessary to acquire relevant technical knowledge. In light of these background, in
this research we obtained the following findings:

First, we conducted a survey on transportation of damaged fuel, mainly in
the literature of the International Atomic Energy Agency (IAEA), the International
Symposium on Transport Containers and Transport of Radioactive Materials (PATRAM),
and other open literature. Inparallel, we obtained information on the fuel assemblies
in the 1F Unit 4 SFP. Then, we assumed the condition of the packages and identified

some technical issues which we further examined shown as follows:
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Regarding the technical method for identifying damaged fuel, since it is
considered difficult to handle fuel for which fuel integrity has not been confirmed,
for inspection, it is concluded that a method such as to measure the amount of
deformation of the fuel assembly upper tie plate is applicable. Regarding the
influence of water chemistry on hydrogen generation during transportation, we have
conducted a basic experiments to measure the amount of hydrogen generated by
radiolysis. As a result, it was found that iodide ions had the largest effect on the
amount of hydrogen generated among halogen ions and moreover, when the iodide ions
of a certain concentration coexist under the presence of seawater, iodide ions had
a dominant effect on the amount of hydrogen generated.

In addition, we conducted a study on the criticality evaluation methods for
packages containing damaged fuels including case studies and identified some

technical focal points for conducting such evaluation.

These findings will be used as a technical basis for future safety assessment

of damaged fuel transportation.
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1F TEPCO Holdings, Inc.’ s Fukushima Daiichi Nuclear Power Station
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Fig. 1. 2 A capsule—type hydrogen generation amount measuring apparatus under

irradiation with radiation in gas—liquid two—phase
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PREHEDN SRy ROV SN ASAIZHOWTI, it &=L v FAMARAK &
BATHHDELTET /ML, Ly MgHE, U0 REK N0 RIRE /3T A—H
& LT 2 92k LTz, Ly MU B AR 72 0 I 35 A%y GEARYT-
D 5AR) & FRRE U T2 M L7/ R. Ly RARENIZ L EE 5510
keff 1% 0.95 Z2 FEl> 72,
Fio, WHESA~D Ly OB EFE LISGAITIE, Ly FOHERET 2 &
(R N OHPETIRIAA 3720 & keff 130,95 2B DAER L 72 o7,

PALEX O | BRI A 0 L 7o s O RE SE I C 31 28 EA & LT, IR AfiH L
7
a REHE Y Y F D2 i
b IREHED DAL R SILABAITHOWTIE, Ry MOt E, it &N~
Ly b EEDIFFOKE DR, SN Te~< Ly NOHERGAT (PP &
DOOERIR) 2508 keff 1 T5-2 DR
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Fig. 2. 1 Package model (example)



2. 2 W OKFRAEROFHE

AHFFE UL, ERFERER D OKFEF AR A It U, B L7-ikBhr — & 258 -
FLTC, B KFED A LB ORHRI 31T A E ST 272010, SRRk
FEIREE D IRE AR S I SN A SR A ARE L, BRSO KEEES I C OV TIRAT 21T,
LIFD &30 KFRAEEUTIE B Lo a2 3205 L7z,

2. 2. 1 #Br

FHIRFIZ 1F O SFP IZHERDEA ST 72D 7 — W KITH AR NG ENTND Z & F
7oy HEBRER D13 At A A D i AUA AU BNRH L 0D B2 6D
TEEBEEZAT, IO A T L RIREED SRR & D/KFEFRAEDZEEN G- 2 2 5%
295 2 2B E UCGRBRSGAM250E Uiz, BARIZIE, Mkaksy, 3 ki1 4
SAFEACIA A 2 ISENEN I T ET DR M OMEKRGY & 3 UAA 2 3 3R 7T
THRT, TNOA T URERNRIRZ /3T A—2 & LT, KOBEHRIME L0 R4S
L IRFDEFIRE R OIKED BHNT D GAE GRS ALATT D G, AR TIE, KR
FElTHAE U T- G ) ook 4 92k L 7=,

(1) #BREEE N O BRSR
ABREEOMEZX 2. 212, RBSMEEK 2. 21087, T, AR CHEHT
A NTHK) ITEENDEG M ONRELRFR 2. 3ITRT,

(2) EHEKFERERERR
AR T, S|IRKO 150CTO ALK, 3 VA A BT R A A
CHIRIET DR MO TR & 3 UAEIA A DT ES % R TOKFEFE
AR a I LT, TORRER2. 410”7, EBRBREHTIN T, RIFFAIZET)
ZAEAME L, (2. 1) & HO TR ST 2 KR OEFIREZ TS LT,
P

g

"k My
G : ZKFBDOFHREL (mol/g)
P, : KFEDIET] (Pa)
ki : ~ U —E# (Pa)

