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ABSTRACT

For the waste management in the decommissioning of the Fukushima-Daiichi
Nuclear Power Station (1F), its appropriate treatment based on the accurate
information of the inventory and the contamination aspect is of importance. Thus
distribution and chemical/physical states of Fission Products (FPs) such as Cesium
(Cs) in the 1F should be considered in constructing the waste management plan
This information could be obtained from the evaluation of both the short-term FP
behavior, namely the process of release, transportation, and deposition in the
Severe Accident (SA) of 1F, and the long—term behavior such as the penetration of
Cs in the retained water into concrete. In this study, in order to contribute to
the waste management plan of the 1F through the improvement of the evaluation
method of FP behaviors, models were constructed for the chemical behavior in the
reactor coolant system and the penetration behavior into concrete. Cs was focused
as one of the main long-half-life contaminants in the 1F

FP chemistry has been one of the key issues for the evaluation of short-
term FP behavior under SA conditions. This is because the FP chemistry affects
the FP release and transport behavior, and thus define the nature of FP
physical/chemical states in the 1F. As for Cs, recent researches have pointed out
the possible formations of cesium molybdate (Cs;MoO;) and cesium borate (CsB0,) in
replacement of Csl and CsOH. Regarding the gas phase FP chemistry, the chemical
reaction kinetics should be considered in the temperature regions around 1000 K,
instead of chemical equilibrium since FPs are expected to be transported to lower
temperature region before reaching to the chemical equilibrium. Therefore, a
dataset of chemical reaction kinetic constants for Cs—I-B-Mo-0-H system based on
either |iterature data or calculated values using ab-initio calculations was
constructed in this study. The sample chemical reaction calculation using the
presently constructed dataset showed the usefulness of the dataset to evaluate FP
chemistry in Cs—1-B-Mo—0-H system under SA conditions. In addition, a reproductive
exper iment of Csl transport behavior under steam condition was conducted for the

purpose of both clarifying the mechanisms of Csl transport in the reactor coolant
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system conditions and obtaining the fundamental data for the validation of the
presently constructed dataset of chemical reaction kinetic constants. As a result,
two mechanisms for Csl transport behavior could be elucidated. One was the gaseous
phase chemical reaction in Cs—1-0-H system at relatively high—-temperature region,
which led to gaseous iodine transport to the lower temperature region due to the
kinetics limitation effects. This result was consistent with the chemical reaction
calculation using the presently constructed dataset. The other one was the
chemical reactions related to condensed phase of CsI, namely those of CsI deposits
on walls with surface of stainless steel to form Cs,CrOs compound and Csl aerosol
particles with steam, which were newly found in this study.

As for the long-term FP behavior in the 1F, Cs penetration mechanisms
into concrete by immersion in the contaminated water was focused. Accurate
estimation of the Cs inventory and the contamination aspect such as penetration
depth in concrete requires various factors such as fraction/distribution of mortar
and aggregate. However, it is difficult to analyze large numbers of 1F real
samples. Thus, a 3-dimensional simulation method of Cs penetration behavior into
concrete was developed in this study to help evaluate the Cs penetration behavior
into concrete having various factors. In the simulation method, only diffusion
was considered as the migration mechanism of Cs in the concrete and distribution
equilibrium of Cs between concrete surface and Cs—-containing water were assumed
as a boundary condition. A first trial simulation is given for the reproduction
of experimental result for Cs penetration into homogeneous concrete in order to
confirm the applicability of this method. As a result, the tendency of the
exper imental results, namely the gradual decrease of the Cs concentration due to
penetration into the concrete, were roughly reproduced. Therefore, the developed
simulation method could have the potential applicability for the simulation
methodology of Cs penetration into concrete

The dataset of chemical reaction kinetic constants for Cs—I-B-Mo-0-H
system and the knowledge obtained by the reproductive experiment of Csl transport

behavior could be useful to evaluate the Cs transport behavior in the 1F SA. On
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the other hand, the simulation method of Cs penetration behavior developed in
this study could help estimating Cs contamination aspects such as penetration
behavior of concrete which has various characteristics. These contributions of
this study would lead to better understanding of the Cs distribution and
chemical/physical state in the 1F, which are essential for the 1F waste management

plan.
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PLEHAREEHR L=, (2 Cs-1-B-0-H RILFFEIZDLWTIHFRLS—HL. IF FHD
& D IZBRFHM THSBEZETHRD FPILZDFMEFESTEALICORFELIENTES,
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KRIM)-1 ELRZEORYV -V T D-OOBRANZFEEHAEICE T HARZKE

HRILFEE (R

Cs, Csy Gs0, Cs;0, Csy0;, CsOH, Csj0.H,, Csl, Csyl;, CsH, CsBO,
CsoMoOs, I, 1, 10, 1,0, 10, 105, HI, HOI, Mol, Mol Mols;, Moly,
Mols, Molg, I,Mo0, BI, BI,, Bls, Mo, Moy, MoO, MoO,, MoOs;, Mo,0s,
Mos0g, Mos0:2, MosOss, MoOH, HMoO,, HMoO,,  H.MoOs, HMoOs;, B, By,
BO, BO,, B:0, B,0,, By0s, BH, BH,, BHs, BsHs, BsHo, BioHis, HBO, BOH,
HBO,, HyBO, HsBO, H,BO,, HsBO,, HsBOs;, H:Bs0s3, HaBo0s, HsBs0s, H, Hy,
OH, H,0, HO,, H,0,, 0, 0, O3

RI()-2 LZEORY)—Z2TD=-00RAZFEETHESH

Case 2
Case 1 Case 3
(HZO = 02 =
(0, = 1 mol) (H,0 = 1 mol)
0.5 mol)
EAH MPa) 0.1 — —
mE K 300 - 3000 — —
(100 KZ &)
FEE (mol) 2
H J 1.0+ 2.0 +72
0 2.0 +7 1.5+ 1.0 +7
Cs J J J
| J J J
Mo J J J
B J J J

? OF0~0. 01 DEEZEF - -ELMERT
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 EEREL & NEBE
def2-TZVPD
. IRENARAT [45]
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A E def2-ECP (Cs, I, Mo) [46-48]
HE-E 3 Hybr id-DFT method (M0G-2X) [49]
RI()-4 HFAFE (EERISHE) &#
EEH
AL ES e — GBI R
[£5 (MPa) 0.1
mE K 1000 - 2500
HAEDPEEFEEE (mol)
Ar 0. 045
H,0 0. 045
Csl 1.0x10°8
H3BO3 1.0x10°8
MoO; 1.0x10°®
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RI(N-5 ELERGEEEBOERARE L TEESNIELFRE

BE SNTLFE (HRHE)

CSOH, CSzOsz, CSI, CSzlz, CSBOQ, CSQMOO4, I, Iz, HI, MOI4,
MOOQ, MOOa, MOaOg, M04012, M05015, BOz, 8203, HBOz, HsBsoe,
(HsBO3)
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RI()-6 (1/9)

Cs—1-B-Mo-0-HRILZERICEEEHD T— 5 BiEiER

[P DILZERIE A n “ Ref.
(cm*/mo | -s) (J/mol)
I +H — Hl +H 2.4x10 8 1.93 1.28x10 ° [14]
[ +HO0 — HI + OH 3.1x10 7 2.26 1.81x10 ° [14]
[+H - H+ 1, 5.8x10 8 1.72 1.49%x10 ° [50]
I +0H—>HI+0 2.8x10 8 1.70 1.24x10 ° [14]
H, + 10 — HOI + H 6.6x10 4.00 4.38x10 * [51]
[ + HOI — HI + [0 2.3x10 6 2.29 1.11x10 ° [51]
OH + I0 — HOI + O 5.7x10 4.93 1.70x10 * [51]
OH + HOI — 10 + H,0 4.3x10 3 4.33 -1.90x10 ¢  [51]
I + HO, — HI + 0, 9.0x10 ' 0.00 9.06x10 3 [14]
HO, + 10 — HOI + 0, 8.4x10 0. 00 -4.49x10 ® [14]
0+I,—-1+10 7.5x10 " 0.00 0.00 [14]
I, + Hp = HI + HI 1.9x10 ™ 0.00 1.71x10 ° [14]
0+10—>1+0, 8.4x10 ™ 0.00 0.00 [52]
HOI + H — [ + Hy0 6.0x10 & 1.55 1.05%10 * [14]
[, + OH — HOI + 1 1.2x10 7 1.90 -1.20x10 * [14]
OH + HI — HOI + H 8.4x10 ° 2.28 9.33x10 * [28]
OH+1 — 10 +H 1.5x10 ™ 0.00 2.68x10 ° [14]
HO, + I — OH + 10 3.8x10 ™ 0. 00 4.74%x10 3 [14]
[+T+M—>1,+M 2.4x10 0. 00 -6.27x10 ® [14]
[ +H+M—HI +M 2.0x10 7 -1.87 0.00 [14]
I +0H+M— HOI +M 1.0x10 0.00 0.00 [14]
HOI + HI — I, + H,0 2.2x10° 0.43 1.41x10 ° [15]
Cs + HI — Csl + H 9.3x10° 1.56 -1.11x10 * [53]

