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Abstract

It is important to realistically evaluate accident progression and source term, taking into account
mitigation measures, to enhance nuclear reactor safety during severe accidents. There are, however,
large uncertainties in evaluating physicochemical phenomena that affect the containment vessel
integrity and accident progression during severe accidents. In this project, experimental data were
obtained for five phenomena that are still subject to significant uncertainties in the evaluation of
phenomena anticipated to occur during a severe accident, as a six-year program from FY2020 to
FY2025, for the purpose of expanding the knowledge that contributes to understanding the
mechanisms of these physicochemical phenomena.

Regarding pool scrubbing, small- and medium-scale experiments were conducted by the
University of Tsukuba and the Japan Atomic Energy Agency (JAEA) under the auspices of the
Nuclear Regulation Authority (NRA). Physical mechanisms such as the enhancement of aerosol
transport in single bubble and bubble groups and the influence of pool water temperature on the
decontamination factor were clarified. Regarding source term, fundamental experiments focusing
on chemical reactions, remobilisation phenomena, gas-phase chemistry and mass transfer, as well as
release from pellets, have been conducted by JAEA under the auspices of the NRA and in the joint
research projects with JAEA and with the University of Fukui. Derivation models were developed
for the release rate coefficients of fission products from fuel and for the mass transfer coefficients
between gas and liquid phases, and the re-evaporation phenomenon resulting from the reaction
between Csl and MoOs was also confirmed. Regarding thermal hydraulics in the containment vessel
assumed during severe accidents, experiments were conducted by JAEA under the auspices of the
NRA, under conditions including high temperatures exceeding 600°C. The mechanism of thermal
hydraulic phenomena such as wall heat transfer enhanced by high-temperature jets at the upper

flange of the containment vessel, the elimination of density stratification through natural circulation
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during external cooling, the influence of venting and sprays on hydrogen concentration distribution,
and hydrogen transport behaviors in a nuclear reactor building, were clarified. Regarding particulate
debris cooling, separate effect experiments and integral 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 particulate debris were clarified, as well as the flow characteristics within
the particle bed and in the contact region between the particle bed and the wall. Regarding
temperature stratification in the pool, experiments focusing on thermal-hydraulic phenomena that
should be considered in temperature evaluation were conducted in the joint research projects with
JAEA and with the Waseda University. The mechanisms of formation and elimination of temperature

stratification were clarified.
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Figure 1.1 The physicochemical phenomena targeted in this project
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Figure 2.1 Aerosol removal mechanisms modeled in SPARC-90
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Figure 2.2 Schematic view of single bubble measurement experiment apparatus
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Figure 2.7 DF measurement results at each flow rate and submergence level
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Table 3.1 List of test conditions for chemical reaction experiments
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Figure 4.3 Configuration and main specifications of CIGMA
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Table 4.1 Experimental conditions for the upper flange heat transfer experiments
JT-SJ-19 JT-SJ-22 JT-SJ-24 JT-SJ-23
TV 75 D S 120°C (2250
HIIE T RAE
R 70 g/s 70 g/s 15 g/s 15 g/s
EALLE & L7
S oo I.1m 4.8 m I.1m 4.8m
FEAZRKIRE 630°C 570°C 520°C 420°C
HEA S ZVNER 41.2 mm 41.6 mm 41.2 mm 41.6 mm

) [ESZATERH S 15 N AR - 0T JEBH JE Rk A 2

515 % AR E

EHT77 UMD il
I1.1m CAK). 48m (%£X) BT A (El)

JE X FmhiiE (LX)
(a) ??‘t/f\‘/i]\{iﬁ (b) %‘I‘{EMiﬁ

) [ESLATFERH S8 15 N AR - T JEBH JE Rk A 20
44 BT T UBMREREROERITIE

Figure 4.4 Experimental method for the upper flange heat transfer experiments
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Figure 4.5 Temperature behavior of the upper flange wall
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Table 4.2 Experimental conditions for the external cooling thermal-hydraulic experiments