Mo : ZAKOENER (g/mol)

.............................................................................. (2 1)

AR TR O HRITRD L B0 Th 5,
X 2. 3@z, FRATHKT ORI A A ARESZNLH 1. 4X10° mol /L, 2.8
X107 mol/L UM 1. 4X 107 mol/LiZxtL, I kF h U U A (Nal) %3 v{kihA A
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JREEE LT LOX10™" mol/L ML TR L7ofERA R T, Db &, KEFHAEITHED
JEZ) ESHE, 10D 100h B2 & TIIWTHOSAF T HIRTERI Th o7, & AN,
RO & & BICERIEOIENBLDENRKE L 720 | FRA TP O LA A
IREER 1.4X 107 mol/L D & X1Z, SHEED R IRV 0. 23 MPa fHEDE L 720 . KIC
2.8X10° mol/L ML X{Z0.46 MPa, =L T 1.4X10° mol/L ®D & X(Z 0. 66 MPa {3 %
THEIINLT,

FVEEIAIRA LI KEIROSA (X2, 3 () L0 BIZANTENZ Enb, K
BRI T, IR EAMERY Vil GRERFRFH AV Vi) CIIA RN T KIREE I
ERIRIZ, T LA AU REEDVKRERAEBICENITHD Z LB yhoTe, — . K&
IR B 8 DR < 720 C GRS HFEER < 725 0) |, VLA R~ T & 51272
5 &, HETHARA T KREORENEETEX 2 b L bHbL N o7,

2. 3OITEFEAKEREEL~CU A (2. 120 ITESEFHRLIERTH D,
ARG TOERIT 13CIESTD T Y —EHIT I3COEAEN U TEHA Uiz, A5+
T, ARATAKIRE & 3 oA A RE (107 mol/L) DFHA.OFEZ XV KHE
FAERARDTIY | FRBOVHERENL, AR TIRKT OHEA)A AR 1.4
X102 mol/L D& X1Z 2600 ppb, 2.8X10° mol/L ¢ & X{Z 5000 ppb, AFTNT 1.4X10°
mol/L D & XZi%, FE5EE/RTHATEE L CTU72U28 7000 ppb FREE DO EH /KFRIREE &
Tl L7z, B OfEIX S T A 3 HAE L QRO IR LK DS TOE R
KFEWEEE (2. 3(d). 20°C. 100~200 ppb) (ZH~S, 10 FELL BRIV VEEE & /e o> Th
0. I UAEA A DEZENTR RNTAER L o T D,

(3) RANTD GAEORERES

IKFEDRINT D G AT 272912, FERGAIHINE > TR O
O GERERER A FhE LTz, TORERREFR2. 5 ROM2. 4177, K2, 47
T E B Y RRICBO TIRBUKORFEA AR OBINCEE D, KFEOBINT O G E
DMEINT DA B D,
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Table2. 3

#2. 2 WM
Table2. 2 Test condition

IHH e ~an

* v SN (en’) 300
R (Gy/h) 10° FREE
AERE (0 2R, 150

%

Tz, AEBRZ YD Dt
ABRIFH] (h) FEC, ) s

100 (FHEHFHR )

F T 100h LIREH IER:
Li=GEab H 5,

#2. 3 WBRCEMT 2 ALEKICE £ 00 M OVRE

Components and concentrations in

artificial seawater used in the test

D% TR (ppm) E/VIREE (mol/L)
Na 10019 4.4%X107!
Mg 1184 4.9%X10%?
Ca 409 1.0X10?
K 449 1.1X10?
Sr 7.19 8.2X10°
Li 0.16 2.3X10°
B 8. 38 7.8Xx10™
Cl 17795 5.0X 10"
S0, 2638 2.7X1072
HCOs 138 2.3%107
Br 51 6.4%10"
F 1. 36 7.2X10°
0.05 3.9X107
Mn 0.17 3.1X10°
Co 0. 50 8.5X10°
Al 0.89 3.3X10°
Fe 1.03 1.8%X10°
NH, 1.58 8.8X10°
W 1. 11 6.0X10°
Mo 9.78 1.0X10*