@ ZHRRSIZDWNTIE, ADELIdomS/mol2-s
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RIM-6 (2/9) Cs-I-B-Mo-0-HRILFERICEEERDT—% BiFHER

[P DILZERIE A n e Ref.
(cm*/mo | -s) (J/mol)

Csl +M) —Cs+1 (+M° 1.4x10 1 0.00 3.35x10 °  [15]

Csl + Csl (+ M) — Csal, (+M) > 3.2x10°¢ 1.14 1.71x10 5 [15]

Cs + H,0 — CsOH + H 1.3x10 " 0.58 1.34%x10 5 [15]

CsOH + HI — CsI + H,0 9.8x10 8 -0. 41 1.19x10 °*  [15]

Csl + OH — [ + CsOH 1.0x10 ™ 1.00 0.00 This work
[0+ Hl — [, + OH 1.0x101 0. 68 2.56x10 °  This work
[ + CsOH — HOI + Csl 1.4x10 ™ 1.00 0. 00 This work
10+ H — 0+ HI 1.1x10 " -1.57 1.75x10*  This work
10 + H, — OH + HI 5.7x102 3.27 9.07x10*  This work
[0+ OH — 0, + HI 1.6x10° 0.99 2.89x10° This work
HOI + 0 — 0, + HI 2.0x10 0.14 2.39x10° This work
HOI + H, — HI + H,0 9.6x107 1.18 1.83x10°  This work
10 + Cs — 0 + Csl 2.2x10™ 1.00 0.00 This work
[+0+M—10+M 1.1x10" 2.00 0. 00 This work
CsOH + CsOH + M — Gsy0,H, + M 1.4x101 2.00 0. 00 This work
10+ 10 —>0,+ 1 1.5x10* 2.41 1.72x10°¢  This work
HOI + Cs — OH + Csl 2.2x10™ 1.00 4.19x10*  This work
HI + 0+ M — HOI + M 1.2x10 " 2.00 0. 00 This work
HOI + Cs — [ + CsOH 2.2x10 ™ 1.00 0. 00 This work
Cs + O0H + M — CsOH + M 6.0x10 2.00 0.00 This work
I, + Cs = [ + Csl 1.7x10 ™ 1.00 0.00 This work
[0+H+M— HOI +M 1.2x10 " 2.00 0. 00 This work
[0+ H, — [ + HO0 2.0x10 " 0. 66 3.22x10° This work

@ ZHRRSIZDWNTIE, ADELIdomS/mol2-s
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RI(M-6 3/9) Cs-I-B-M-0-HRILFERICEEERDT—% BiHEHR

[P DIEE RIS A n e Ref.
(cm*/mo | -s) (J/mol)
OH + OH — H,0 + 0 1.5x10° 1.14 4.20x10 2 [14]
OH + H, — H,0 + H 1.8x10° 1. 21 1.97x104 [14]
0+H, — OH+H 5.1x10* 2.67 2.63x10* [14]
0+0H—0,+H 2.8x10 ™ 0.40 -3.09x103  [14]
HO +M — H+ OH + M 1.3x10 ™ 0.00 4.40x10° [34]
OH+M—>0+H+M 2.4x10 " 0.00 4.16x10° [14]
HO, + H — H, + 0y 6.7x107 1.77 -2.38x10°% [14]
HO, + H — H,0 + 0 9.1x108 1. 47 5.81x10* [14]
HO, + H — OH + OH 2.2x10 " 0.88 -2.70x102  [14]
HO, + OH — H,0 + 0, 2.9x10 1 0.00 -2.08x103  [14]
Hop+M—>H+H+M 2.2x10 ™" 0.00 4.02x10° [35]
Ob+M—>0+0+M 1.8x10 -1.00 4.94x10° [14]
H+0,+M— HO, + M 6.2x10 " -0.80 0.00 [35]
HO, + 0 — OH + 0, 3.2x10 1 0.00 0. 00 [35]
HO, + HO; — H,0, + 0y 4.2x10 " 0.00 5.01x10* [35]
H0, + M — OH + OH + M 1.8x107 0.00 1.80x10° [35]
H,0, + H — H,0 + OH 1.0x10 ™ 0.00 1.50x10* [35]
H,0, + H — H; + HO; 1.7%x10 ' 0.00 1.57x104 [35]
H,0, + 0 — HO, + OH 6.6x10 " 0.00 1.66x10*4 [35]
H,0, + OH — HO; + H,0 7.8x10 " 0.00 5.57x10°3 [35]
OH+ OH — 0, + H, 2.0x10 1 -1.30 2.29x10° [15]
B+0, - B0O+0 7.2x10 ™ 0.00 1.30x10° [31]
B+0+M—BO+M 1.1x10™ -0.50 -8.33x103 [31]

@ ZHRRSIZDWNTIE, ADELIdomS/mol2-s
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RI(1)-6 (4/9) Cs-I-B-Mo-0-HRILFERICEEERDT—% BiEHER

[P DIEERIE A n “ Ref.
(cm*/mo | -s) (J/mol)
BO + 0, — B0, + 0 4.2x10 12 0.00 -2.13x10° [31]
BO+0+M— B0, +M 1.1x10 "™ 0.00 -8.33x10° [31]
B + B0, — BO + BO 3.6x10 1 0.00 0.00 [31]
BO + BO, + M — B,0; + M 1.8x10 " 0.00 -8.33x10° [31]
BO, + BO, — By0; + 0 6.0x10 0.00 4.16x10* [31]
B+0H—B0+H 6.0x10 " 0.00 0.00 [31]
BO + OH — B0, + H 2.4x101 0.00 0.00 [31]
BO + OH + M — HBO, + M 3.6x10 ™ 0.00 -8.33x10° [31]
BO + H,0 — HBO, + H 6.0x10 0.00 4.16x10* [30]
BO, + OH — HBO, + 0 1.8x10 1 0.00 4.14x10° [31]
BO, + H+ M — HBO, + M 1.8x10 "™ 0.00 -8.33x10° [31]
BO, + H, — HBO, + H 1.8x10 " 0.00 8.33x10° [31]
HBO, + OH — B0, + H,0 1.2x10 " 0.00 8.33x10° [31]
B.,0; + H,0 — HBO, + HBO, 6.0x108 0.00 4.99x10* [31]
BO+H+M— HBO + M 1.1x10 "™ 0.00 -8.33x10° [31]
BO + H, — HBO + H 4.5x10! 3.53  1.32x10* [31]
BO + OH — HBO + 0 1.6x10° 2.76 2.10x10* [31]
HBO + 0 — B0, + H 4.8x10 1 0.00 2.10x10* [31]
HBO + OH — BO + H,0 4.8x10 1 0.00 0.00 [31]
HBO + OH — HBO, + H 4.8x10 1 0.00 0.00 [31]
HBO + OH — B0, + H, 6.0x10°3 0.00 2.93x10° [31]
HBO + 0, — BO, + OH 6.0x10°3 0.00 2.93x10° [31]
HBO + 0 + M — HBO; + M 3.6x102 0.00 2.09x10° [31]

@ ZHRRSIZDWNTIE, ADELIdomS/mol2-s
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RI(1)-6 (5/9)

Cs—1-B-Mo-0-HRILZERICEEEHD T— 5 BiEiER

[P DILZERIE A n e Ref.
(cm*/mo | -s) (J/mol)
BO + BO + M — B0, + M 3.6x10 1 0.00 -8.33x10°3 [31]
B,0; + H — HBO + BO 6.0x10 " 0.00 0. 00 [31]
B.0; + 0 — BO + BO; 3.6x10 1 0.00 0. 00 [31]
B0, + OH — BO + HBO; 3.6x10°3 0.00 0.00 [31]
B,0, + OH — B0, + HBO 6.0x10°3 0.00 2.93x10° [31]
B,0; + 0, — B0, + B0, 6.0x10°3 0.00 3.35x10° [31]
B+ H0 — HBO + H 2.4x10 ™ 0.00 1.12x104 [31]
HBO + BO, — HBO, + BO 1.8x10 " 0.00 4.14%x10°3 [31]
HBO + BO, — By0; + H 1.8x10 " 0.00 4.14%x10°3 [31]
HBO, + BO — B,03 + H 4.8x10 12 0.00 0. 00 [31]
B+H+M—BH+M 1.1x10 " 0.00 -8.33x10°3 [30]
B+H, +M— BH, + M 1.1x10 ™" 0.00 0.00 [30]
B + H0 — BOH + H 4.8x10 12 0.00 0.00 [30]
B+O0H+M— BOH+M 1.1x10 " 0.00 -8.33x10°3 [30]
BH+0 — B0 +H 1.0x10 " 0.00 0. 00 [30]
BH + 0, — HBO + 0 3.0x10 1 0.00 1.00x10* [30]
BH + H,0 — HBO + H, 3.0x10 1 0.00 1.59x10° [30]
BH+0+M— HBO +M 1.1x10 " 0.00 -8.33x10°3 [30]
BH + OH — HBO + H 3.0x10 1 0.00 1.00x10*4 [30]
BH + BO, — HBO + BO 9.0x10 ™ 0.00 1.00x10* [30]
BH + BO — HBO + B 9.0x10 ™ 0.00 1.00x10* [30]
BH + HBO, — HBO + HBO 3.0x10 1 0.00 1.59%x10° [30]

