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[1] M. C.Fleming et al., An Experimental and Quantitative Evaluation of the Fluidity
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Bk LB, %66 4F, 105, 1980
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fER LTS,

Differential (Calculared Penzrration

Pressuret!) (MFPa) Length (m) Measured
Test Penetration , Penetration
axi iti 2) i3
Nurber Type Maximum | Initial | X* | X/ Total Length ()
1 PWR 1.96 1.1 1.2 | 3.0/25 | 2.5+4.2 2.3
2 BWR 1.€2 0.62 1.6 | 4.1/3.1 | 3.1-5.7 #2023
3 BWR .03 0.0?3(4 12| 0303 | 03-15 0.5
4 PWR 1.72 1.2 | 2920 2-4.1 2,123
0.6
Penetration 5 BWR 13 Le | 4731 | 5.0-63| 1828
Seal T 0.6
qal’ Tl (1) Precige time of iritiation of debris flow in thimble tube is uncertain sc differsntizl
Simulared RPV Wall pressure for debris flow could e between initial and maximum observed values.
(2} Saturated debric peneiration lergth calculated for both maximum and initial pressure
differentia’s.
Abbrevicted Length (3)  Toul calculated penetration length has z range cepending upon the degree of debris
Instrument Tube superhear and the differential pressure.

(4) Mzl cup depressurized due 1o spool piece breach so differenial pressure due
essentially hydrostatic heat of A10203 layer.

SHTIOR GO

X1 E PRI &BrEEE & OGRS H

2% 3k
[1] GE-Hitachi Nuclear Energy Americas LLC, ABWR Design Control Document, United
States Nuclear Regulatory Commission, 2010
[2] M.Epstein et al., Freezing—Controlled Penetration of a Saturated Liquid Into
a Cold Tube, Journal of Heat Transfer, Vol.99, 1977
[3] EPRI, Experiments to Address Lower Plenum Response Under Severe Accident

Conditions, Volumel, EPRI report TR-103389, 1994
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DHEEBHERLTVWD, T7VHBEIOFME LTIE, FrdT 40T 2AF L
NS RS ORSFHRZREEZ L TCVDEED, RENSFEIHE L TEET LT A
N7 M ELTE, ERERICESSFHRRME LT 1:16 2 8 Lkl 217 9,
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Table 1. PULIMS-E test matrix with initial conditions.

Parameter PULIMS tests
E1l E2 E3 E4 ES

Melt material Bi;O05-WO; | By05-Ca0 | BiOs-WO; | BihOs-WO5 | Zr0,-WO5

e 42.64-57.36 30-70 42.64-57.36 | 42.64-57.36 | 15.74-84.26
Melt mass composition, %o £ 5 2 : 3

eutectic non-eutectic eutectic eutectic eutectic

Melt jet diameter, mm 20 20 20 20 20
Jet free fall height, mm 400 400 400 400 400
Initial melt volume, L 3 3 10 6 [
Initial melt mass, kg 23.4 TS5 78.1 46.9 41.2
Tes "C 870 1027 870 870 1231
Tiigs °C 8§70 1027 870 870 1231
Melt teml.)erﬁzu.re in the funnel 1006 1350 1076 040 1531
upon pouring, 'C
‘Water pool depth, mm 200 200 200 200 200
‘Water temperature, °C 79 78 75 77 7.

Table 2. Measured and estimated properties of the debris beds in PULIMS-E tests.

