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7 J. D. Gabor, L. Baker, Jr., and J. C. Cassulo, (ANL), “Studies on Heat Removal and Bed Leveling of
Induction-heated Materials Simulating Fuel Debris’, SAND76-9008
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8 P. Kudinov and M. Davydov “PREDICTION OF MASS FRACTION OF AGGLOMERATED DEBRIS
IN ALWR SEVERE ACCIDENT”, NURETH14-543

9 Pavel Kudinov, et al.,” Fraction of Agglomerated Debris as a Function of Water Pool Depth in
DEFOR-A Experiments”.

10 Pavel Kudinov, et al.,” Development of Ex-Vessel Debris Agglomeration Mode Map for a LWR Severe
Accident Conditions,” ICONE-17, Brussels, 2009.
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11 M.T.Farmer, et al.,” OECD MCCI Project Final Report,” 2006
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(12) SSWICS & 11
SSWICS (Small Scale Water Ingression and Crust Strength experiments) 5%
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HEOX, JTANDOY Y TR LG EFENTICRD TR Y | X 3.1-4243 |Z7RT
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12 Hideo Nagasaka, et al.,” Failure Strength and Young’s Modulus Evaluation of Solidified Crust based
on OECD-MCCI Test,” MCCI Seminar 2010, Cadarache, 2010.
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BRI O 90%EL EAHIRAL L7 & D . DEFOR ZEBR L FHEL L 2#ER A SE 5

13- A Konovalenko, et al.,” Experimental Results on Pouring and Underwater Liquid Melt Spreading
and Energetic Melt-coolant Interaction,” NUTHOS-9, Kaohsiung, Taiwan, 2012.
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#3.1-1 ACE ZEEr : ISP DL L N2 7 U — MR

Constituent (kg) L2 L6 Constituent (kg) L2 Lo
U0, 216 219 Si0, 69 69
Z10)s 42.5 185 Ca0 13.5 135

Zr 13.4 21.1 AlLO; 4 4
Zirc-4 - 1.8 K0 1.4 1.4
Fe,0;5 = & Fe,0s 1.0 1.0
NiO - - TiO; 0.8 0.8
Cr0; " - MgO 0.7 0:7
S8-304 - 9.1 Na,O 0.7 0.7
CaO 3.0 7.3 MnO 0.03 0.03
MgO = = BaO 0.02 0.02
Si0: 20.9 169 St0 0.02 0.02
BaO 0.8 0.79 Cr0; 0.01 0.01
La,Os 0.6 0.6 H.0 + CO, 79 79

S0 0.5 05 Concrete Type g gt
Cer2 13 13 TOTALS 99.1 99.08
Mo0O2 0.9 0.94
SnTe 0.2 =
ZrTe, - 02

Ru - 0.38

BC - -
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#3.1-2 WETCOR ZEB 7 7 A B K~OERGR K

Table 6.4 Heat fuxes to water through the thin
portion of the erust

Heat Flux
Corrected for
Varying
Crust
Heat Transler Thickness
t (min) Rate (W) (MW /m™

| 55710 563 | 22735 + 4940 0.52 + 0.13
582.4 10900 + 3100 | 0.25 + 0.08
589.0 8600 + 3200 0.20 + 0.08

WATER INLET

WATER POOL

THERMOCOUPLES
(TYPE K}

MgO CASTABLE

ALUMINA TUBE

SIDEWALL
THERMOCOUPLE

ARRAY (TYPE K) v T WATER EXIT

HA MATERIAL
CHARGE MQO CASTABLE

SUSCEPTOR RINGS
(TUNGSTEN)

THERMOCOUPLE

(TYPE C)
THERMOCOUPLES
(TYPEC}

1tle] PLE CLOSED END ALUMINA
ARIAL THER CE:RAV PROTECTION TUBE
THERMOQCOUPLES
TYPEC

CONCRETE

3.1-9 WETCOR ZFEEpikiE
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Buss Power (kW)
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WATER EXIT

RUBBLIZED DEBRIS
1cm MEAN DIAMETER
(MASS 1.5 kg)

SOLIDIFIED MELT SPLATTER

MgO CASTABLE

ORIGINAL CONCRETE
SURFACE

3.1-16  WETCOR

/

Y/

MgO CASTABLE

TUNGSTEN SLEEVE
SUSCEPTOR

|__—VOID/HIGH POROSITY

[ SOLIDIFIED DEBRIS

™~ TUNGSTEN SLEEVE
SUSCEPTOR

LIMESTONE/COMMON
SAND CONCRETE
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# 3.1-3 MACE st —5