@ ZHRRSIZDWNTIE, ADELIdomS/mol2-s
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RI(1)-6 (6/9)

Cs—1-B-Mo-0-HRILZERICEEEHD T— 5 BiEiER

[P DIEE RIS A “ Ref.
(cm*/mo | -s) (J/mol)
BH, + BO — HBO + BH 6.0x10 ™ 0.00 0.00 [30]
BH, + 0 — HBO + H 1.0x10 " 0.00 0.00 [30]
BH, + 0 — BH + OH 1.0x10 " 0.00 0.00 [30]
BH, + OH — BH + H,0 5.0x10 2 0.00 0.00 [30]
HBO + 0, — HBO, + 0 4.8x101° 0.00 0.00 [30]
HBO + H,0 — HBO, + H, 4.8x101° 0.00 0.00 [30]
HBO + HO, — HBO, + OH 4.8x101° 0.00 0.00 [30]
BO + H, — BOH + H 4.5%x10" 3.53  1.32x10* [30]
BOH + M — HBO + M 3.6x10 " 0.00 9.79x10* [30]
BOH + B0, — HBO, + BO 4.2%x10 12 0.00 -2.12x10° [30]
BOH + 0, — HBO, + 0 4.2%x10 12 0.00 -2.12x10° [30]
BOH + OH — HBO, + H 2.4x10 12 0.00 0.00 [30]
BOH + H,0 — HBO, + H, 6.0x10 0.00 4.16x10* [30]
BOH + 0 + M — HBO, + M 1.1x10 "™ 0.00 -8.33x10° [30]
BOH+ 0 — B0, + H 4.8x10 1 0.00 0.00 [30]
BOH + HBO, — By03 + H, 4.8x101° 0.00 0.00 [30]
BOH + OH — BO + H,0 4.8x10 1 0.00 0.00 [30]
BOH + 0 — BO + OH 4.8x10 1 0.00 0.00 [30]
B0, + BH — HBO, + B 1.8x10 " 0.00 4.14x10° [30]
BO, + BH, — HBO, + BH 1.8x10 " 0.00 4.14x10° [30]
HBO, + HBO — By03 + H, 4.8x101° 0.00 0.00 [30]
B.0, + H — BOH + BO 3.6x10 1 0.00 0.00 [30]
B,0; + OH — B,0; + H 6.0x10 ™ 0.00 0.00 [30]

SERRIGIZDWNTIE, ADEfLIEom®/mol?-s
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xI()-6 (7/9)

Cs—1-B-Mo-0-HRILZERICEEEHD T— 5 BiEiER

[P DILZERIE A n e Ref.
(cm*/mo | -s) (J/mol)

B0, + H,0 — B,0; + H 6.0x10 0.00 0.00 [30]

B,0, + BO, — B,0; + BO 6.0x10 0.00 0. 00 [30]

BO + HsB0; — HBO, + H,BO, 2.4x10° 2.23 8.51x10* This work ®
H,B0, +H,0 — HsBO; + H 3.1x108 0.71 5.35x10* This work ©
B + HsBO; — BOH + H,B0, 1.3x10 " 1.01 2.62x10* This work ©
H,BO, + H,BO, — BOH + H3B0; 1.3x10° 1.96 0. 00 This work ®
HBO; + H,0 + M — H;B0; + M 8.8x10 6 2.00 0. 00 This work ®
B + HsBO; — HBO + H,B0, 2.9x10 ™ 1.00 0.00 This work ®
H,B0, + H,BO, — HBO + H3BO; 3.2x10° 2.92 0.00 This work ®
H,BO, + OH + M — H;B0; + M 8.8x10 6 2.00 0. 00 This work ®
CsBO, + H — HBO, + Cs 1.2x10 ™ 1.00 0. 00 This work ®
BO + CsBO, — By0; + Cs 1.9x10 ™ 1.00 0.00 This work ®
B + CsBO, — By0, + Cs 1.5x10™ 1.00 0.00 This work ©
B0, + Cs + M — CsBO, + M 2.2x10 2.00 0. 00 This work ®
H,BO, + Cs — CsBO, + H, 3.4x10 " -0.73  2.49x10* This work ®
Mo+0+M— MO +M 2.1x10" 2.00 0.00 This work ®
MoO + 0 + M — MoO, + M 5.7x101° 2.00 0.00 This work ®
MoO; + 0 + M — Mo0; + M 4.5%x10 16 2.00 0. 00 This work ®
MoO; + 0 + M — Mo0s + M 2.9x10 2.00 0. 00 This work ®
Mo + 0, — MoO + O 2.6x10 1.00 0.00 This work ®
MoO + 0, — Mo0O, + 0 7.0x10 ™ 1.00 0.00 This work ®
Mo0O; + 0, — MoO; + 0 5.5x10 ™ 1.00 0. 00 This work ®
MoO; + 0, — MoOs4 + O 4.5%x10 1.00 8.10x10° This work ®

@ ZHRRSIZDWNTIE, ADELIdomS/mol2-s
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&I (1)-6 (8/9)

Cs—1-B-Mo—0-H RILERIGEEEHDT— 5 BlmkR

[P DIEE RIS A n “ Ref.
(cm*/mo | -s) (J/mol)

Mo + H,0 — MoO + H, 2.6x10 1.00 0.00 This work
MoO + H,0 — Mo0; + H; 7.0x10 ™ 1.00 0.00 This work
MoO; + H,0 — Mo0O; + H, 5.5x10 ™ 1.00 0.00 This work
MoOs; + H,0 — MoOs + H, 4.0x10 ™ 1.00 7.63x10° This work
Mo + OH — MoO + H 2.6x10 1.00 0.00 This work
MoO + OH — MoO, + H 7.0x10 ™ 1.00 0.00 This work
MoO, + OH — MoOs; + H 5.5x10 ™ 1.00 0.00 This work
MoO; + OH — MoOs + H 9.3x10 ™ 1.00 7.08x10° This work
MoOz + MoO; + M — Mos0s + M 2.2x101 2.00 0.00 This work
Mo,06 + MoO3 + M — Mos0y + M 2.2x10 2.00 0.00 This work
Mos0y + MoO3 + M — Mos01, + M 2.2x1016 2.00 0.00 This work
Mos012 + MoOs + M — MosOi5 + M 2.2x101° 2.00 0.00 This work
MoO; + CsOH — CsMo0Os + H 1.3x10™ 1.00 0.00 This work
MoOs; + Cs + M — CsMoOs + M 1.6x101 2.00 0.00 This work
MoOs; + CsOH — CsMoO, + OH 1.8x10 ™ 1.00 0.00 This work
MoOs + CsI — CsMoOs + 1 1.9x10 ™ 1.00 0.00 This work
MoOs + CsBO, — CsMo0Os + BO; 1.9x10 ™ 1.00 0.00 This work
CsMoO; + Gs + M — CsyMo0s + M 5.5x10 2.00 0.00 This work
CsMoO; + CsOH — Gs;Mo0Os + OH 4.4%x10 1 1.00 0.00 This work
CsMoOs + CsI — Cs,Mo04 + 1 6.7x10 " 1.00 0.00 This work
CsMoO; + CsBO, — Cs,MoOs + B0, 1.2x10 ™ 1.00 6.43x10° This work
Mo+ 1T +M— Mol +M 3.9x10 16 2.00 0.00 This work
Mol + T + M — Mol, + M 1.5x101 2.00 0.00 This work

@ ZHRRSIZDWNTIE, ADELIdomS/mol2-s
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&I (1)-6 (9/9)

Cs—1-B-Mo—0-H RILERIGEEEHDT— 5 BlmkR

[P DILZERIE A & Ref.
(cm*/mo | -s) (J/mol)

