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Table I

Comparison of Hole Ablation Mcdels With Experiment Data

Current ZPss

Observed Model Model

Test AP (MPa) dg(cm) L{ecm) De(cnm) Delem) De(cm)
HIPS-1J  9.69 2.54 2.54 5.08%2 5.08 4.78
HIPS-2C 1.7 2.54 2.54 5uB=T 6.40 4.76
HIPS-3J 4,85 2.54 5.08 6-1 6.32 4,87

a) Ablation limited by a graphite shleld

[1]General Electric Systems Technology Manual Chapter 2.1 Reactor Vessel
System, USNRC HRTD, Rev 09/11.

[2]Pilch, M., and Tarbell, W. W., 1985, High Pressure Ejection of Melt from
a Reactor Pressure Vessel, The Discharge Phase. NUREG/CR-4383

(SAND85-0012), September.
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Particles Wt. (g) Wt. (%)
6mm steel spheres 11,371.6 43.74
3mm steel spheres 6442. 5 24.78
5-10mm A1,0, 5410.9 20. 81
2-5mm Al,0, 2775.0 10. 67
Total 26, 000. 0 100. 00
Bed weight 26. 000kg
Bed volume 8.47X10 *m?
Avg. bed density 3069kg,m?
Bed porosity (mesaured) 0. 38
2 xR BRERICEBUT DR AR

1mm 2mm 3mm deg (mm) ™ €
A 66.7 (%) 33.3 (%) — 1.2 0. 364
B 33.3 66. 7 — 1.5 0. 360
C 11.1 88.9 — 1.8 0. 368
D 50 — 50 1.5 0. 337
E 25 — 75 2.0 0. 327
F 10 — 90 2.5 0. 357

x deq = (é‘jmi/di)_1

HAHIST K8 2 0. 48

RDSLITHR T £ 0.32

I SN ERT T 4
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[1] Miyazaki, K. et al., “Dryout heat flux for core debris bed. (II) Effects

[2]

[3]

of particle size mixing and coolant flow” , Journal of NUCLEAR SCIENCE
and TECHNOLOGY, 23[9], pp. 769-778, (September 1986).

P. P. Kulkarni, M. Rashid, R. Kulenovic, A. K. Nayak, “Experimental
investigation of coolability behaviour of irregularly shaped
particulate debris bed” , Nuclear Engineering and Design 240,

pp. 3067-3077, (October 2010).

A.Kaiser, W. Schutz, H.Will, “PREMIX Experiments PM12-PM18 to
Investigate the Mixing of a Hot Melt with Water” , Forschungszentrum

Karlsruhe GmbH, Karlsruhe, (2001).
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Table 1. PULIMS-E test matrix with initial conditions.

Parameicr PULIMS tests
E1 E2 E3 E4 ES

Melt material Bi,03-WO; | By05-CaQ | BiOs-WO; | BiO3-WO; | Zr0,-WO;

o 42.64-57.36 30-70 42.64-57.36 | 42.64-57.36 | 15.74-84.26
Melt mass composition, % - : . : .

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 5] 5]
Initial melt mass, kg 234 TS5 78.1 46.9 41.2
i P 870 1027 870 870 1231
Tyig, 'C 870 1027 870 870 1231
Melt tem}_)el‘azu.l‘e in the funnel 1006 1350 1076 940 1531
upon pouring, "C
‘Water pool depth, mm 200 200 200 200 200
Water temperature, °C 79 78 75 i 72

Table 2. Measured and estimated proj

erties of the debris beds in PULIMS-E tests.

