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Abstract

It is important to realistically evaluate the progression of events and source terms during
severe accidents, taking the mitigation measuresinto account, to improve reactor safety against the
severe accidents. There are, however, large uncertaintiesin eval uating physicochemical phenomena
that affect the containment vessel functions and progression of events during the severe accidents.
This project is to be carried out as a six-year program from FY 2020 to FY 2025 for the purpose of
expanding the knowledge for reducing the uncertainties in eval uating physicochemical phenomena.
This technical report intermediately summarizes the progress of research conducted by the end of
FY 2021, research results, future plans, etc. as outlined bel ow.

For pool scrubbing, small- and medium-scale experiments have been conducted by the
University of Tsukuba and the Japan Atomic Energy Agency (JAEA) under the auspices of the
Nuclear Regulatory Authority (NRA) to expand the knowledge that contributes to reducing the
uncertainty of the models. The mechanism of the enhancement of aerosol transport in a single
bubble and in a group of bubbles was clarified, and the effects of pool water temperature on the
decontamination coefficients observed in the previous project was reexamined using the improved
experimental apparatus.

Experiments have been conducted with the purpose of reducing uncertainties related to
source term evaluation, by JAEA under the auspices of the NRA and in the joint research projects
with JAEA and with the University of Fukui. Measurement techniques were established and the
dominant factors of the phenomena were clarified by basic experiments conducted focusing on
each phenomenon of chemical reaction, re-mobilization behaviors, gas phase chemistry/substance
transfers, and releases of fission products from fuel pellets.

For the purpose of obtaining knowledge for reducing uncertainties related to thermal

hydraulics in the containment vessel under various sever accident conditions including very high



temperatures conditions, experiments have been conducted by JAEA under the auspices of the NRA
on thermal hydraulic phenomena during the external cooling, the containment spray and the
containment vent. Knowledge was obtained on wall heat transfers with high temperature jets at the
upper flange of containment vessel, the elimination of density stratification due to natural
circulation at the external cooling, and the effect of spray on the hydrogen concentration
distribution during the venting operation.

For the purpose of expanding knowledge on the particulate debris cooling, development
of experimental techniques and separate effect experiments have been conducted by the Central
Research Institute of Electric Power Industry under the auspices of the NRA. The heat transfer
characteristics of the particulate debris and the flow characteristics were clarified for the contact
region between the particle layer and the wall surface and inside the particle layer by the contact

thermal resistance experiments and flow visualization experiments.
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2.2.1

Csl_H,O0 Csl+Mo H.O Csl O,  Csl+Mo_ O,

Csl 99.9%
MoOs 99.9999 %
Csl+Mo_H-0 Csl+Mo_0O, 1.3g
Csl MoOs
=226 mm —239 mm 1273 K
1050 K 1020 K
1273 K 10 K/min 60
1023 K~ 400 K
SS
2 L/min
60 °C Ar 1% 0> 60 °C Ar
Csl _H>O Csl _O»
ICP-MS
10 mm?
PTFE
SEM/EDS XRD
ICP-MS -133 -127 -95
0.04 mol/L 24 3 mol/L 3

343K  0.15 mol/L 0.25 mol/L 3

SEM/EDS 15 kv

XRD Cu-Ka 40 kv 15 mA
532 nm
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2.2.1 Cd MoOs

Table2.2.1 Heating test conditions for gaseous chemical reaction between Csl and MoOs vapors

Csl_H:0 Csl+Mo_H:0 Csl_Oy*? Csl+Mo_0O»
Csl 1.3g Csl 1.3g Csl 13g Csl 13g
MoOs: 1.3g MoO: 1.3¢g
Csl —-226mm MoOs; —-239mm
1273 K
Csl 1050K MoOs; 1020 K
10 K/min
60 min
Ar + 60°C Ar-1%0; + 60°C
2 L/min
Csl Cdl Csdl
1.1><10"mol/s 2.9><107"mol/s 2.7><107 mol/s
M003 ( ) M003
8.8><10® mol/s 3.5%107" mol/s
Mo/Cs 0.3 13
39.4><100 mm 13
1000 K
400 K
* * 2 4
2
2021.%0
3
20225t
(3
ICP-MS
2.2.2
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1.0