Parameter

Exploratory PULIMS tests

E1 E3 E4 ES
Melt release time, (sec) 10 15 12 ~8.7
Total size x X y, mm 460x440 ~750x750 740x560 e
Cake size x X y, mm ~430x320 ~750x750 711x471 ~400x420
Max debris height, mm 93 unknown 106 50
Area averaged debris bed height, mm 31 ~30 30 22
Volume averaged debris bed height, mm 50 unknown 41 28
Debris height under injection peinf, mm 48 unknown 50 39
Total area occupied by cake, m 0.14 ~0.44 0.30 0.14
Measured particulate debris mass, kg ~4 unknown 2.9 -
Measured particulate debris mass fraction, % ~20% unknown ~6.8% =
Solidified cake mass, kg ~20 unknown 39.5 13.6
Measured debris bed volume, L ~4.2 unknown 8.9 ~3.1
Estimated total cake porosity 0.29 2 0.36 0.37
Syvmmetry of the spread NON-symL unknown NON-SyIL syminetric
Steam explosion no yes no yes
Cake formation cake no cake cake cake
Measured melt superheat, °C 136 206 70 300
Measured melt superheat in the pool, °C 121 77 48 90
Estimated loss of melt superheat due to jet 15 120 22 210
interaction with coolant, °C

ERUPTIONS

X2 PULiMS#EE#EE (E4)
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(2)  HEREm S AF
TT7UVHBEEIOFMTORN—Ar —2*¥OHREE IITKH L TT AT M %
EELIEZGAOT 7V OHERIKRE LT, M3 OoXkHicHEFGEREICOW TIEHE L
WCHEERHER LZBIRE L, 20 BT 7L S — R ICHRE T 2R E2RET S,
BLGEJE O [ #EH T IZ DWW T, HERE SRR E D OIFKREHE IS - 728
AT LD, aJ VLAY — LV REIEZZE LT AZ)VERE 5.872 n (T
TARY N EBET D E, THAMDOHERE S 130 0.37T m &2 s, HEEEDIC
DOWTIE, #HgET 7Y 09 LIRS OERBERWZLD LRS00, HRE
K 1.09 m &2 B,
R ALEIC DWW TIE, @O B —HRICHBT 2 L RET D72, HEE S
1359 0.36 m & 72 5%,
Ulbns, 7V oHMEESE, EE s tEoRBEasoaited
Enb, 1.8l mED,
OISR ARE 3 n®, Aev T 4 0 0.35 AT

. RFMbE
—— dkiE (M)
—— EiE (HAERS)

M3 F7UHBEPR (7 A7 FEEE)
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(3) T 7V OEEAKMER xS D R

B LB S 0.1T3 DF 7V BICH L THRE T 1 0.35 TETOMICRAL T
WA EIRE LTSS, MEEHSOTETH ) GKEE TOKEIZR0.56 m THDH, F
7=, MEERICHER T2 L TR — A L OHEMMEENEEZ, RIEENBEINT 52,
—RRICHER L2856 0K T — v L OEMERE» D OWMMEEIT 1 %RETH Y,
AREBICH L THERERZE A2V, AOMFMMOMAAPRRIZESLS, R
PVHHBIZE D27 7 VR T HBMAS FEEKE TOMBEICEIT 2 KMKT &
X, BEFROLEAITHN0.31n, LOCAFEFLROEAITN0.40n THY, KEE
DOEME LTHRSFBIC 1 %ERIALVESGEGETYH, KR TERIL, BEFZROEE
359 0.32m, LOCAFLOEAITN 0.4l ntiebizd, T 7 U ORAKITHMHERS
ns,
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CEA/DRN/DTPT{frbh/7=CORINEZERTIL, EK@siHmE (/) ¥o—
JUfh) ZREME S L CHEH LT, KT TOHENY $282H{ 5 ERNPER S, FE0
DM OBBEECIEKTICHERLIND Y TA NOEERFILNI,