() AT, & EEE (k) "o N THEk~ Y > 77— b SF-1 (251

) ZHK 261 I\ ZERFR U T- IR
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FK2. 4 IKFRAEIRD ETFRKFIRENERE R
Table2. 4 Measurement results of equilibrium hydrogen concentration concerning

hydrogen generation test

o StBR K e

No o KTBA ECL A 2ED REBT E*Z"%’ﬁ’g
((cr) mol/L) (mol/L) (mol/L) i
1 B 14x103 110
2 ES 2.8x103 150
3 ES) 1.4x102 210
4 p! 1.4x103 1.0x10% 7000
5 ! 28%X103 10x10% 5000
6 TR 1.4%X102 1.0x10% 2600
7 E- 1.0x10% 6000
8 ES- 1.0X105 520
9 S 1.0X10% 80
10 S 10X10% 650
11 P! 1.0X10%5 80
12 2 1.0X10°8 20
13 150 1.4%x103 <120
14 150 28x103 <120
15 150 1.4x102 <120
16 150 1.4%103 1.0%x10° 5000
17 150 28%x103 1.0x10* 4500
18 150 14X102 1.0x10° 4000
19 150 1.0x10% 4700
20 150 1.0Xx10° 410
21 150 1.0X10% 370
22 150 1.0x10% 350
23 150 1.0X10° <120
24 150 1.0X10° <120
N=]

gg 155:‘(; Reference data (pure water) <51020
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2. 5 KKREIKRD AT G HOWERR
Table2. 5 Apparent G value measurement result on hydrogen generation
e 454 LK G &

No. o ATk A4 214> (48/100eV)

(vapour/liquid) ((CF) mol/1) (mol/L) (mol/L) =R 150°C
i 02 1.4x1073 0.02 -
2 05 1.4%10°3 0.02 0.04
3 1.0 1.4x10°2 0.00 011
4 0.2 281073 0.03 -
5 05 2.8%1073 0.07 001
6 10 2.8%10°3 0.12 0.09
7 2.0 2.8%10°3 0.17 -
8 0.2 1.4x1072 0.04 0.01
9 0.5 1.4x107? 0.12 0.02
10 1.0 1.4x107? 0.26 0.28
11 2.0 1.4x102 0.32 0.60
12 0.2 1.0x10°% 0.06 —
13 0.5 1.0x10°6 0.14 0.02
14 1.0 1.0x10° 0.17 0.35
15 20 1.0x10°6 0.05 —
16 0.2 1.0x10° 0.21 0.05
17 0.5 1.0x10° 0.28 0.42
18 1.0 1.0x10° 0.46 0.42
19 2.0 1.0x10°% 0.37 0.07
20 0.2 1.0x104 0.54 1.04
21 0.5 1.0x104 0.41 0.78
22 1.0 1.0x104 0.57 0.75
23 20 1.0x10% 0.54 0.30
24 0.2 1.0x10°6 0.02 —
25 0.5 1.0x10°6 0.03 0.38
26 1.0 1.0x10°6 0.04 0.22
27 20 1.0x10°6 0.05 —
28 0.2 1.0x10°% 0.02 —
29 0.5 1.0x10°% 0.03 NA
30 1.0 1.0x10° 0.03 0.26
31 2.0 1.0x10°° 0.04 —
32 0.2 1.0x104 0.12 0.04
33 0.5 1.0x10* 0.15 0.06
34 1.0 1.0x104 0.27 0.02
35 2.0 1.0x104 0.39 0.56
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Fig. 2. 2 Experimental apparatus

07 0.025
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*
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< 04 . -t s
) IS [ ] 2
& - ] *ﬁ(
R 0.3 *
1+ 0.010
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0.2 * &
]
o1 : & ATigK((C) 1.4 X 10-3mol/L) +Nal7K & #&(1.0 X 10-4mol/L) 0005
’ . u ATi#gK((Cl) 2.8 % 10-3mol/L) +Nal /K& #&(1.0 X 10-4mol/L)
AI#8K((C) 1.4 X 10-2mol/L) +Nal 7K & #(1.0 X 10-4mol/L)
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B (h)
(a) ] — =028 . (AN LifE7k+Nal)
8,000 - 250
7,000 | .
f r o
* *
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6,000 [ .
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= b . .
g 5000 f .-"."l £ 150
B g . .
gﬁi 4,000 . #
o 4! L ¢ #%
L *
%'5 3,000 | . {{E 10
E [ ]
200 =
[ ™6 [e ATHK(C) 1.4% 10-3mol/L) +Nal7Ki& (1.0 X 104mol/L) 50
1,000 F " B A I8K((d-) 2.8 X 10-3mol/L) +Nal K& (1.0 X 10-4mol/L)
:" AT #K((C-) 1.4 X 10-2mol/L) +Nal K& & (1.0 X 10-4mol/L)
B 0

oF

(b) WA B — i /KSR (N /K +Nal)

X2. 3

Fig. 2.