MO MIlb M3 M4
BEUF DEIEDER (kg 130 480 1800 480
UG, 56 65 57 57
a3 Y 710, 11 13 29 29
i P . ’ ' :
PR (222 J—1 29 19 14 14
RS
BERLFE DERIEES (m) 0.13 0.25 0.2 0.3
ERUF LERSAEIRE (K) 2000 2350 2250 2280
ERUE LDIEERIHREE kW) 100 130 300 130
ary U—bofER BIREFR | AKER | AIRER | 71 BER
vy U — hEEME md) 03X03 | 05X0.5 | 1.2X12 [ 0.5X0.5
a2 —FROEE (m) 0.35 0.55 0.55 0.55
AKAL (m) 0.5 0.5 0.5 05

3.1-17 MACE FEEdEE
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Heat Flux, kW/m*
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Temperature, K

SN1/2

MACE 1B TEST SECTION AFTER TEST |

- 80— /_____—- VOLCANC FORMATICN
] v
+ 50—
o] — TOP CF EXPCSED ELECTRODES
— 353 onINTIAL POADER HEIGHT
+ 30+ ~—— REMNANTS OF SKELETON
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+20
-| [~ SQLID CRUST
]
+ 10—
—— VOID - 9amHIGH
0 =4
20 ] > SCLIDFEDMELT
0 - — 5) amSQUARE
“ . & s " " BASEMAT
.
2 - o = . - S
-
2 ¢ © v",. B /Eﬁumw
& f
L ————————————————— Ji Gl MACE 1B TEST SECTION
e s o CRAARNG ND: M0
S e === CRAAN BY: D KLSDCHK
DATE: WOEAD MACE 1B
FLE: WRBNSAT DWGES)
NCRTH MEWFRCMWEST SCQUTH

3.1-22 MACE-M1b 58 T O FEE QBRI Lo

PEETTET N RI |
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!

P T |

Junction Elevation:
O———-0 +6.3tm 4
+2.3¢m

—_——— 7.7 em
—_— 8.7 cm
--------- 9.7 cm
o———0p-13.7cm

ol o o x s
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0 60 120 180 240 300 850
Time, Minutes
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# 3.1-4 COTELS (B XU} C) EBagft—&

r—2 (BRUC) 5a | 5 | 4 2 3 1] 6 [ 7] 8] 9
BRI 5 A 7 B A B
wamERZ (k) 47 56 53 45 46 58 56 52 42 51
BRI kW) 0 150 | 170 | 155 | 150 | 150 | 150 | 150 |110-140| 150
a2y ) —hk Ty 7Em) 0.26 0.36
KRG ik — Jet Jet Jet Jet Jet Jet Jet Jet | Spray
BEERE kegs) | — 002|004 | 003]003]003]| 004|003 004 | 004
BAZAHEZ) (min) | — 8 8 8 8 15 9 10 10 6.5
KB OTERRYIRRE
F7URTER (kg) 9 215 | 19 35 33 48 — — — —
Chz 7S (19%) | (38%) | (34%) | (78%) | (T2%) | (83%)
W72 16mm BB (kg) 0 0 6 0 0 18 — — — —
K728 16mm LT (kg) 6 215 | 13 32 33 30 — — — —
SRR TR (mm) 06 | 08 | 22 15 | 1.0 | 04 — — — —
wEELERZ (k) 38 | 345 | 37 10 13 10 53 52 42 51
LR O a7 U — MNREE
BEREE (K (mm) 28 25 22 15 20 40 15 15 15 10
BERE WE (mm) 13 10 25 15 15 48 8 10 8 ~0
AOEEE S (mm) 12 15 21 18 15 15 10 12 12 5
AEHES (mm) 40 55 65 40 34 35 32 35 30 20

WEZ A7 . A UO2-78wt%, SUS-Bwt%, ZrOz-17wt%, Zr-Owt%
B : UO2-55wt%, SUS-15wt%, ZrOz-5wt%, Zr-25wt%
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2000
F | Water Injection On (B/C-5)

3 { Water Injection On (B/C-9)

1750
1300
1250

Conerete Temperature (K)