Mol, + T + M — Mol; + M 9.1x10 "™ .00 0.00 This work ®
Mol; + I + M — Mols + M 9.8x10 " .00 0. 00 This work ®
Mo + I, — Mol + 1 2.3x10™ .00 0. 00 This work ®
Mol + I — Mol + 1 1.1x10™ .00 2.22x10° This work ®
Mol, + I, — Mols + 1 1.2x10 ™ .00 0.00 This work ®
Mol; + I, — Mols + 1 1.2x10 ™ .00 0. 00 This work ®
Mo + HI — Mol + H 4.8x10 " .00 0. 00 This work ®
Mol + HI — Mol, + H 5.8x10 .00 3.76x10° This work ®
Mol, + HI — Mol; + H 1.1x10™ .00 0.00 This work ®
Mol; + HI — Mols + H 5.8x10 " .00 1.16x10° This work ®
Mo + GsI — Mol + Cs 1.4x10 ™ .00 4.38x10* This work ®
Mol + CsI — Mol, + Cs 1.1x10™ .00 4.28x10° This work ®
Mol, + CsI — Mols + Cs 4.3x10" .00 0. 00 This work ®
Mol; + CsI — Mols + Cs 1.2x10 ™ .00 0. 00 This work ®
Mo + I0 — Mol + 0 6.5x10 " .00 0. 00 This work ®
Mol + 10 — Mol, + 0 1.5x10 "™ .00 2.51x10° This work ®
Mol, + 10 — Mol; + 0 1.0x10™ .00 0.00 This work ®
Mol; + 10 — Mols + O 1.7x10° .44 3.67x10°3 This work ®
Mo + HOI — Mol + OH 2.1x10 " .00 0. 00 This work ®
Mol + HOI — Mol, + OH 1.5x10 "™ .00 2.65x10° This work ®
Mol, + HOI — Mol; + OH 1.1x10™ .00 0.00 This work ®
Mol; + HOI — Mol4 + OH 1.5x10 "™ .00 4.34x10°3 This work ®

@ ZHRRSIZDWNTIE, ADELIdomS/mol2-s
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2. Csl DBRITEBBERER

SA BFDER RS (RCS) (235115 Cs RU [ %0 FP L& E)(E. B % Mo OFZIZMA.
SHE-EHERECRIGEERODFZELGEFEIEETHY . TOEELLEEHOFEE
A[REL T H-O . FPILET—2R—X ECUNE DBEZBEL-HREZEHBLTLE L&
1 ETiiRf=, 1 ETIEH. ZORYBEHAD—IRE LT, Cs-1-B-Mo-0-H RDILZERIGEETE
BOT—F3R—ZADREBEL-ABRITDOVTRREA, COT—FR—X[&, X5
REBITOERICE IR LHREZRFICERE L TOKDLENH D,

AETIE. | ETHBEL: FP EZT—ER—XD—8 (KT—ER—XDEHLLGD
Cs—1-0-H RILZERIEDE D) ORARVHBRICET 5-ODERT—42 £HF LRI
DPWTCHERD, 1 ETHEARLEY ., MYFZSIARNSEZERIGOBIWRTHY., £D 1 D1
DEKRET 5 LIFEEMTIEAL, Ffz. FPILEEE)E, RCS (FiBHEE) H 5 POV (K
RAEE) [CRBATTAEIC. BHEICESI7OVILELITOVILOKER. BEANDOMAER
EERGYBILLZRRICEEEINDG, Ko T LY EEEDOSVFPEET—IR—X %1
BT EHE0IZIE, TORAERVBRICEVNT, ChoDEHGYIBILLZEGHEEERT S
ENHD, cnoDIEMDL. AARTIE, JARA ICTHE SN FP MEBTEBERE
ER%EE (TeRRa : Test-bench for FP Release and tRansport) [11Z UL T, SABE® RCS [
HT5FP OBMHEBITEHOBREREEML 1=,

TeRRa [&. MEBFLBEARE (UT. [T6T1 £LV3) #HAEHLELEETHY. T6T
DEREBRICE T LABEDOCREYOMEILEREICH LT, BRAGIMETIIEN
TE%, CNETIZ, Cs-1-B-Mo-0-HRD FPILET—FR—RERIAT HF-OITLETH
5B OYBILZEFICHRLIT I EZMELE-EENHSH[2],

AETIE, KK Cs-[-0-HRDILFFEL LT, CsIITEB L=, Thidk. CsIAB X
Mo NEET HAFHICENTH, | ZECETELRILFETHY [3]. ILBEYD Cs/1 O
RIGIZE > TEBLIEARR I DEEZDHTT S EI2E 2T, Csl DILEREHEDREE
EITLEDDRMABH THASTH. Cs-1-0-H RIEZRIEDAITICEL TS TH S,
FEMHFEARKXIEIKELFRAIOBRENRTICH TS Cs] OBTEHIZOVTIE. ChE
TIZZLOMEDSERIN TS [4-T], W DODODERIZEWVTIX, HRIK | ODERHHE
RENTWS[A 71D, FEEREBRBICEITS0s RV | OYECLEREOSTNTELTSE
Y. Csl M RCS HDBATICHRAMEBILZZETE, +HICHEBASNA TS ERFEZALGL, 1
ST, AARTIE, EIZCs] DIEERE (=HRK T OERK) A H=XLIZFEB L. RCS &
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D Cs] BITEFDFME T EREL 1=,

2.1. EBRAE
2.1.1. EBREE

B (2)-1 [ZREBREE TeRRa DL ABERUVERLHRERT . TeRRa X ERFEME
FRUBKERFD 2 DOMBIFL, TOTRAICERSN-TET M SER SN, BRX
FT7RAYVIILIKOD FP, BEMES B %) A BTT 2RBITARKOEE L L>TWLS (KL
T. TFPREE) £WV3) o A—RoB T2 (RS 100mm) ZE2 f-mREKRFEMEE &
BEREHEFE (B 200 mm) [EFRE3T.2mO7IILIFEENUNSMEAL. ShdDHEE
THEEFP, BEMMEXET D, TGT (K 1300 mm) (X 1000 K~400 K 0 & #7497 5 FE 4 AL
5[], SABD RCS BEZHFHEL TS, ChoOMBFRITOBEERTZML
FT5H. TILSFTEOMBINTVEVNERAICEHBAHIZE STV S,

SEOEERTIE, TCTIC 13 EOY>TY o JE (REZE39.4 mm, £ 100 mm) KT 33
BRI —AR> A0mmx10mm, FEE1mm) #HRELfz., CNGIERCSIZCHITHIEELME
[B1D1DTHBSUS-30AL HTHD, V—HRUlE, BEOBVIBICHEIAELOMS
IEIZ. No.1~33 DE S ZR-1-, BEAEEDOHDOIZE, T6T TREFTHRITLTEEE
I7OVIVERET 518, SUS-316 HOEEMMRRE T « L GEBEBE 1 um LLF) &
URYTZYIEkEZUT> (PWDF) T7RAYILT qILE (Merck, FLIZ0.22 ym) MNFESHh
TWd, £z, TOTRICIE, ERLFEARK] #HET 570, 0.2 mol/L ® NaOH &,
0.02 mol/L @ Na,$:0; DIREFR (UTF. BRIV T) EWD) BNEESATWS, &
NEDEHLRFICK-oT, %Rikd 5 T6T AOEEMA T6T HAF THIT LIFEHOM
BB DT INATREE 125,

B[, TeRRa k. TGT @ 1000 K A > 400 K £ T 100 K DEEMBEH T & I1Z 7 MhFDIkE
HLUTAUEHD, REESN-ARE, BBROTT7AVLHRARUA /Y RI2K B8
KICHELEREL T 2EOHICHFERIND, IREHLIA VT, IREHSAF-ARBDEZ
BB LT AUITAVORERIT7AYVILARY O A—4 (PALAS . welas® digital
2000) ICKHHBEDADAERTTEDA VNI R (REFAL VI MAIS-T) 1Ny Y
T T T 4J)L3 (ADVANTEC, FLZ 0.1 pm) RU2EEDAZR T v 7 (TAT HA LR LiARKR)
[CLBHENTRETH D, TTAVILARY bOA—R[CKHHEDREL DEF0.2 p
mM5 10 um GRAFERIZE) THY. RURFLUFITYIR (LT, TPSLI &LV5) I
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FOTRESNTWS . AN\ 2D 1~TEBDH Y A THEFE (LT, MDp50] &LV5)
. #FNFN5.6 um, 2.8 um, 1.4 um, 0.48 um. 0.24 um BV 0.07 um (LWFht
BTFHE) THD, 5. Dpb0 LI1F. HFOHEMNENDL h& L MEERLTEY.
CNHDIEK, BED Csl FF (FE 4.5 g/cm’) [TRHLT, A VNNV 2 ZBBTHAR
M. EREREHTHS 4 NL/min (@273 K, 1.013x10° Pa) . 400 K THHZ LEHEL.
Ranz/Wang DX [9]IC& > THEL-LEDTH S,

2.1.2. MBRERFIE

MEEREBREITIRNIC. THYDEAZE SO, PR EZAVWTHY U TY VITERY
J—RUDBERESRERE LIz, TR, RFITAVETE N ZRET SO, Ch
S5ZTETISREL. Ar HRAFERIZT 400 K THEZRMEL =,