/X5 A—% |CC-PL-50b| CC-PL-61 | CC-PL-62 |CC-PL-52b| CC-PL-60 | CC-PL-63
£ 77 200kPa | 250kPa | 300kPa | 200kPa | 250kPa | 300 kPa
R B 160°C
WIS ——
AR T 200 kPa
22 Ryt 0 kPa 50 kPa 100 kPa 0 kPa 50 kPa 100 kPa
R 300°C
KR 15 g/s
HEASME| ~VU 7 AN
L 6 g/sx1000 s 0Og
==X
TETIENE 0g 43.4 g/sx1000s
7w FIEER NCG {EAKRTHR~FERKTET
. mAENTT ik B — K
S A — - —
AN KR E=gl)
HEAKEEES) | 320kPa | 400 kPa | 440kPa | 320kPa | 380kPa | 440 kPa

i) [ESEAFFERH S TE N BRI - I JEBe SE RS 20
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Figure 4.6 In-vessel atmosphere temperature distribution and axial helium concentration

distribution
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Figure 4.7 Cumulative amount of heat transfer to the upper pool
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Table 4.3 Experimental conditions for the spray thermal-hydraulic experiments
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Figure 4.8 Axial distribution of helium concentration after spray
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Table 4.4 Experimental conditions for the venting thermal-hydraulic experiments

RT A—H VT-UV-05B VT-UV-06 VT-LV-08
J£7) 400 kPa
T ¥ 160°C B 150°C
AU T A 34 kPa
o 25T IE 100 kPa
ESGE
ARG E 266 kPa
WAV L o o
(FaFNIE ) (B FniE L)
Nk i B 124 m’/h (BWR #FHE &2 KRR r— VU > )
50 i 1 EL6.3 m EL2.8 m
) [ESZHFZEBH T E N B AR - TR B R b 2
# 45 NV ULORENETE
Table 4.5 Residual amount of helium inside the vessel
VT-UV-05B VT-UV-06 VT-LV-08
~Y 7 LNE YT NE YT NE
JE7) 1537 (534 (534
bt it it
400 kPa Os 1 0s 1 0s 1
200 kPa 1000 s 0.44 1850 s 0.43 1870 s 0.70
110 kPa 2170 s 0.23 4880 s 0.094 4680 s 0.28
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Figure 4.9 Axial concentration distribution of helium, air, and steam after the venting

61



4.7 BETEEEMERIKFBRBITER

IF FHOoH Chtl Sz FR @ E O ERE COKFRIBRICHET 2 mRA 2B £ 2 T,
BE [ C D728 UBEE (P O KB OBITHAEICET 2 A2 G 7 5720, CIGMA % vz
B % K L7z 2526,

4 4.10 IZ CIGMA & MW= 71E% <7, CIGMA Rasx R FFdEREMBEL, £ 0
2 JE PRI 2 B T 2 7o O ITHEEL DB RS £ OB D AR E L C 3 BEE I X S
b, BT —VITHEAKEEAL THE Z & ONEBERIZ I 1 D 7K RBEHE & 1545 L
7o T IZC, HMARD D ORK K UOKEDOIRZ W 2T 5 72 EEfEEIC &R & O
U LzwFEANL, SRS O EE K O BE 547 2 5Hll L 7=,

#F 4.6 ITHEBRTr — AOFEBRFMERT, T 2T CC-SJ-01 TlE, HFEFD 3 SRR
EIRRTHICRET LA R Y2 E 2 THRERSGHEZRE L, EARF—RE L, —J, CC-
SJ-02 (r—A 1) TIEEMT—/VINITIEAT ZWEKORE, CC-SJ-03 (r—2 2) TiX
BEREHI OB 02, CC-SJ-05 (7 — R 3) TIXKAEMT L S HFHALE A E T L T, 2084
fes8 L7z, CC-SI-08 (7 —A 4) TIX EFT— I L D5 EHBHEI 2173, EIZFEH~DH
RIRBNC X 0 BB PmEAISND Z & & Lz, CC-SI-09 (7—A 5) TIEEET— 1 OHH
DODWHKDBEDOHZZEL, BMTHHAKEZEALZNZ & THEBOBHHITEN BT
T=NAREN ERTHE9IT LT,