1000 E

750 E B/C-5 (Zﬁcm 1.D. Trap)

500 F

250 B/C-9 (36em LID, Trap)
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L:EMF, 2:Test wvessel, 3:Instrumentation nozzie,
4:Removable bottom, 35:Water injection nozzle,
6:Concrete trap, 7:Induction heater
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Time after Corium Falling (min)
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SN1/2

Lower ingot Upper particulate Discolored
debris (34.5kg,  debris bed (21.5ke, Upper particulate — gggrr g
10~12cm thick) ~ 10~12cm thick.) debris bed (19kg, _

7~12¢m thick.)

| Ingot Block Crustdebris |

sE—— 2 . | . : -
Pebble bed 7 \ (2~5mm dia]) - debris  debris  (5mm thick.)
(1bmm max. thick.) Discolored concrete area e Lower solidified debris —
(55mm max. thick.) (37kg, 7~12cm thick.)
Concrete Trap \ Concrete trap J
Case (la) : B/C-5 Case (1b) : B/C-4

Upper particulate
Lower ingot debris (33kg)
debris (13kg)

: Ingot debris
Crevice
(2~Smm dia) (Blkg)

Discolored concrete area Flow channel

Dif;::ﬁ:;d m‘;m .jrf.t:k_’fﬂ ns;:;b ::x.hcr.:mk.] (20mm max. thick.) (2~3cm dia.)
l Concrete trap I Concrete trap
Case (2) : B/C-3 Case (3) : BIC-9

3.1-26  COTELS B2 TOW R E IR TE
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# 3.1-5 FARO EBEMAR R —&

28 1D U0 BRE R | AR | B TR | RESES| KiE | oy —ngE | AkER
‘ BREEIGK kg K mm MPa m K 1R
L-06 0.8 18 2,923 100 5 0.87 0 7L
L-08 0.8 44 3,023 100 5.8 1.00 12 7L
L-11 0.77 151 2,823 100 5 2.00 2 L
L-14 0.8 125 3,123 100 5 2.05 0 7L
L-19 0.8 157 3,073 100 5 1.10 1 7L
L-20 0.8 96 3,173 100 2 1.97 0 L
L-24 0.8 176 3,023 100 05 2.02 0 7L
L-27 0.8 129 3,023 100 0.5 1.47 1 7L
L-28 0.8 175 3,052 50 05 1.44 1 7L
L-29 0.8 39 3,070 50 0.2 1.48 97 7L
L-31 0.8 92 2,990 50 0.2 1.45 104 7L
L-33 0.8 100 3,070 50 0.2 1.60 124 7L

¥ 0.8 DEAOMRKIE 80% U0+ 20%Zr0z, 0.77 DA QML 77% U0+ 19%ZrOz+ 4%Zr,

| Loawaer olectode
T Acleazo tube

closing disz {W)

I
]~
AR 9 doteciors
I Aelease lube
C 4 {D =30 mm, h= 2.5 m}
E
ik, ee————dirror system drive

I Videocam

Bepressurizer ——0 Protection vaive S01

Prassura equalisation{Ar]

lor meli refeass —e- Main isolation vatve 502

[& =120 mm)
Steam venling w—— ]
Flap for £ Dome
Pressure agualisation
dunng quenching 1 Releasa vessel

b0} — - - I
{for 150 kg) et

2085 Instrumanialion fing

Hinged-fiap for melt raleasa
Tngzzie = 100 mm)

TERMOS vessel
{Goa 2593 )

l Healing sections

Elevarion {mm) |

BDebris calchar
6.00 (@ = 680 mm)
a Bottom plats
_g;g {thicknoss = A0 mm}

3.1-27 FARO FEBiEE
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#:3.1-6 COTELS (A) EBREMEEROHEE—E

%88 1D UOz%'J/Eu\ BRmER | BRpRE | FEIES K T —VE TS
P kg K MPa m K
A-1 0.55 56.30 3,050 0.20 0.4 0 -
A-4 0.55 27.00 3,050 0.30 0.4 8 —
A-5 0.55 55.40 3,050 0.25 0.4 12 —
A-6 0.55 53.10 3,050 0.21 0.4 21 -
A-8 0.55 47.70 3,050 0.45 0.4 24 —
A-9 0.55 57.10 3,050 0.21 0.9 0 —
A-10 0.55 55.00 3,050 0.47 0.4 21 -
A-11 0.55 53.00 3,050 0.27 0.8 86 —

X Wi h UO:z : bbwt%., Zr

: 26wt%, ZrOsg:

~2450

1400

5wt%. SS: 15wt% DIRE

Electric Melting

Furnace
(EMF)

Test Vessel

<« (LAVA)

BT

[ 3.1-28 COTELS (A) FEBRERE

912

/'l

3.3-40

PT

(J mm

P: Pressure, T: Temperature,
G: Gas sampling line

Water Level

Concrete Plate

Melt Catcher



#317 BALTLRY T ERSEp—E

Initial | Initial | Fipal Firal Boiling Beat
Container | Geerator, | Eeight at| Eeight at| Height at|Feight at| Flix,
Run| ID,am Bed Material kw Center,am|[{Wall,cm | Center,em|Wall,em | cal/sec- o
1 | 114 | 590-840 £ SS 15 6.4 38 5.1 4.4
2 | 114 | 210-1000 +4Cu 15 76 4.4 6.0 5.7
3% 114 |[50-50 vol.%UO~SS 15 7.6 5.1 6.0 6.0 055
4 162 | 210-1000 + #Cu 15 9.2 6.0 7.6 7.4
5 292 | 210-1000 + #Cu 100 121 32 7% 5.7 0.79
67| 292 |50-50 vol.BUC,-SS| 100 89 3.8 6.4 6.2 120
(&) Run ¥ Runé6 ()
HA Aoz (3988) 2999 153°
(2~35%) 0.0° 038°

. UOsSS PARTICLE BED
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0 cm

3.1-30 DEFOR fABREEE 24N OEF O v v F v —

7 3.1-8 DEFOR-A EBROEBRSM:
HAL | Al A2 A4 A5 A6 A7 A8 A9
Ve A R K | 1,253 | 1,246 | 1,221 | 1,245 | 1,279 | 1,349 | 1,255 | 1,343
YA K 110 103 78 102 136 | 206 112 | 200
Yy NI mm 10 20 20 10 k. 25 25 20
VR D E N IREH] s 38 11 11 38 20 10 10 11
VRR RN &S m 1.7 1.7 1.7 1.7 1.7 | 162 | 162 | 1.7
KT C O B m | 018 | 0.18 | 0.2 | 0.18 | 0.18 | 0.2 02 | 018
K — RS m 152 | 1.52 | 1.5 | 1.52 | 1.52 | 142 | 1.42 | 1.52
K7 — LR L K 346 | 367 | 346 | 364 | 346 | 356 | 355 | 355
KF—NY77—nLE| K 27 7 27 9 27 17 18 18
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Fraction of agglomerated debris
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3.1-33 DEFOR FEBRIZI5 T 2 IR EEE ORI
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7 [y - u Om Magg‘= 200/0
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6 [ [
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#3.1-9  CCI EBroFEFEERSAM:
CCI-1 CCI-2 CCI-3
et PWR+8% concrete [/ /2 PWR+15% concrete
a7 Yy—rEgAF EEEER FEY A EEEE R
NEILY/ 400kg Gip= 375kg
J£77 RATE [l /2 Al /2
WS R IR 1,950°C 1,880°C 1,950C
LB UM 150k W 120kW 120kW
Ak S JNEi: 5.5 B & 5 [l /2 [l /2
W 30em 2R
HKE, RE 2 liters/fp, 20C EkE b
HEKE IR SR 50cm + 5cm A /e Gk
#3.1-10  CCI FEBR?D 15-20 53123817 2 K~ DB

Table 3-7. Debris-Water Heat Fluxes for CCI Tests Averaged Over the Time Interval

15-25 Minutes after Cavity Flooding.

Heat | Concrete | Crust Note(s)
Test | Concrete | pyy ) Gas | Concrete
Type | xWim') | Content | ¢ontent
(We ) | e on)
) Assumed heat transfer surface area: 0.25 m’
CCL-1 SHT 150 4.6 373 (PTE imndicates that water dad not penetrate
(Us) sidewall crusts to cool the top surface of the
corum inferactmg with the sidewalls)
Assumed surface heat transfer area: 0.50 m’
(PTE mdicates that water was able to contact
" e the entire melt upper surface area). Water
-2 - 5 3 2
=l s e e - ingress at the mterface between the cormam
and concrete walls also contributed to
cooling, but this effect has not been separated
from the overall heat flux estimate
CCL-3 SIL 500 135 478 See Note for Test CCI-1.
(EU)
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EXISTING MACE 50 cm X
50 em MgO TEST SECTION