MA—NVAN—ZiffE ¥ — (FZK) CTEINIZKATSEZRZEW-c, Bt
MELTT VI b (A12038 150 kg, F e 150 kg) 23 v, &Y O i &
JERWE, IRV IRAR (1D, 2D) , IROME (a7 V—F, I I v, a—FT 4 7),
KOFEAENT A= Z WP OIER Y EBRPITOA TS, FRIEELZX 1 KOK 2
WCRTA1 2038 F e THEENRRYRIBILT D720, WO 0% 2 Erax ),
RKANZA L 0L, RBICF e 2 i3T5 2 LIS KV BIEMEBERMY OIENR Y & &
BIEEY DI D B3 CEBRBFREELE 2o T WD, EBREMNFEZE 1 IT5T, KATS
—10LKATS—11DERFMHFITFEFRETHL2, KATS—1 00K 1 mmdD
KiEVZLTHY, KATS—11D0HFERIAGHELLRSsTWD, WHEOIN D FER
O3 ATRTR, Wi —AD XS ICEMD O RHEE N B E WSS, BEM R
M X O FRERARILN D BB /R EhoTnD, £/, KATS—12¢KAT
S—13DERFMEIFIFERETHIN, KATS -1 20FBKOMERET I v 7
Thy, KATS—13045F=ar 7V —rThod, MBADOILPNVFERELK 41TRT R,
Wi — A D X5 R O R E RS S E WAL, KROMEOZERIC LS TR
TRYRN 0 FEC AR DRER Lo TV D,

CEATEMIN/ZVULCANOPIERTIX, Y & L T b WiEmy » EH &
W, R O, BHEEESRE, KoME (a2 U—F, £7Iv7) 21T A
— X OYER D EBRPITbhTW5b, VE—U7ERTIE, BILWEmY (UO .
56 wt%, Z 1 O 32 wt%,Fe O 5wth, CaSiOsz 2wth, Si0:2 2wth, Fe
lwt%, CaO 1wt%, Al:203 1wt%h) ZHWT, a7V —FrREETIv I (H
BEOLa=T) KTOWLMAY ZERL TS, EREELN 5 (2R, EEOFRIC
NIRRT HREO R EREL, 27 U —MREET Iy ZIRIZ 40.8 kg OEILY
W 2 4.3 kg/s OHRETHRRFICHET 2R LER->TWD, MEDOINVRERZX 6
T, T.TRHITIFIER CIER Y ZEhZ2 R L TBY, T0#%IETET I v Z7IRTHETEN
D RRRET DR RE o TN D,
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Iren spreading
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(2]

#F1 KATSZEBRSME A EEE (FbWiR@y, 1DIEND)
Mass in Tempera- | Pouring rate (l/s) .
Test # Substratum channel ture Meit f Length in Sp mad(’:;%' length
(kg) (°C) Time(s)
KATS-12| Ceramics*) 186 2027 12.7-01/sin 10 s .7
KATS-14 | Ceramics*) 176 1967 2—-121/sin37s 7.2
Concrete :
KATS-10 | 1mm Water 179 2037  |12.4 —»01Vsin10s 6?:1 f'[n“;ti:?r'c‘:m
(Epoxy) '
KATS-11| concrete 183 2062|127 —0lsin10s| >3 m first Front
Dry (Epoxy) 6.8 m main front
KATS-13 C°g‘;;9te 185 2052  [12.7 - 01l/sin 10s 75
*) Cordierite (Al2O3 37 Wt%, SiO2 52 wt%, MgO 6,5 wt%)
100 ; : ; ;
75 I i ! ! KATS-10
- 50"“"\#“\{',______.‘__: I : concrete, epoxy-coated
E _ T 1mm of water — =
E 25 GG RESAER Al r \ E ]
E 100 ; S s e m I
£,100 ! . : !
2 75t ! : ! ! KATS-11
- SOMM,_ d—n ! concrela, epaxy-coated
- o RN R G DL W T A
5 | T T W
Channel length [m]
3 KATSZEBROKOFEDEE (BR{bhiEmy, 1DyENY) &

Height of the melt [mrm)

T

B 8
Channel length [m]