200 400 600
TR AR R & (kGy)

800 1,000

[ ] ] *
X3 °

& ANI#K((Cl) 1.4 X 10-3mol/L)
u A\ I#K((Cl) 2.8 % 10-3mol/L)
ATI#EK((CH) 1.4 X 10-2mol/L)

50 100
B (h)

(o) el — =28 (N THK)
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*
( ]} *
*e N

& AIiBK((CH) 1.4 X 10-3mol/L)
u AIBK((Cl) 2.8 % 10-3mol/L)
AT#BK((ClH) 1.4 X 10-2mol/L)

50 100 150
TR AR 4R & (kGy)

(d) W — 2 K SRR EE (N TK)

200

AR LK (B ROFIRA LK & I 7AW A IAFER TOARERE

3 Hydrogen generation in simulated water and hydrogen generation in

(==1i)

simulated water with iodide ions (Room temperature)

_18_



0.35

BRI+ DOGHE(E/100eV)
© © o o o
e & 8 & 8

e
=)
o

R H T D GIE (f8/100eV)
© © © © o
8 58 8 &

o
[=Y
o

0.00

0.60

0.50

0.40

0.30

0.20

R I DGHE ({8/100eV)

0.10

0.00

L 2
.
* AT #K:(CF)1.4 % 10-2mol/L
i o ® AT #K:(CH)2.8 % 10-3mol/L
R - AI#K:(CH)1.4 % 10-3mol/L
N X i K
A u
I 1
& X A
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Fig. 2. 4 Apparent G value calculation result on hydrogen generation (Room

temperature)
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2. 2. 2 fithr
(1) fighr ==— RoOWEE
AMFFETIE, KBTI TR DRI RSO B < BT =1 — | STMFONY
G2 Tl Uiz, AMHTCIE, WIDIKT (RAEEM) TORDHSHRRMRC K 5 KHE
FAEZFHAE L, WITKF () ORFBREDNSANAFAET 57K & RN 725 &
RE LT, AT & SR & OB Z A~ U] ((2. 1) R) LHEIEKEORRE
IR E IV CRII L7z, SIMFONY DEAS (B T CORRBEAHT COLFFE 1 DRI
ORI (L AERT) 12(2. 2)XDEEBY TH S,
k. (2. 2) XOLIFE TR L DA0FFE 1 DR, BBt
1 DR DAFLOS RO =BT HE 1 25HE SN FPORZ -

dC N N N
;j%@@“w%ﬁ{;;%@%—@;h@ e (2. 9)
i AbSFRR A FFR

1, m: bR 1 24T DA RURIC B D0 F R AR
s AU 1 ZAHE T DAL RUGIC B D0 A KR
Ci @ R COL AR i ORFE (ol /L)

£ BNMRELREL ((mol/L)/s)/ ((fE/100eV) (W/L)))
g H=RTOGHE (ff/100eV)

gt FHEFTOGAE (fE/100eV)

Q"+ T~ ORIGHRESR (/L)

Q" FPEFOYIERESR (/L)

N = K P O HER RO B - D bR DL

kin - AESAE 1 EALSAE m ORI OSIGOBISIHEE TR ((mol/L) 's™)

(2) fRbTHER

FRBRIC L0 B LT B KRIREE &L fihT T B KSRIRE OB ZX 2. 51077,
TEHKFRIREEDS 100ppb FREELL BT, MRS RIXFERAE R L RFTH D, TV HIT
~50%7> H+100%E TOFPANICH 5, L7zh - T, T RITFERER 2 L <HEB LD
HEEZD,

7236, ARIREEM (100ppb FREELATR) TRRENRKE K 22 TWNDHDIE, FEERIZIBNT
JENZACD NS o Te ZEMBREENRE S ol b D &b g,
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Fig. 2. 5 Correlation between analytical and experimental equilibrium hydrogen

concentrations (Room temperature and 150°C)
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2. 2. 3 HGHROERE e AUA A ORISR D Rt
IKDFEIROIRHELT LK OKGRRED < 725 L AN ER TE 7272 D,
P PO IR ORISR T D, ZDOEE 00 7 PUNNBEL 2D,