/— Mg O INSULATION

ALUMINUM TRANSITION
PLATE (1" THICK)
S— ]
= a
; INMTIAL POWDER HEIGHT
CONCRETE SIDEWALLS
.4
| — TUNGSTEN ELECTRODES
SV -
")
< s | {
e {r » TYPEKTCS
{
a i Ay
o | S Loiz 7
= TN 4 o IYPECTCIN TUNGSTEN
1 s f THERMOWELL
ke = F -
: /
o SWE & |
; > TPEKTCS
o SwWe = |
5 SwA )
4
1.00"
K r : DRAWING: CCI3 BOTTOM SECTION
f ] (WESTMEW)
'| f U ELECTRODE CLAMP U DRAWING NC.: MCCIE38
— = DRAWN BY: D. KILSDONK 24746
8.0 E ] DATE: 104305
| IBEAM FILE: CCI3 BSW/C.DWG(AC112)

WVIEW FORM WEST

NI AT CENTER LINE sum
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Heat flux (kW/m?)

3500

— gC'*: E';’OWBL off —8=Test CCI-1 (SIL Concrete)
» IsLBreac —8—Test CCI-2 (LCS Concrete)
3000 - ==Test CCI-3 (SIL Concrete)
I
2500 ~
2000 -
CCI-2 Power Off
1 at 122 Minutes
1500 - :
ie— CCI-3 Crust Breach
1000 + :
— CCI-3 Power Off
500 -
. . !
-10 0 10 20 30 40 50 60 70
Elapsed time from cavity flooding (minutes)
3.1-36  CCI BRI B K — .o 0B R
2000
——Tasl CCL1 (B Conciute)
1900 3 —I—:“i-..u- (LCE Cancreta)
COR1 Wialer AddiEion =i~ Tasl CCL3 (Bl Concrale)

Average meit teamperature ('C)

1800 4
\ be— -8 Wele Asditon
T - \ e
1700 ; 4 “:‘!{ - CCLS Powst OF j— CO-2 Wter Addtion
» ! - g

1600 - 1 e ! -

: ‘) -
15m r ! *\. ¥ -"

| CCo-1 Power OfF ) \
1400 -
1300 4

CCLY Powe: OF —'!

1200

L] L) L LI ¥ | L) L T L] L] L L L] Ll L) L}

D 25 S50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425
Elapsed tme (mnutes)
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75

5] S
BT ODX 1725 IDXLITTW
45.70m 00 X438 cm IDX DS cm W

=
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85T

|~ MoouneR
TT0DX12IIDXITW
4313 cm ODX 3045 emIDXE.35 CMW
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|/~ [waALED)

s
TCE TYPEC ’<\< Z%ff’;gﬁ 7

%mimmm}
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y
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DRAMMI ND.: WCDIZ
RAUN B D. KLEDONK. 2475
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FLE: MGCLTA S5 DWGACET)

CASTZC, (1.3 em THICK])

[T TwEC |
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SSWICS FABAZERE
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500

Model Quench data
= «ooeo LCS, 4 bar M LCS, 4 bar
o~ N\ LCS, 1bar LCS, 1 bar
§ \ ——SIL, 1 bar ¢ SIL, 1bar
- \._‘ : L
~ \
— L \‘\;«
x A ™,
220 Do -
® ! :
0] - O ,
c o -
= B —
O S [cs
- E
O | T I T I

10 15 20
Concrete content (% )
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1000

Tensile strength ( MPa )

-3
o
o

= mm| CS concrete
——Siliceous concrete

©  Data (peak stress at fracture)

—i
o
|

e e e = B e e e m——

—m

3

<P
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S 10 15 20

Concrete content ( % )
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B
g 7
% [
H 5
4
5
a3
2
I
]
o
Voluma Parcent Concrate (%)
X 3.1-42 RIS 5 HRE R
400 T
- E5MESE Mbtle Shrws) |
50 CESMCE Bt Ve :
¥ SRMESY Wl (%) I
— 300 +— + SIMDES Rattors (Abrwed Lo bl =
n_‘ ® SEMESE Wddl (e |
: & SEMCS Betiors YO i
= 250 & LTMESE Wil (SOrer i
5 T . |
. I "B y=-160x + 35558
-~
'Elm .?.\“’
LW
50 c 8
5 | X
o | |
/] 1] 20 30 40 50
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z
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multiplier, ©

; < Diameter 2m~6m >
1 Water
I Load over plate surface

Crust
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(rigid surface)

Same pressure
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