X 4

KATSZEBRODKDOMEDEZ (BRILMIEY,
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Stabilization pool - v
1086 mm
< >
Inclined  plane
(90° V shape) Wall
R Spreading plane Wall
~ o ]
>_
150 step
5 VULCANOZFEREBEHEX
0.6
0.5

o©
~

o
(V)

front progression, m
o
w

’.___—

-4 VE-U7, ceramic substrate

—— VE-U7, concrete substrate

0 5 10 15 20 25 30 35
time, s
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PDSZERIZCHOWT
I. ZL®IZ
AV x—F EMLIHAKRY (KTH) TEMINZPDSERIL, WhEEEOHAIK
DFEIC EBHERT 7V Ry FOFLEEBHICOWTEEEZIT> T\ 5,

2. FEBREMHF
FEHILEMEX AKX 1 1R T, KEOBEmICH > TR FIRT 7Y 28 S8, T
WCRELTEEART Y N =00 KARXITEREZEAL, FFRT 7Y Xy FOPL
Mz EBET D,

WATER TANK

 PERFORATED| /
: PLATE y
AIR INJECTION CHAMBER(S)

a) H s E b) PD S — C &k )DPDS—E7~2 3#&E&
X1 EBREEHEX

F72, PDSERTHEA DRI A—LZEZEEL L THEHBDODERNEBSI N TV 5,
BZERIZBWTREREL L TRELEARNTA—=FE2FE 1ITRT,

#1 PDSERIZIBITDNT A—FRE

Group Tests Effect studied

A. E2-E3; E7-E8; |Injected gas (air) flow rate influence

B. E2-E4 Particle density and size

€. ES5-E6; E7-E9 | Leading edge gas injection (turned on/off) influence

D. E10-E12 Roughness of the spreading surface with help of friction net

E. E12-E14 Influence of the water presence

B E12-E15 Mixture of particles with dissimilar morphology

G. E18-E23 Influence of inclined spreading surface (0°-15°)

H. E10-El1 Reproducibility tests

L. CI-Cl2 Tests on PDS-C facility at high superficial velocities (up to 1.2 m/s)
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(1) PDS—E®%B
FE~ b v AEFK2, FEREREZK 2 LOK 3R T, PDS —EXERICE
O RMIRAEE IR ARTE 0.122 m/s BBETHY, RTRT 7 U Xy ROER
DICHG~BT ORI EZEL TS,

— o — —@

. i /.’/0"_"**‘ —— PDS-E7
i —m— PDS-E8

L —e— PDS-E9
—a&— PDS-E10
— . ] PDS-El11
—a— PDS-E12
PDS-E13

—»— PDS-EI5
—+— PDS-EI8
—x— PDS-E21
—— A g |
——H—— —- + -+

200

100

relative front edge spreading (mm)

100 150 200
relative time (min)

X2 PDS—FEF#EBiEER

3 PDS—E 7 F#EBiER
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#2 PDS—EZFEBR~FIU IR

Particulate debris Total air SN be d front
et Facility T flow rate Sty Remarks* PISPRENTION, (Ril)
No. * | Material” | Mass (kg) | Volume group After lh Final

3 (L/s)
(dm”)
E2 | PDS-1 | Gravel ~13 10 28 | ABF 0 130 170
E3 PDS-1 Gravel ~13 10 5.7 A,B,F (0] 270 300
E4 | PDS-1 |SS cylinders 304 6 2.8 B (0] 70 135
ES PDS-1 | SS cylinders 304 6 2.8 C O 43 120
E6 | PDS-1 |SS cylinders 304 6 2.8 C 12 25
E7 PDS-2 | SS cylinders 200 385 20 A C O 270 315
E8 | PDS-2 |SS cylinders 200 38.5 12 AC O 165 205
E9 | PDS-2 |[SS cylinders 200 385 12 C 32 38
E10 | PDS-2 |SS cylinders 200 385 18 D, H N 65 72
El1l | PDS-2 |SS cylinders 200 38.5 18 D, H N 67 71
E12 | PDS-2 |SS cylinders 200 38.5 18 D,E,F 99 99
E13 | PDS-2 |SS cylinders 200 38.5 9 EF 43 44
E14 | PDS-2 [SS cylinders 200 38.5 18 E,F no water 0 0
SS cylinders 160
E15 | PDS-2 SS spheres 20 ~37 18 F 100 100
E18 | PDS-2 |SS cylinders 181 34.6 20 D, G N, i0 32 44
E19 | PDS-2 |SS cylinders 181 34.6 20 D, G N, il0 89 89
E20 | PDS-2 |SS cylinders 93 17.9 20 D, G N, il5 71 71
E21 | PDS-2 |SS cylinders 176 335 22 D, G N, i0 33 41
E22 | PDS-2 SS cyl. 122 233 22 D, G N, il0 30 40
E23 | PDS-2 SS cyl. 93 17.7 22 D, N, 115 M 57