RO (2)-1[2RBREBZETT . Cs] R (FOALHE, 99.9%) 273+ 520F (RE14
mn, &S 14mm) [SFREL, I Q-1ITRYBEY. EXRERFAICKEL -, 8RKHEE
MEFIE. FEKAROFEMEAL LT 1000 K LA EIZMEAL -, ERERFE. BELR
F8.8 K/minl2T, 1273 KETHEL. TGT (X 1000 K m 5 400 K DRERELAEHK S
EO5MBLI, GH. 5DFOFEMEICH T HREF. FFIEERICK>T 1000 K
THAHAEZHEL TS, COERFERER, MBRRPICHELEVEEDERERET
HY., HhD21.3BITTHRRT SC0s, | DEENMTORENMETLAEVNELS ., HHEE
DEFEENFONDIEEELTEELZLDTHS, KEAARMKREHL S A Y DHR
REE. KEKDEBZEL =&, 400 KIZmE Lz, AEERICEFZ->T, BRI KD
Ar/KEKBEHREZAVWEERICEWNT, BHEICIYKENREL TGN & EHR
LT, EMBUFZFEL TLSHRE. EERIZIZ 2 NL/min @ Ar 77X % FP RERICH#tHG
Lf-. EXERFOHRLEEMNI0 K (CORDSDFHREMEREF. PLEELYD
#5200 KIEWC L ZFBATICHERELTE Y., CSIDRMATHSH 100 KIZHHBT BH) [TET
HERNC. KEKFKEEZEEZAWTAr ARITKESEHML, FEHR 333 K (KEK 20 %)
[CRELfz, 2TOMBFELIFEREITELZE, YTV UIE V—RURUTGT H
OICEWTHRLEDY U TILEERIRT 516, 2 BEMBZREL-, TDHR., LEL
BOFIBICTEELZREL, Yo T JEEEEIRLT,

CHIZMAT,.TGT ADFEYVEZIREH L THNIT S5-ODRBRZE. RI(2)-1 £RL
FHIZTRIEREBL =, TATIZ100K SEITHRESNF-EREHLS A 0H 5 2 N/min T
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FEMEZREH LS N/min[CHFRLEER. T 70V ILHES MR Z b EER L 1=,
ETOREFEHLSIA VML DZFHENEICH LTI 7RV ILRES DRI ZER L 2.
400 KDIRELHLZ4 oh 52 No/min TEEMEZIREH L. 4 No/min [CHFRLE,
AN RI2LBHENRE LS HEERE LIz, CORER. HELEI7AVILOAFICLE
BHRGENGELON, T, TELEHBEITAAEAINATNE ZEANBEDERN S
BENL-HOTHA[], COXRRICEVWT. 1 DDIREHLSA VZFALTHORDEE
DIREFHLZA4 v ERTHFETORRMBERIE. FPREBAL 2 NL/nin DARIZL>T+HH
BfiEh, RELERNADAEREN S LR EShIRRE LT, 12UEE LT,

2.1.3. R

MEEEREK. 16T OEHITHKBE LI 7AVIL TCTHORUAS DRI 2 ZBEDT 4 LE
[CHESn=T 7B YJILIE, 0.04 mol/L @ NaOH iF&I- 18 B¥RARE L. CHhioDIRER
RIE, EREBICRELTVWEBRRN Sy TERIT, FEHETSATEESN
(Inductively Coupled Plasma Mass Spectrometry (LLTF. TICP-MS] &ULVv5) ) [2&B
BEAWITHFT.CsRUIDEZFRITE LT, ICP-MS & & L TIX.ELAN DRC- I (PerkinEImer)
XI[& Agilent 8800 (Agilent Technologies) ZRAL =, CNHLDEEZRAUL-BIEDAHE
EIE WL 2DDCsI U TILDRYRLBIEICK > T, EBMEH RERE . FHIE)
ELTH WUTEHESNDS,

MEARERNICHRE LY —RUik, EFEME (JOEL, JSM-1T100) (AT, TSEM]
EVDRUEZENICHET SV IV R T MEEEFICE DT RILE—28E X R4 (XU
T. TEDSI &£WLVD) I2& Y., HEVOBRRUVUTRERDOSTEER L=, TDIR. BF
WMOBEIL 15 keV & L1z, Ff=. X#REH (LLTF. TXRD) &) RUFTUHHKITEK
YREMDILZR DD EEME L=, XRD X Miniflex600 (U HY) AL, ZBEHICH
LT Cu-Ka ZRULVT 20 §EB 3~80° # 0.1° T&IZ. 1° /min TR¥ Y =T #1721
BERUERIEZ. ThEN 30 kV. 15 mA & L1z, Ff. IToaKIEL—F—EE 532
nm. BF A CCD R HiZ5. 1800 groove/min MARRAY S T 1 v 4 BIIFHEF %152 NRS-3100
(JASCO) Z=FAL T, 100~4000 cm' DEE TANRY ML EEREL 1=,
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2.2. ERHER
2.2.1. TATHICHERVTGT HOICEITL=Cs, | E

MBRBRAED L DIFOEEEN S, MEERERPITEFEL=Cs1150.64 ¢ THo1=,
FRNRERXE (LT, TTG-DTAL &£ULvD) ZRALMV=Cs] MEFEERZITL. 52(FIC
ANtz Csl MRZMBBLI-GEDEREREE—ETHILEHRALTLS, TO=H,
MEAEERP D Cs] DFERFKEEILS. 3 mg/min THoI-EHRASIN S,

FOQ)-21Z, TGT DEEHITEE LEXIETCTHAOEFTEATL. IGTHAOD 74 L2 R
VBRIV TICHESNT-CS RV T DERUV [/0s BILLLERT, RI(2)-2 &Y. 850
~800 KDREMEIZHE TS Cs RV | DILBENBEEIZZN EA”DTMND, FF=. 800 K
LEDRERBICONTIE, [/0s BEILLEAMEREMEE (FFX1.0) [THRTEHEFNESIMER
EEoTWD, Ffzl BREZ Y TIZD0TIE, [/Cs BEILEABHALSMCT.0 LY KRELL
S2THY., InlE, T6T #HBTT 5 CsI MO HRIKD | NERLI-ZLEEZEKRL TS,
AMRTIE. BRIy TICHESA - | 2/ ZBERNSERSNI-21E] % TAX
RIEREE] EERT D, T, KERZERBITT 5 Cs] DfALERIEZR L. #
ARD | BEFHLEAZRTEDOTHY . KARICETEHHRK | £EIAE 3.8 =
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RI(2)-2 ICP-MSIZEBEH U TILDCRUIEDAERER

TGI)&D;&\%G) mE Cs 2 [mol] 18 [mol] 1/Cs EILEE
EERfE [mm] (K] (-]
0 - 100 1000 0.014 = 0.0007 0.00024 £ 0.00002 0.017
100 - 200 950 0.0028 = 0.0002 0.0 0.0
200 - 300 900 0.0041 = 0.0003 0.0 0.0
300 - 400 850 0.41 £ 0.03 0.36 = 0.02 0.90
400 - 500 800 0.24 = 0.02 0.21 = 0.02 0.88
500 - 600 750 0.042 = 0.003 0.042 = 0.003 0.99
600 - 700 700 0.029 = 0.002 0.028 = 0.002 0.94
700 - 800 650 0.022 £ 0.002 0.021 = 0.002 0.97
800 - 900 600 0.012 = 0.0006 0.012 = 0.0007 1.0
900 - 1000 550 0.026 = 0.002 0.028 = 0.002 1.1
1000 - 1100 500 0.014 £ 0.0008 0.014 = 0.0007 0.98
1100 - 1200 450 0.015 = 0.0008 0.014 = 0.0008 0. 96
1200 - 1300 400 0.021 = 0.002 0.021 = 0.002 1.0
TGTHAZ LA ® - 0.94 = 0.05 0.83 = 0.05 0. 88
BREZY TP - 0.010 £ 0.0006 0.063 £ 0.004 6.0

PR D AL EITAVILI AL BRI LS BEEEDAIHE
P2BDBR NSV TICLABEEDAIHE
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EERMEICET AEELGER. EYDTEEFEKFD C a2y )— FRAADEER
RBREATEHICEHET A EABETH D,

Cs MEBZEEL. HFHBKOMRK CRE. EFYWE) LELZILEBEMDI VE LGS
BE. BRRABERICEEBINDIELDEEZOND, TDH. IFESUTILOSHIZE -
T Cs ORBREFILET D2HEE. TORKREOBALNSBREHDY > TILaHFH Y%
BLY, WENTEAGWL, T BV ) — b Z2ALV:-0s DFRERERICE > TED
MMRBEEDEELGNFA—2 %2 ET2AELH AN, RROEHNSTHEEZIOKX
EFVFHEICG S EEA DN, TOFERSZEBRT H-HDEDAR, FEMHIX A
MBEELDEHBRBEND T TAMETIEAIRTD Cs REMMFEADHFEZERL /=,
CDESIEMPMET TO—FIX, EYUTNLENW TSI, HABEEPOVY
)— RIS T B Cs BBEEE S I aL—23Y NSA—FREAT 1) TBHILET
BEETHIDTHY., BRELTEIMLBRERFORRANGNI A —F (T SmEHEE
/BALICDLEMNBEEZONS, Tl BEIZKELTAVI ) — b EERSRICHEERT
H52&0.a00)—rECs DILZEMGHEEER. Vv 7B EDERETILEMRARAD
ZEITkY, FUSELGIIaL—YaUnNaEELE LD,