SEM/EDS
2.2.6
2.2.8
Csl _H20
Csl_H»O ICP-MS
2.2.2
2.2.6
1100 K 750~900 K
XRD Csl
Csl Csl
Csl+Mo_H20
Csl+Mo_H-0 ICP-MS
2.2.2
2.2.7 1100 K 750~900 K
1100 K
SEM/EDS 1100 K
840K 700K 400K
Cdl _H20
Csl
Csl MoO3

MoOs; Csl
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Cs:M 0,07

Csl_H.O

Cs:M 03010

CssM 0,07
CssM 0,07
Csl+Mo_ O,
Csl+Mo_0O,
0.44
Csl 750 ~ 900 K
MoOs; Cdl
SEM/EDS 2.2.9
10 um
10 pm
1100 K
XRD 2.2.11
840 K
Cs:M 0,07
CssM 05016
MoO, MoO;

Csl

ICPIMS

222
1100K

XRD
MoOs Csl
2.2.8
Csl+Mo_H20
2.2.10 1100K 400K
Csl+Mo_H20
MoOs Csl Cs;M 0,07
CssM 0,07 SS
400 K
SS
700 K MoOs
640K  Cs:M0.07
1100 K 840K
2.2.12
CSzM 04013
47 Csl+Mo O,
M 003
Csl+Mo_H-0
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MoO; Csl

X
CssM 0,07 MoOs
MoOs MoO,
MoOs Cdl
(4)
30
Csl MoOs Cs:M 0,07
Csl
MoOs3
Cdl Cs:M 007
2Csl + 2MoQOz + Ho.O - CssM 0,07 + Ho +1» (2.2.1)
CssM0,07 + NM0Os; - Cs:M0 + Oz +3n) (2.2.2)

(2.2.1)
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2.2.2 Csl MoO?

Table 2.2.2 Distribution of Cs, | and Mo in the heating test for gaseous chemical reaction between
Csl and M0oOz vapors

Cs H.,0 Csl+Mo H.O  Csl O, Csl+Mo_O;

0.15 0.08 0.27
0.50 0.28 0.10
Cs 0.00 0.12 ¢ 4 ) 0.34
0.05 0.13 0.21
0.00 0.14 0.06
0.15 0.07 0.00
0.50 0.28 0.01
| 0.00 0.08 ¢ 4 ) 0.05
0.06 0.12 0.29
0.00 0.26 0.44
0.18 0.41
0.03 0.11
Mo 0.10 0.34
0.02 0.02
0.02 0.02
2
202150
3
2022.51
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Figure 2.2.6 Distribution of Csand | in the thermal gradient tube after the Csl_H-O experiment
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Figure 2.2.7 Distributions of Cs and | and Mo in the thermal gradient tube measured after the

Csl+Mo_H20 experiment
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Figure 2.2.8 Distribution of Cs, | and Mo in the thermal gradient tube after the Csl+Mo_O»

experiment
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Figure 2.2.9 SEM and EDS mapping image for the thermal gradient tube in the Csl+Mo_O-

experiment
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Figure 2.2.11 XRD spectra for each substrate including deposits in the

Csl+Mo_02 experiment
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2.2.4 HBATEEFEER
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2.2.5 KAEILE: - MEABITER
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11, 59
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dCrq _ Kqh
Sl "V—I(Hacg,a(t) — Cra(®)) (2.2.3)

C,o Concentration of component ain liquid [mol/m?]
K, Masstransfer coefficient of a[m/s]

A Gasliquidinterfacial area[m?]

V,  Liquid phase volume [m?]