*O=open leading edge chamber; N=friction net is used; i=inclination angle in degrees.
'SS=stainless steel.

(2) PDS—CHER
EBR~ Py 7 AR 3ITART, PDS— CEROKAHTAEEIL 0.34 /s~
9,00 m/s LhE<, BTHRTT U~y ROHR D 12 EF B E R ~ 55
—HThY, WD TEMETH LSNIMHERERSTVD,

#£3 PDS—CZEBR~HIIv7 A

Test | Initial debris Air injection Water | Debris bed Initial air
No. bed triangle Flow rate, Superficial Ratio level | settling time injection
type Q, (liter/s) | velocity, v, 4 (cm) (sec) method
(m/s) mf

Cl right 10 0.34 0.13 55 ~480 Instant
C1B right 10 0.34 0.13 455 ~480 Gradual

2 right 20 0.69 0.26 45.5 ~390 Gradual

C3 right 30 1.04 0.39 45.5 ~240 Gradual

C4 right 40 1.39 0.53 45.5 ~60 Gradual

CS right 50 1.74 0.66 45.5 ~10 Gradual

C6 right 60 2.09 0.80 45.5 ~2 Gradual

Cc7 isosceles 20 0.69 0.26 45.5 ~60 Gradual

C8 isosceles 10 0.34 0.13 45.5 ~130 Gradual

C9 isosceles 30 1.04 0.39 45.5 ~40 Gradual
C10 isosceles 40 1.39 0.53 45.5 ~6 Gradual
C11 isosceles 40 1.39 0.53 45.5 ~3 Gradual
c12 isosceles 30 1.04 0.39 45.5 ~4 Gradual
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(3) it i
LA E RS/ NS WP DS —EEBRTIE, KFIRT 77Uy Ko
AL E ST DR A~ DI RSN, SRR EENRKEVWPDS - CH
BRCIIE~BER L RSB EDEHIER I TV D,
FERICHBWTIE, BRF LSBT LIZERIE, SROERF OO MmEAMICA
WICEENEDL Z DL RARIEE T FHICKEVWLDEEZLND D, &
THEHBICH DR LAt & M Tx 5,

2 E BN

[1] A.Konovalenko et al., Experimental and Analytical Study of Particulate Debris
Bed Self-Leveling, NUTHOS-9, Kaohsiung, Taiwan, September 9-13, 2012.

[2] P.Kudinov et al., Investigation of Debris Bed Formation, Spreading and

Coolability, NKS-287, Royal Institute of Technology, KTH, Sweden, August 2013.
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T VBTG FL U U IR AEDREIZ SN T

LI
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77 VIREMN 2,000 CLLETHDDIZK L, SUSHMOELRIE L, 400 Chik Th 572
W, TTUETRICIEEG RL Y AIXEM L CHEMT 7 VIl iAENn, XT R
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MEIEETHLILIEMELELAIL, 7=V KIEROE@E L - 227 UV — MMAAAE
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K011 mfETF L, RiFILLZZT 7 YU O#HEZRWTZAKT — L KREITK 0.58 m &7 D
(XM 2) , AR O RIS, RPVIEBIZE DT 7 VETNDL T X ZLEKH
RETONT AL VKM FTEIX, BEFLOHEITHN 0.34n, LOCAFELROGES
35 0.44 m THY, TV OREKITHEREIND,
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