Exploratory PULIMS tests

Parameter F1 3 For! s
Melt release time, (sec) 10 15 12 ~8.7
Total size x X y, mm 460x440 ~750x750 740x560 -
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 point, 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 a
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 8.0 ~3.1
Estimated total cake porosity 0.29 - 0.36 0.37
Symmetry of the spread non-sym. unknown non-sym. symmetric
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 48 920
Estimated loss of melt superheat due to jet 15 129 23 210
interaction with coolant, °C

ol PUL iMSZFEBRESR (B4)

Wi 4—1




(2)

HEFE = S AT

N2 = AFOHEFREE SICH L TCT AT M aBELEREGOT
7V OHERETEIR & LT, B 3 IO K D TR IS DWW T AR R
MHEREL72TBIR & L, 20 BRI b DS —HRICHERE T 2 TR 2 IR E
Do

B e E O HSEE 7 IS DWW THE, HERS R S AR & 72 D DITREHEIZHE

Mol BETHLI D, a ) VLAY =V RREIZEE LT A
JVIEEE 5.872m |27 A7 MNEaEZET D &, THAES OHERE S S 13K
0.3Tm & 72%, MIEHSICOWTIE, #@iEET 7Y 05 6 H#EH S D%
BERWZb D L 720, SRS ST 1.09m & 725,
LB OV TIE, HEO I —HRICHRET 2 SET 5720
HERE R S 1349 0. 36m &2 D,

PLENG, 77V oHfEs 1%, Sk &b oREes s 055
EMRDHTEMNDL, K1.8Im k7D,

OIPANRRIRTE - 3m®, ARua T ¢ 1 0.35 ARE

KL E
s (SR 53)
dieE  (FAEETSY)

F3 TT UMK (7 AT N HEE)

Wi 4—8

19



(3) T 7V OREKMERFZ KT 2 FEAM

B AALEIE 0. 17307 7 U ®ICX L TA R T 1 0.35 TRTOMBRIZIEAK
LTW2 EE LI=SE, MRS OTEED 5K E £ TOKEIZH 0. 56m T
bo, £, MEERICHER T 252 L TR =L & OEMEFRENE X, ZAHEE
SEEINT 20, —RRICHERE L7235 B DKk 7 — L & ORI RE 2 D O HInE &
T 1%RMTH Y, ARERIIH L THEREREL G 220, AT OM
AAPRERIZHESL, RPVIEBICE AT 7 U T OEMAE Nk E
TOHMIZEBIT DKM T ET, @BEFROLEIEA 0.31n, LOCAHFL
DEEITA 0.40m TH Y, AFEOWEME L TRFMIC 1% 2 AL TESH
THARMR TR, BEFLOLEIEMN 0.32n, LOCAFLDYLEITHN

0.4lm & 725728, T7VDORKITHMEIND,

W 4—9

20



BIHE 1
TR IES 0 IR B FEEBR

CEA/DRN/DTP T{Thh/ZCOR I NEZERVTIZ, K@Sawe (7
Ut r—ufh) ZREEYEE L CHEALT, KFPTOIES D FE %025 £
PERE S AL, TR0 LI OBENRESLEMICER END 7 T A N ORBERHHA
bz,

Ml — AN — R & — (FZK) TEMSNIZKATS RPN
T, W LTy b (A1,0,.8 150kg, F ef) 150kg) 23 &
o, VERLAD O KO SCIR L, RS 0 AR (1D, 2D) , IROME (=7 U — |,
®v¥IIvr, a=T4r7), KOFEZNT A —ZIZEMPOYILN O FERH
ThhvTng, EREELFH I KLOE 2T, A1,0,ELF e TIHEE
PEIR Y BT D720, BRI O A A 2 @ITER T, BOICA 1,0 A
L, RBIZF e T2 2 LI X 0 BEERD OIER D & &R TR Ok
WY ESTTERNARRE - TWND, ERFMHEZE 1 RITRT, KATS —
10LKATS —110EBRFMHFFIIZERETHLD, KATS -1 00DHIX
Imm OKEVZLTHY, KATS—11DOFHFFIRITIAFKMEER->TND, Wl
FHOPEMR D FEF A F 3 BURTA, Wi — 2D X ) (SRR O Jig G E 23 g
MmN GEEIE, MEMOEEIZE S TRERRIEN D FEIC 2588 & o T
5, 72, KATS—12LKATS—130EREMITTIEREETH D0,
KATS—120h5PKROMEREI Iy THY, KATS—130DKiE=
Y7 U= ThD, MEOINYFERZE 4 KR TD, Wr—AD L5 IHE
A O B H B S LI R O A, IROMBE O 2RI X O PR KA b 2
IR DFRE R > TN D,