H, Partition coefficient of a[-]

Cga Concentration of component ain gas [mol/m?]

(2.2.3)
JAEA SA THALES™
FP
BWR-4 Mark-I
SBO
Csl
62
FP
K
K
Ka K
a b
A(D)
KpA(t) _
Roa(D) constant (2.2.4)
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Diq
K, = —
a 5[

D,, Diffusion coefficient ain liquid [m?%s]
6 Thickness of boundary layer in liquid [m]
(2.2.4) (2.2.5)

KpA(t) _ Dipdy _ Dip _

2.2.15
15 cm 2m
1~20 L/min
CO»
L/min
2.2.16
(2.2.3) K,
K, /K, Dyco,/Dio,

61

~ —— ~ — = constant

60 °C

99.99% N2

(2.2.6)

(2.2.5)

(2.2.6)
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2.2.6 CslI i 3EER

Csl
12,54 MELCOR SA
MELCOR FP CORSOR
MELCOR Csl
0
Csl
MELCOR

(1)

(2
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(4) MELCOR

(1)
Csl FP
FP
FP
FP -235
uo;
D FP uo;
D FP
(2
FP (2
FP
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Figure 2.2.19 Schematic diagram of quadrupole mass spectrometer

(3) 46
FP
FP
_ F, (2.2.7)
Fi i
FP MELCOR Fi
CORSOR CORSOR-M CORSOR-Booth
MELCORL.8.5
MELCOR CORSOR-M
MELCOR?2 CORSOR-Booth FP

Csl Css:M00;4
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(2.2.8)

min

(2.2.9)
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Figure 2.3.1 Important phenomenon related to prevention of the containment failure under severe

accidents
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Figure 2.3.2 Outline of experiments on thermal hydraulics inside the containment vessel under

severe accidents
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3200 AM
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2.3.6
2.3.7 231 2.3.7
JI-SJ-14 100°C
130°C
50°C JI-SJ-15
JI-SJ-12 30 °C
231

Table 2.3.1 Experimental conditions on containment top head flange heating experiments

Jr-s’10,11 | JT-SJ12 Jr-S313 Jr-S314 Jr-SJ15
25°C
70gls
570 °C
0.6 MPA 0.3 MPa
180 °C
181 °C 0.19kg/s BWR 1 10

3
2022.%
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Figure 2.3.4 Schematic view of containment top head flange cooling experiments
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Figure 2.3.5 Pressure changes at the test section
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PL-43 50 % CC-PL-46 10 %
2
2.3.13
3
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2.3.2

Table 2.3.2 Experimental conditions on external cooling thermal hydraulics experiments

CC-PL-O9|CC-PL-12 CC-PL-38 |CC-PL-39 CC-PL43 |CC-PL-44|CC-PL-45|CC-PL-46 |CC-PL-47 |CC-PL-48|CC-PL-49
H28 R2 R3
Kpa) 450 150 150
) ~150 150 ~160
)
84 70 100 10 100 100 100 100 52 76 84
0 15 0 90 0 0 0 0 48 24 16
He 16 15 0 0 0 0 0 0 0 0 0
@h) 0 0 35 35 15 15 15 30 15 15 15
He @A) 0 0 2 2 2 2 2 2 2 2 2
He ®) - - 0-1000 | 0-1000 | 0-1000 | 0-1000 | 0-1000 | 0-1000 | 0-1000 | 0-1000 | 0-1000
) 95 95
©) 071000 [ 071000 | 07950 07950 1000” 0~ 5000~ 1000” 1000™ 1000~ 1000”
2 3 2 3 2 2 2 2 3 3 3
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Figure 2.3.9 Schematic view of external cooling thermal hydraulics experiments
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Figure 2.3.10 Time changes of helium concentration distribution in the closure systems
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Figure 2.3.11 Time changes of helium concentration distribution in the vertical upward gas

injection systems (Left: steam-He, Right: steam-air-He)
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Figure 2.3.12 Time change of helium concentration distribution in the horizontal gas injection
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233