X 411 [Z&FERIZET 2~V U LREOHT M OHER 2R3, FRONEN S Om
HENE T T, Y 7 MIBEN NSV THICAE SO LB CIRENNT 5 & &2
bivd, Ll IRWEARZED T —Z 3 LA TIHRFHR PRI ON TEaD LERE LD H
JEHED TN~ 7 AOWEREL 2D, FFIZTr—A 1T KO —A 4 TIEFERET~Y T A
D|RENR bR RoTc, ZHUE, AAEGANC LV FEAFHKIBGBEI SN D H, EAAN
BT EERECERAFEHKOBENE O &0 BARK ORI R AT, BHKASEAD
BN RERE S FIE R RAT L7 & & ICAFIREE DL FICEE L CARR AN EEME L 7o Rt 1
RIS D O NBREREIM L E LB 5,

KR CRINT-TREESUI TR TONY 7 ARPHMEE B £ X TEER 72K FE O TR
MU 27 23 i 5720, ERICBITDH~U U AREO S ZKBORE L UTHRRRL,
M 412 0E80KFEHR7F—AD ELI3m (EER) . EL7.1m (F/ERE) . EL0O9m (T3
BE) TEovy EaREER L, K 412 1SR END iR E ORI IR R AR ITKSE - 22
R AROREFMENZOBOTICHIVUT AR UTBRO AN H D Z ERd, =
IE. K401 1SR TAY T NRENE S IR0 I2EIIC B W KB OBREY A7 3@V M)
Elpot, MBHETA~Y T ABRERELEWEAr—2 =22 ROr—2 5 TlEh)E
BECY v oV BRREEIRIC A D . TRETAY U ARENRLE WS —A 1 LDV — 2R
4 TIETHEBETY vy a2 Bl A o7z, EERETAY U AREN RS &V — A
3T, FERICINA T EERTYH Uy BN ERREBIC A DR R L o T2,

T

-
—

62



* 4.6 BEMEEEIF KRBT RO RBREM

Table 4.6 Experimental conditions for experiment on hydrogen migration due to wall condensation
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)25 PR AL BE 50°C 90°C 50°C 50°C 10°C 20°C
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EAZR K& 34.55 g/s 15 g/s 34.55 g/s

EANY T L 0.3 g/s 0.2 g/s 0.3 g/s

i

EL o~V UL 115:1 75:1 115:1
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Figure 4.10 Experimental method for experiment on hydrogen migration due to wall condensation
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Figure 4.11 Temporal evolution of axial helium concentration distribution
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Figure 5.2 Particulate debris and wall / floor contact heat transfer in the debris bed
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Figure 5.3 Deformation of partially solidified particulate debris pressed against the wall
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Figure 5.4 Conceptual diagram of contact heat resistance test apparatus
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Table 5.1 Test condition of the contact heat resistance test
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Figure 5.5 Results of the effective heat transfer coefficient in the contact heat resistance test
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Figure 5.6 Conceptual diagram of flow visualization test apparatus
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Table 5.2 Test conditions for flow visualization test

HH Fet
J£7) KR&E
HH /AR L o8 - 1 B kLT FEN
RLT-#4 K} Eir A % CYTOP
POVASREES $3. $5. ¢$10 mm $5 mm
W L 93 iic il Jjr =0.0~75 mm/s Jjr =0.0~53 mm/s
S L2~ T i Je=0.03~1.95 mm/s Je =0.004 m/s

) — S HIE N E S R FERT
(T % —HRE)

(3) EBRAER

W7 g & BE A i O RS AT AL TR, 3 TR ORL RIS DWW T, A BT
HWESKHRENTIREEZZLSEDLZ EICLY, A 119 7r—2ADEETITHE W THERE E
M L7z, —J7. BT ENO MRS LTI, 1 FEOK FRICOWT T = AD %
TICBWTERZEN L7z, X 5.8 ()l WMS OFHIALE & R A R REERY 022 43 4 X
OXSREREZ R LT, £72, ¥ 5.8 OICEEFHHIXBEOAFRZ R LT,