CCTIR, KBWFZEOORELT, a2 )— b 2E—HITEREL. NEOILERD
HEBEBLIEVUTIVGETIVEBEL, EREOUERICEY., TOBERAMEZHER LK
RIZTDONWTiKR B,

2. fRITFE
2.1. BITETIL
HMm-2 (2, 3297 )—FA~D Cs DREZHOMERZTRY, KPIZTEWT, a9
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)— MEIC-S-HZFIWEREIEND DL I LD 75— bKFIH (Ca0-Si0-H0) #RHEL L. Cs
TZDBEHBDTHS Ca A A UKL TIET S EMNALNTHE->TINS[2-4], O
V)= FZY S Cs DIEDESWETHEGES[cc/e] (a2 ) —FENEESHFY
M Cs EE [g/g-concrete] ZK 1T Cs IRE [g/cc] TRRLE) ISk >TRBRESN D, TV
DY—KIZxtd B Cs DREFRBIE. BHORSORES A VOBFREICEESIQDZI LN
PHOTHEY ., CNETOMRIZTENT, EAY FRMENSHELET B Na', K. Ca?ED
BEATUNEET DHEE. O DFREBNMEC LD EFENINO>TLS[2], TV
91— FAEIZHEIT S Cs DBITA DXL, BAMICIEEEZCL LB THY . H5D
ARABEOILY ) — % Cs EAKBRICRIEMIZEL. LA+ ETTHE. D
HMRRICIS L= BREHICEES S (DEFEHICETHIERENNT 52 & THRERZR
T HHEBZE [Ny FHEERI VD) . Cs DRBEFMICEWVTIE, a7 )—FEKBR
PR Cs NNRFEGICEEST DRTDFEEREBZIRYKS,

fEfrYy—ILE LTIE, ARBRIEY T b7 ANSYS-Fluent vi18.2[5]Z AL =, HEk
Y—ILlE, K3k 3 RITDOEGTIREEYN (Computational Fluid Dynamics: CFD) ZHUYKS £
DTHAH=H, FEBITICENTE SRTHEHBTARZRYKRS CENTRERTH D, &
B.HBZY—IICABSN TV SRRABNETILEFERE T, RBDEY Cs OMLBET
IWDHZEERL 1=,

FRITICHITBEREHLE LTI, a2V )—bREE Cs SAKBREDBIEEIZHE
FEHMARILTWDEDE Lz, ThERXTRT L. UTOBEY &4 5,

Ycssotiaging) = Ka * Ces liquidint) =N0)
ST, Yessotiann [ TERABEICH FHEHEO Cs DEEEE. K EHEFREK.
Costiquiding [ SERFEICE (T 5&KBAID Cs RETH 5.

AV )—FABBIZEITD Cs OBITANZXLELTIE, BEEICKDLBDAEE
B L. ANSYS-Fluent [CHBEN=LLTOETIXEZEALT=,

]Cs,solid = —Psolid * DCs,solid ' VYCs,solid = (8)

Z 2 T. Jessoua KERPD Cs DILELRR. pooua EERDHEE. Dy sonal TE KD D Cs

-62 -



DRI Yissoual TEETD Cs DEEZNEGTHD. BH. BEHD Cs REIZTONT
(X, CFD ZAVWTRENMEMS LTS, —HRIBREBELz, £5942&T. &R
PO Cs REFILUTORXO) THET S ENTES,

_ Mcsliquid(ing — Zim(:s,solid(i) 9
CCs,liquid - % it( )
liquid

: :—Gs CCs,liquid'iﬁ&-*Eq:o) CS 5%J§s mCs'liquid(ini) 'i;&*ﬁqjo)*ﬂ,ﬂ.ﬂ CS Eis mCs'sglid(i)
X i FEOBEERPA YL 2ITHEITD Cs BEE. ViguuTBHEFERTH S, RO ZERITH
. RAEAZHEREETILE>IG O, TEEZEHEIETE S,

2.2. BEM

2.1 BITHRET LB E TILOET Y —LICEYICHAAFR, 229 —FRAADCs
DERBEMHNBENAETH D LEHRT L0, EEMLEFHERVHEARZAVTH
R EEE LIz, IEFHERI-1. HEEREERVA Y L2158 EZRHM-3 (TRY, MII-3
[SRIBY., AT )—FEFE—FDEL, BRERRT HHBRICEHLE TS mmx5 mx
A5mmDTOyIRKELTz, Ay aBiRIFT1BO InmDAREARA Y aEL, Ay
ABE 112,500 A v aTHD, HH. LdROBEY ., SHEBEEHIEIVY ) — FRABOAT
HY. BEAIOCs REG, ALK O ZRAVWTHAEL:. -, ETOAEAMNCs &
CHEMBIELTWLWSIDE LT,

HI-4 [CEFHERO—FIELT, A2 )— IOV DOHRDLEEICE TS Cs DEE
FEDAMOBFHEEILETRT ., CsAAVY ) — FREMNSHRAIZHEBIFEL ., FEORE
BEEICOAVHY— FREBEERICHEL., RLICHEFEHIED K EHHNBEYICHEFTTE
TWAI &R LT-,

3. Cs RBEXREBRDVZIaL—Yary

AETH. 2 ETHRELEBNFERCIIBIMTEREERBR BT S EITLRY,
R FEOREZRE LEBRIZOVTERS,
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3.1. =B

FY. NV FHER G 1L11R) RU—ARIEHFHER C.1.218) 2XET 5 & T, fB#F
DA2Ty bE LTREGHRERRVIBERZFM L. T0%R,. B0V I7L>
AT—RERETHEH. A0 )—+TOYIR~D Cs ZEXER (3.1.318) ZEMEL
fzo BH. KEOERILETERRBHREZORFIRARAOITR—) VI THLNF=O
vy )—rE#EHEAE L TRV (RII-5) .

1.1 Ny FHEER (DEFRBDEIE)

HI-6 [CEBRAEDBERETRY, 5. HI-50a>7 ) — M ZIEL. 5 mmx
S5mmx4.5mm (KB LoV )— IOy EEBERLZ, Ny FHRETE, 2EF
BIEHETAVI)—HFZ s ZIESE., PEFHCESVTIVI)—MEMEEY
FYUICIE Lz Cs DEEZBET SN, a0 )—+bTAYIDFEETIK. a9 Y—+
WNEBIZ Cs N+ LA L . DEEFHICESETITERICRVEELNDN S, ZDH. Ch
BRAVIY—rTOVIERRLTHRIREL-BLDZE, Cs] KBER (FIH# Cs RE -
1050 ppm, 3 cc) IC|A LTz, T2V U— bR EANT Cs] BRIE. BRETERLLEN
5, FoRVERE LT 3EM (BIEDOXR6] TIMEREZ 1 AMELTEY . ThIC
RMERAAZER) WEL, £DR. &HMBEHD Cs IREZXILZE ICP-MS (Agilent 7900

(Agilent Technologies) ) TRIE L. RERAIERD Cs REEZMN L Cs DUIEEZERDT=,

RIM-2 12, Ny FREBOBRERUVSERBOFTMERZRT . 3 2DDELLHaVI ) —
FIOYYIcHT 50REROFHERVREREZEHL, SEAV-a7 ) — MR
& Cs KBREDDEIRIIE 2.3£0.5 co/g EFHBS Nz XBR[2I T, HRALGEY (£
AU PRMEPLBTRORAE) 2H1T5 Cs ODREFRBOEBRERNT—2XA—X{LEh
TWd, A2 FRMBIIHT S Cs DAEFREIT<T cc/g A5 1. 0E+03 cc/g DA —H —
FTIRESDALTLAA ZET—FHEDEZLDIEE T co/g DA —F—TH5H (RIM-7),
CDIEMND, KERTEONTE (2.3+0.5 cc/g) [IMLZLUTHD LM L. BT
AWdZEeLt,

3.1.2. —AMILEEGRER (VEERFBRBDAIE)
K-8 [CEREBAZOMERNETT, £9. RI-50a>9)— B ELBETL, 18 mm
x20 mm DFER (ES I cemBE) WKICHE L1, Cs Z—AMICRASE 5=, BB L
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Favy - EROBERVERZ TRX DHEEETED., Cs E0EME (LT, NE&E
Bl &EWS) AT EADAHELEDESIT LTz, Csl WREIFARICHRBEL-L D%, XII-8
(TR ESIC, KEANETMEBSFICAATMEL, 2 atm TIOHEMES S & T, Cs
a9 )—FRIZEBESEZ, TO%. HIO-9ITFRIAEY . OTYEH IV 4—2T
—JILERAVTREMS 0.5 mm FOHIYER->THMERE L, & X 824 (XRF : X - Ray
Fluorescence) [C& > T#IERHD Cs EZRIE L 1=

HIm-10 (2, XKEDCs E% 1 L LTHRBELEFZED., 2329 )—MESHAD Cs 53
MERTFEUTDFick DILHARKXZEANT s A FRLEREZHE TR,

2
%:D% = (10)