Ho + *OH — H 4 HyQ  corereereerorere e (2_ 3)
KA~ a 7 AA A X- (C17, Br XU 1) DMHET D &, IROBUGKD L 91T

a7 AA A AT K 5T OH T VAV HNHEE S, FREAOGOSHE SN D T2, KD
TR K 0 AT D KBDOEFIREIUKOEE L0 HEVME L 72D,

XOH- + H — X + H0 (2 6)

(2. 4) K& (2. 5) RTHEUSE 72 D0, b1 4 LB+ DEh
TNORUNEREESE 75 & A A2 CIiIbisds (O 7 P VEERT DRIE) O
BOSHREEEHIRE < O Z A1 VOB TN RANTHET L722vy, —F5, RAA A2 Tk
WSSO REEE EESIERG O 7 P AV EEE T HE00) L0 b 2H/ SN Lk,
OH 7 ¥ AN ZHET 2 SOSHVIRANTHETTT D, LT3 > T, AKRDOFFESSULOBRLA &
725 S B 72 OH 7 I VIS EAUIA A AN K> THE S D T2 KR 233679
% & KFEFAERDIEINT 5,

7B, VA AR, B A K0 SISO SOESEREEEEAELUGR & 0
HNEUY,

Fio, K2, 6ITRT I AA A4 & 00 T 2 I NVORIGDIERISD OiE
FETERR & RO D SO TER D b Reke/ ko 1, T DAMIA A0 > B A A > ki A
FUDNAIREL 22D, ZDI=, 3 IA 2 ORIGHD e b KFFRA BT 5
2leLEZD,
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#£2. 6 NaF AL E OH TV HIIVORISEEEER LD &2 B9

Table2. 6 Comparison of reaction rate constant ratios between halide ions and OH

radicals
N AA A FOSEEERE R (ke/k ™) TRSEFEAEDEA)
clr 0.7
Br 200 l Bl
T 9000
%) ke BSOS O T VHVENET D8 ORIGHEETEE, (2. 4) X
ky : WG (OH 7 BN EARRT DO6) ORIGHEETES (2. 5) &
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3. fdam
3. 1 AROEN

TBARPRBHIRITE AR 2 Bl Ol SE3EE D ENME L 72 1F 0 SFP 351 A IR R
FRIRIUCBE 9~ 2 FHARE A JEIT . 4 S H SFP PIBRBL D G HINEE . FEHBIREIE DOBREI AR 5
SCHRFRAS S ORI 2 U U 7355 OB ORETE 2 FEliiE L, 20D OfEFUCH D X1k
TEIREHIRA AR DRRE A L, B SIS REORG 21T o7, F72. BdEEE 210
L7 Wi DR FEHMIC IV T, BBIOETEFG KON Ly b OS2 25l &
T2 ETEETAREFHETHD Z LR LT,

W) o DK RO T, R A A BIRO AT O G, = {1 4>
B FLANT O G OFRN THEK D T O GIEEIE Lz, 20 HOH LWAIRLE
e ACA A ORI FREUG & Z ORISEEER) OmE, &2 &9 &9 @) &6
ERBGDOED Z & T BEHRORRIGET /UL D (2. 2) K& AV ClEblo sy
fRIZ L D KEFAEREE T CX 2,

BEEIRE T 351 T BAKEDIEITAR D G ERC OV TIE, Wik S IfEL TV BB E S v
LA A DIRFFAT DN TIIERTH O | BAERE DIEHT 2 3 oA A i
FEIZHEET D0 ERD D,

3. 2 HBYOERRDL

ARFFE Tl FEFHENG L 7= 1F O SFP 21T 2 A BREFO BRI BE -2 fiAhs
RaHC, HESNDEEMI OV TEITORAEE~OB A2 M L, FEICBIT 5
RERAHIT 5 2 LA HANCHEZ IR L, 240 ORERICED SRHRIREHEIE R 2
AUEA N L, BB SR ORE 21T o T,

F - AR THIH Sz 1F 0 SFP O/KE A ER 2N TOK BT R
R DRI ONT, IKBERARERE I L, MK HESIHT 5~ 7 At
WA T AZONT, ZOREEAR WA BN LI,

3. 3 FKROTEME

AFFE CTHUST: U TR S D& B3 2 b, ARBRERD A L TG G O
EOFINRDLEFHMD 7o D OHA AR & LRI 2,
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