Table 2.3.3 Experimental conditions on external cooling natural circulation experiments

CC-PL-27 CC-PL-30 CC-PL-32 CC-PL-28 CC-PL-34
(m) 6m m 8m > 9m > 10m
He (%) 50 48 16 50 48
(°O) 167 72 163 168 74
(kPa) 185 175 180 185 174
(m) EL>8.2 EL>8.2 EL>8.2 EL>4.2 EL>4.2
2
2021.%
CC-PL-27
CC-PL-30 gg'gt'éi
CC-PL-32 __—
Cooling
region
Cooling_|
region
2
2021.%

2314

Figure 2.3.14 Schematic view of experiments on external cooling natural circulation experiments

(Left: Conditions where the outer cooling region is narrower than the initial stratification, Right:

wider than the initial stratification)
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Table 2.3.4 Scaling between actual reactor and CIGMA

234

CIGMA

BWR3/ BWR4/ CIGMA CIGMA
Mark | Mark | (BWR) (PWR)
DW m?3 3410 4240 73700 50 50
\W 1.380E+09 2.381E+09 3.423E+09 200000 200000
day 365 365 365
24 W 6.124><10° 1.057><10" 1.519><10’" 1.00=<10° 1.00>=<10*
W/md  1.796><10% 2.492><10° 2.061><10> 2.00><10° 2.00><10?
mol 1.808><10° 2.477><10° 2.236><10°
Zr kg 723 991 894 10 0.6
kg/m?3 0.212 0.234 0.012 0.2 0.012
1s 577>=<10° 9.56>=<10°® 3.85><10°® 3.00<10°® 3.00><10"
kg/s 1.50><10" 1.50><107
1/s 2.93><10* 1.80><10° 2.00><10* 4.00><10°
m3/s 1.00<102 2.00><103
2
2021.%
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2.35

Table 2.3.5 Experimental parameters of spray and venting thermal hydraulics experiments

Fernandez-Cosials CIGMA
m? 61100 50
kg/s 6 0.005
kg/m®/s 9.820>=<10° 1.000><10*
Kg 550 1.2
kg/m? 0.009 0.024
o/s - 3
S - 400
kg/s 15 0.015
Us 2.45%<107 3.00< 107
S 2000 800
kg/m? 0.49 0.24
kg/s 70 0.0125
kg/m3 0.75 0.5977
kg/m?® 1.38 -
m3/s 50.6 0.02091
1s 8.29>=<10* 4.18><10*
S 1000 3600 -
2
2021.%
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Figure 2.3.16 Locations of the gas injections and venting
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Table 2.4.1 Identification of influential factors for particle layer-structural wall heat transfer
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Table 2.4.2 Components of contact heat resistance test

50 kw/m?
JS A5052
Rmax1.6-S
05mm T
Rmax1.6-S
Rmax1.6-S
20 kg
T 1(JIS) 0.5 mm
300°C
1 kN 0.5% of R.O.
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Table 2.4.3 Test condition of the contact heat resistance test

5mm
SUS630 -
5 - 25 kW/m?
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Table 2.4-5 Test conditions for flow visualization test

CYTOP

- ¢3 ¢5 ¢$10mm

- j. =0.0 - 75 mm/s

ju =0.0 = 53 mm/s

- ju =0.03q — 1.95 mm/s

jg =0.004 m/s
3
2022.80
3 WMS
WMS U(t) a(t)
— Uwater—=U(t) _ u(t)
a(t) - Uwater_Uair - 1 B Uwater (2.4.6)
a(t) Uwater Uair
U(t) 0
2 WMS
Ug
_s
Ug = - (2.4.7)
s 2 WMS 30 mm T
2 WMS T 2
WMS
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Figure 2.4.18 Conceptual diagram of two-phase flow structure classification in the particle layer
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