CCT. CIHRE., x[TFRE, DIIHEBEHTHS, HI-10 DERM L. SRR =3
21— bERBHOD Cs DILEFRERIL 1.0E-12 m/s BELHEASI, BHE. BEITERS
Ntz Cs OFBFRER[T, 8]ITH UL TIE, REHM S 0.5 mm BEDR S TIRILEBFREA /N E <

(FEFADREELENSIKREL) | ThEYRNE CATRIBBFRENARE L BESAHRA
DREEEINNEL) BoTWVEH, KARTEBED=O. BRERITZEREIZES
FT—EE LIz, LED Cs DFRBRER[TIIZHLTIE, FE 0.5 nm BEFE TOMBIZREN
3.5E-14 m*/s, EN&LYRNE A TOMBBREN 4. 0E-12 m/s LFEEhTH Y. SE
RERTHONTME1.0E-12 m/s FZDFMMGEL G TEY . RAGHKRTHSEE
nd,

CCT. AERTIECs] OMREZEHEI VI — MIEMESETWS I &, F=, K&
R[TMET S EICEK->TCsZIAVY ) —FRIZEBESETWNSIEND .3 1.3IETHE
g B Cs DEBRBRE (FARRNELD, Ffz. RE@OEEH 18 mmx 20 mm & LEERIK
EVEOHLIEEFHLEINZLEFEZOSNDLOD, a0V — FRHOBHDLMAIF
FUSLTHASZEND, BELRITHEEIERBDHICE, KUBLOHFUTILIZHT S
HBIVETHDIEEZOND, CAOHDILITERT2TAEESEHIE00, SEOD
R CIXEEMIZ1.0E-12 mY/s 2329 ) — FAD Cs EREDA > Ty & LTHEA
$hHEELT

)

i
0!
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3.1.3. Cs @ERER

HI-11 [CEBRAEOBERERT ., £, 3 L1 EHERKIC, RI-50a>y)—+
B EUBTL. 5mmx5 mmx4.5mCKE Lo s )—bTOv Y EEBER LTz, Cs
BRERBRTE. 320 U—+rTOYIRAD Cs DI EFET 5120, TAV I BROE
F. S 1L1EERHK®D CsI KiFiKk (%18 CsJREE : 1050 ppm, 3 cc (&/ELE=27) ) &R A
Lfce 29— FRICERELT-Cs ENRMEELZEZAET S EIFH L LM®H, Csl
KBRPD Cs RENORRELZHMEL: WHREELDERICE>T. a2V —FAN
DEBELEHARETHLH) . BR/BERICKELREEZEALVES . 1 HOBRIESHT-
YICERIRY 2BREIFGEERHE (10 1) &L, 100 ml IZHFRLIE, 3. 1.1 HERERK
[ ICP-MS (=&Y CsBEZEBIE L 1=,

HI-1212. 320329 )—rTAY VIS S Csl KiBRFD Cs REDRBELD
AERREZRT . HI-12 DT 5—/N\—(L 6 BDAEICHE T 2FEREEZRLTVD, E
M-12&Y. EDAVH)—rTAYIIZHLTE, CsATLI ) — FRICHRRIZEET
5 &EICEST, BEPD Cs REMET I SERLHER SN, F=. 320229 ) —
IR Y HEEHIL Cs IREDETIE (=Cs DREE) FRENTDN=, T
&, BI-12 PITRTAEY . EMNAVI)—FTOYIICE2TI VR LIZHHALT
WA EMNEBERD 1 DELTEALND,

3.2. Cs BERBROVIalL—Yay

2ETHELEEFFEZAVT, 3 1.3ETEELCs ZERBROVIaL—3 Y
ZERBL, BAEHERUVERERRERI-1 LEKRTHY. 3. 1.1 IETEHE L =2 B EHK
BRU 3 1.2 IETHM L= BREZE, Ty bELTAW =,

HMm-13 (2, a2 )—FRABIZEITS Cs RESTRUVKEZRDD Cs REDKMZEIL
ZEML. Cs REXRBROBRELBLEBERETT, BITHERIL, Cs DREICL > THA
[ZKBEBZHR Cs REMET L. PATHREEHIEDI ET—EEICEHETS SIEMZERE
Bllfze COTEND, 2ETRELLBIFEN. 320 — FRE b ~D Cs ZRERET
[CERAFRETH D ENTREENT,

LALAds, RII-12 [STRTBY, I2P)— IRV I CTEDERERDNSDE
AREVESH, BRRICEVNT, B2 ) —FOREICKLEBEEORWN S a L
—2aVEREETHSH. FIZE. RI-13 ICHRFEMEELSELIGEOFEHKEBIZES T
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PBRREERBTRLTVGA, ARRT -2 2B8RIT H7REROEN L. FEEHR
I 0.5~4 THEHEEZON, | HBEDTHERSHAHEILDEEZA NS, 2T,
B FENEGLISELEDEHIZIE, a0 )—FESHARICHERL. BHEOSHH
BAOHREZRANHBREDERICEI >TRIET I CENBETHLSEEZ N D,

4. MO ESEDRE

BaEarvy)— MERFOEHICHT 5 s BEFEHD I aL—2 3 ZFBEE L,
ENBFEBRFOERANGNSTA—FIIHT IRBERER/LIEICET H=H, avs Y
— FAA®D Cs BBEZEHD 3 RUBHMFZOMREEERLI, RELT, a9 )—+F
Z 1A TEEL, BRFAETONRFEERVI VY — FREBTOHEIZK S Cs BT
EERBLEBITFEEBEL. PEMRERICE > THIF LEPERRAVLEGERZ
AWT. av2)—Fr709 9 ~AD0s DREEBRODYIaL—Ya v EERELEER. O
DY) —FRAADCs DRBICKZKBRFOD Cs BEQETHERZHABRL. @BFFE
DERMZHER LT,

FHEELTIE, BMEORAN S VFLIZHALTVNSZEICERAT HERT—2D/N
TOENKEL.CDZENAVIAL—YVaVDBEERERTORRAEGSZENEITOLND,
Sk, COREZEMBRT BOITIF. a0 V- EeERNRITHERT S &I, BMF
DRTAMNEMDIL I ) — b ERAVEEREDURICLDRIAEERT 2LELHDHLD
LEZOND, Ff-. SEIIHICEB LGN ST ERICIEUTO&E S G/ITA—2H
Cs DREXEHHEZEZADSILDEEALOND,

> AV ) — FOHEBOENZK HIEEMEE
> U590, MAGEDFEREBROZE

> pH. BEA A UOFELZEKBROMRDEZE

NOLDHEEXERMICIBEL, BAETILELTHARAD I EIZE ST, KYBED
S\ Cs BBEEFOEATTREICHDIEDEEZOND,
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RIM-1 a9 )—FA~NDCS;ZBEDRBITEH

NG A—7H HEEH
Cs HK
KiBi&S Cs ¥IEARE 1050 ppm
KB RIAE 3 cc
avyol)—+F
JiZZI 5mmx5 mmx4.5 mm®dT0Oyo R
5 B—p5n
EARE 1.95 g/cc (RERY > TILDFEHE)
Cs BIT/INT A—4
ILER R 1. 0E-12 m?/s
DEIRE 2.3 cc/g
HENTA—S
FHE R V9 )—FRE (RII-3 SH)

fRHT A w2k
BT Ay aH

6EAEA Y2 (1320.1 mm)
112, 500
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RIM-2 Ny FREBRR VS EFRBO TR
%> 7L No. 1 2 3 Fi{E
® £ [e] 0.20258 0. 21052 0.21103 0. 20804
@ #E [cc] 3 3 3 3
CsigE | @ &M (WHD 1050 1050 1050 1050
[ppm] @ &M (BTH) 871 921 919 906
® avy Y hCs ZEE
(#&TH) [el b.19E-04 | 3.87E-04 | 3.93E-04 | 4.33E-04
((B3-@) x@x 1E-6)
® ke Cs BRE
(#&TH) [g/ccl 8.77E-04 | 9.21E-04 | 9.19E-04 | 9.06E-04
(@Dx2x1E-6-2)
@ avy ) isiRE
(#2 THF) [g/g-concrete] 2.56E-03 | 1.83E-03| 1.86E-03 | 2.08E-03
B/ (D+®) )
BRI [cc/g]
@ 6 2.9 2.0 2.0 2.3

- 69 -




ITDV»ﬁ¥ﬁ%b£%UN

wEKIZERE
= a5 1) — FAREBACsHBE

#h T K

imBEKERY AT L

Hm-1 1FZERNIZHETS Cs DEROBER

Oo

:lJ7'J—I~ ‘

Mm-2 a>9')—rA~DCs DREFEFTOHZE
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4.5 mm

— 5.0 mm

MI-3 324 — bR~ Cs BERFICH T ZHEBERUA v 158

o PERE 2.3 cc/g
o PhEURE 1.0E-12 m¥s

7
( )
CIEHK
* (Cs: 1050 ppm
CsESES * 3 cc (Solid/Liquid ratio: 27)
S E:l =
' 2E-3