O KA E-BEmE PRI B D ARG O AL

R REAC T A BT 2 W7o A B R R 2 X 5.9 12" T, AA FRESRYIO2E
MmN G, 82 “HBEICERT 2R EN RTINS, “HBEOERABIE LT
WEAEE 10 mm DA IZ OV T, KJEH(a) 7 B RIE-A T 7 i O BB T T OB
ERLTWD, —H T, RA NERERFIOZZH A T, KPR OV 88K L
BEM TP CARA RERERFIOBIRCWE I S Z — U BNRR DGR oz, 20X 9 7%,
P e & i BE TR T O ZERE, BAFLOZERII Y U K Z VR R 10mm D & X
ROBEETH-o7o, M 510 121E, WREEEEITES XIEit- A 7 7 EBHEK L 72 508, i
B IT RVET IR AFE L TR Y . [N R DEEmERIC LV 2 d L& X
Lo,

ETOr—A%BL T, KEKIEOADH O D X 5 e XIEm N BIEE S5 & IXIEH
RS TERY | AT HEN R E < KU R TEE RGN S WG OB T
RENT, BRI ERIEAT ZNAVIR L T2 Z2 BT 57— AR KW EBR G4
THRENTZ, DT, AA RERREL LD EREBZ B OF v —mBECIILD, R
MTERIE L 2o T, B 3 mm OFE N i b BRI ~ERE T 5K 0T HE &R A

75



RERP/NE Do Te, EEMZRMRN & LT, RLFREN/D S WIE EBRRIT~ERE Lo Wi
KLy FATOEHI L BET OB Lol

@  RLT BN AR AT AL

ZE72 CYTOP 8K FIEICH W T, AT KAHBEEZ 4.0 mm/s, WH2NTHRAH#E %2 55
mm/s & L72RED A HALFER A 511 1R 7, IMIEIC R > TERSF 1 B H58 4 8ok
TJE % i D KILOZE TR EEICHIRE TE TR Y . BN ER O ENR I A Al 1AL &
e, BERITEE T O AT FAEE TISE I ZIE 2 EFin S Fii~Fii T <
TR ST, E7o, BT TR S LD RERITEE O 5 HYFOWE CRIaN 52 - 51K
L. WYFOWME CIEART 2N R Oz, S5, KM - A & H IV —Eo
NS CIRRL B NIIE A AFAE L, KA N7 v 7 SN D F®3 i S,

Ol R BFt25R
5']%7—7

v

- L i = £

osl ol bl NC] ML P

~ove il b NS ML I
T” iWW#fWW%MWMFWMJWWW

P 0 Ll i
A o] [t

L

3

= 0.5

i

[sws) LI-I-IJ:

- i:WH v

QHQQ"F@{’Usews\“mﬁ 1
(@) WMS & AR A R ZRIEERHI D %Fhix (b) A2 E X [H]

) —fRF R NE ) RAFgERT 28
X 5.8 WMS FHAINLE/ R A R REFR Y ZER] o3 A0 /2 5
Figure 5.8 A mapping between the wire mesh sensor measurement sections and void fraction time

series spatial distribution / pressure gauge arrangements

76



(@) jg=0.055//70.075 (m/s) (b) j¢=0.055//=0.047 (m/s) (c) j,=0.055//=0.028 (m/s)
i) —fRA R NE ) RAF e 28
5.9 IEAE 10 mm DB O R -BE D AR I ARG
Figure 5.9 Examples of visualization of two-phase flow structure at particle - wall surface contact

with a particle diameter of 10 mm
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Figure 5.10 Time history of void ratio distribution in the particle layer measured by the wire mesh

sensor (Particle diameter 10 mm, j,=0.055 m/s, j=0.028 m/s)
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Flow regime: Bubbly-slug
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Figure 5.11 Visualization of two-phase structure in CYTOP particle layer by shadow graph method
(Particle diameter 5 mm, j,= 0.004 m/s, j;= 0.055 m/s)
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Figure 5.14 High-speed camera image (25-HCP, heat flux: 1.0 kW/m?, contact pressure: 0 MPa)
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Figure 6.2 Transient temperature profiles at different thermal power levels.
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Figure 6.4 Structure of temperature and velocity distributions.
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Figure 6.5 Time evolution of vertical temperature distribution for different heater positions.
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