I 0.0 =iESAR =iE10A%& =iEI5A%K

Mm-4 HEFERG (20— bJ0yv o 0RDEEIZETS
Cs DEEZNSDHTMDEHEIL)
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RMI-5 3> ) — MEEE (REBTRZORFARRFOIT7HR—1 U TEHM)

k- AR
ao1l)—k

5.0 mm ~ M I;I:I:El]_’l

somm —A—/ \"."——~
}—45mm

‘ by, BA[

O HU—MERA auAU—RTOws
(BHESUE L5 7)

RmM-6 /\vFEEAHEZOHEZH
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XERE : 25

T b 3224
T 145 . B/IME : Oml /g |
R AME : 3. TE+3ml /g [

70
49
50 |- I ____55 _________________________
0 l l 1 - 1 0 1 0

<1E+0 1E+0  1E+1 1E+2  1E+3  1E+4 1E+5=
SECHREL (ml/g)

RI-7 €42 bRMBICHT D Cs PERFRBICHRLIBRFORERSR (CCHA2] & Y RH)

a ) —rEER R (18mm X 20mm)
XA@EIEFTARES
#ETa—T44

Csip Rz =REME LIS
JZEL. I0BHMEE. Qv —k
EREICIST

= —HEANDFE

7K (10 cc)

(2 atm)

M-8 ILEREBRIED=HD—ARILHEHBROBZE
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FEMN 0.5 MY DHIYERS

XRF : X - Ray

Fluorescence

HMm-9 #EREAED-OHD—ARILERAROEZE
(RBERD Cs DRSAMATDAERSE)

® Normalized concentration

1
—0D = 1.0E-12 m2/s
o
"
BIK
3
S
R °
"
0.1 ' '
0.0 0.5 1.0 1.5 2.0

AV )—kFES (mm)

mM-10 RESHROD Cs i=ED T DAEIERR LR O T IER
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L - 2

/\ 5.0 mm ‘A E\
5.0mm (—*—\
‘ //\ } 4.5 mm
:"“ ﬁ P
—

BHEF
22 0')—rAE A = D274 e A = V7 CsI7K B &
(BEMIEZS LIZH ) * Cs: 1050 ppm

* 3cc(i&R/ELL:27)

Mm-11 Cs 2EABROBZ

avo)—kJavom

FREIER DB
1200 ® Exp. No.1 YN 3
® Exp. No.2 b3
1100 A Exp. No.3 g
E .
& 1000 = . ¢ . .
idd A A A
2 900 . . . i
(%) A
i . .
= 800
700
600
0 10 20 30

2@ (day)
RM-12 Cs 2ERBRERE (&P Cs BEOKMZEL)
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FCs)=E [ppm]

&

m Exp. No.1

1200 ® Exp. No.2
A Exp. No.3
1100 —Cal. D=1.0E-12 m2/s
. . | Kd=050 cc/g
1000 { ] ® ®
A
o A Kd=2.3 cc/g
900 ™ -
A A
- - Kd=4.0 cc/g
80 m— ——+—— ——+ - p=-=-o-ommos
700
600
0 10 20 30 40 50

T8 E (day)

HMM-13 Cs @BEEBOLIaL—a iR (BH Cs REDRHEZEL)
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5.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

II ) 35 3k

BiDS, “FBRIAVIV—FOBRBAEBLIUVECHLELLIEEYDREMNE -
WHDEEr (2) a0 )—FREVMEEFAEHR" | BXREFHESR 2018
FEDF=, 201843 A268~28 H, KRAXFEWHE+* v/ X, 3L01, 2018.
BIRHY AV ILERREE, AU PRMBICHT IBREORET -2 N—AD
BiE (BAZR#ERE) 7, JINC TN8400 2001-029, 2002 &£ 1 A.

BIL, “WEERT—FITE I A Y FKIIY~NDKIBIERBEO T TILE
7, BADRFEAHRE, 702025, 2003 F4 A.

UL, “BKRMTKPICEFTEIEIDL A NAVYFILOANSILD )T
— FKFIYPA~DIGE - REBERISDBETEETIVEN -7, EADRARFTR
&, L05003, 2006 & 7 H.

ANSYS, Fluent 18.2 Theory Guide, ANSYS Inc, San Diego, 2017

Ri#ED, “tADEKHMYADCs. St 1 F VDRBIZRIESTTILAVAF L DF
Z”  BAREREFHER2018FMOKRE, 2018FE9 A5 H~TH, BAILKEZEZEFX
¥ 2 NX, 2F16, 2018.

A. Atkinson, et al., Diffusion and Sorption of Cesium, Strontium, and
lodine in Water-Saturated Cement, Nucl. Technol. vol.81, 100-113, 1988.
[. Sato, et al., Penetration behavior of water solution containing
radioactive species into dried concrete/mortar and epoxy resin materials,
J. Nucl. Sci. Technol., vol.52, 580-587, 2015.

ERARL, “FILAVAFVREIZEDCaVY ) — FOREIEIZK S pH BRIC
Y SBTHIER" , 220 ) — FIZER®EXE, vol. 25, 689-694, 2003.
BERL, ‘BMEBRRVERERFFEERNICE TSI 70OVILEEEFMEFEDRRE
() T7AVILEAEEDFRLIZEMEOELE” | BREFHESR 2018 FMD
X%, 2018 9A858~7TH, BEUKXKFZEST¥ >/ X, 1B15, 2018.
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V. #BRESEBRORE

ARFETIE. SABD FPEBMBETAOBEALZE LT, IFEFICE T 2EEMNE
ZRER F FROMSTEEA TR NERBEQOERTIBRICET S LEEMELT. E
EHPMEBETHY. IF HOTEFLRETHSD Os ITEBE L. RCS ADILEEBHR U LY
)— FAADRELHOFBFEEELDI-ODT— 4 R— R OB FEDES, BITE
PBEREREEMEL= (ChODEHMRURLIINCs DXL, IFRTO Cs ZFHEL
TEELHEOTHY. IFHTO Cs AHETFRT 2 =OIFEF ROBER EARERIER
BT5H%).

>

IETIX. EEM% FP 28 & LT, RCS MDD Cs LZEEITEB LT, 1 ETIE.
RCS D FP L ZEENZH ST —F N—X TECUME] #BED—RE LT, XHT—4
EUE—REFEZAVCERFAZEZANT, Cs-1-B-Mo-0-H RILFRIGEETEH
DT—ER—ZADPREBELT=, Ff-. AT —ER—RZAVERBHRELT—
RIGFAERATOLEERISCFTHHEZERE L -#ER. Cs—[-B-Mo-0-H RILZEREIZX S
LEROEILEEIEMTE., Tz, THIEFOERLRANFFEHELFE
BABHR—HELEZEND, KT R—RFLERIGEEZEEE L 1= Cs—1-B-Mo-
0-H %D FPLZEHEISERTRL LD TH S L DIERES =,

I&ED 2 ZETIE, £ikD FP {LFT—% X— X ECUME (O —#B (Cs-1-0-H RILZRIE)
DIRARVHARICET D-ODERBRT—FZMGT HE#£IC, EELFETHD
Csl MRCS ADBITEENZMAT S LZEAME LT, 16T 2H I 5 EEREE TeRRa
ERV=Cs] OBTEHOBHRERRZEREL =, LBENRVZEHOMIELER]
ZEMICHM LR, RCSOEERE (>900 K) #EiIZH LT Cs-1-0-H RILFEKRIE
[CEYARKIPERL., LEZRIGEEDOMRICK > TTRAICEITI S L. 850
~700 K DREMRBICE T, BEICLYERICHFEL=Cs] EXTULRAMKRE
EDILFERIEIZE 2T CsobrO AERT B E, LN DHD Csl DILFERIG (H
AR TER) A HW=ZXLZRALGMNZLT=, FPIEZET 2 RXR—XADR AR VREIZE
WTIE, [P OILERIEEZITTELS BRSSO FPBITEHZREMICE
BIHENBETHIIEND, SHRD FP LRZT—ER—XADRIAERVHRIC
BT HARLGT AR ESNI-LER D,

e
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V. BREX

IF: BEE—RFHREMR

SA: VEF7TFTYU T2k (Severe Accident)

FP : #An AR (Fission Product)

PCV : RFIF+&#NA28 (Primary Containment Vessel)

R/B: RFF#ERE (Reactor Building)

RCS : [RFU%45#1% (Reactor Coolant System)

T/B: #—E>ERE (Turbine Building)

RPV : [RFFIE 72 (Reactor Pressure Vessel)

TGT : ;EEDEE (Temperature Gradient Tube)

PSL: RURFL ST w49 X (Polystyrene Latex)

Dp50 : (AR —FRA VNP B2—D) Ay b THEFE

ICP-MS : &S TS XATEENH (Inductively Coupled Plasma Mass Spectrometry)
SEM : EFEafss (Scanning Electron Microscope)

EDS: I RILFX—5EkE X #8924 (Energy Dispersive X-ray Spectroscopy)
XRD : X #&[E#7 (X-Ray Diffraction)

TG-DTA : REEKXF (Thermogravimeter-Differential Thermal Analyzer)
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