CEATEMBMEINTZVULCANOYSERTIX, Wl e L Ciibis

WA 4—10

21



WDME S, R O, HEECIRE, KOME (a7 U—h, &

T Iv ) BT A=ZITEMMOIEN D BRI T TS, VE—UTE
BrCliX, Mibwiamy (U0, 56wt%, Z r O, 32wt%, F e O 5wt%, Ca S
iO, 2wt%, SiO, 2wt%, Fe 1wt%, CaO 1wt%, A1l,0, lwt%)
ZHAWT, a7 V= REET I (BEEYLVa=T) IRTOIND %
EBRLTWD, FEREELZE L NICRT, EEOPRICY 7R T D5 B
WaFEL, 227V — R REET I v ZIRIT 40. 8kg OFRRILMIE R % 4. 3kg
/s OBEETRIFFICHET25&MEER>T0D, MEDOIENVEREZE 6 X
R, 1.7 BREIRIZIER CHEnN 0 28 a2 L TkY, £To%ITEII v Z7IRT

TR0 DSk DR R E R o TV D,

Wit 4—11

22



Reaction
crucible

helt container
Melt window

Iron spreading
BIK KATSEREBEOMIERK ¥

(1D) (2D)

w2 X KATSEEBRO® 1D & 2D OIEN Y Ik D BB

WA 4—12

23



1R KATSEREKM LIV HEE (RRICEEY,

1D JEAY )

Mass in Tempera- | Pouring rate (l/s) .
Test# Substratum channel ture Melt / Length in Sp read(arr'lg length
(kg) (°C) Time(s)
KATS-12| Ceramics®) 186 2027 127-01/sin10s 11.7
KATS-14 | Ceramics®) 176 1967 2—1.21/sin37s 7.2
Concrete :
KATS-10 | 1mm Water 179 2037 |12.4 - 0Vsin 10s 621:1 flln'ji:?r':m
(Epoxy) ’
KATS-11| Concrete 183 2062|127 - 0vsin10s| 25 m first Front
Dry (Epoxy) 6.8 m main front
KATS-13 Cog‘:;me 185 2052  |12.7 —0Vsin 10s 75
*) Cordierite (Al,03 37 Wt%, SiOz 52 wt%, MgO 6,5 wt%)
100 ; ;
7% i i { { KATS-10

= 5 : i IL | concrete, epoxy-coated

E : ECF R T Thm ofv.a‘ter

(= RN TSR AR GG Y r

£ 100 : RS per )

R —— e — +——KATS-11

= 1 : ' ; - - i concrela, epoxy-coated

S A 0 R N O

5 } : E N N ]
t}lannel length [m]

53 KATSZEBROKOFEEDZE (BbWis@y, 1D I3 0
Rt 1 | ! v
754 ' } L KATS-11
— 50F T et ] concrete, epoxy-coated|
= 100 f : e R T
£ 75f l E f ——KATS-13
2 506—» e g et -—/"*—'\- : uncoated concrete—|
§100':1 it i . E i \_ i X !
S 75 l : : ! KATS-12
T 50 { ! ,: | ceamody
: S S S N
e j | TN
D 2 4 6 8 10 12
Channel length [m]
%4 KATSZEROKDOMEDRE (ALY, 1DJERY
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(90° V shape)

front progression, m

= ncrete
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Z 4 3
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Stabilization pool R v
1086 mm
« >
plane
Wall
Spreading plane Wall

> N
150 step

# 5 X VUL CAN OB E OB EX
0.6 ;
0.5
I A R N IS L-4---9
0.4 AL
; )
0.3 6-
. ",
-+ VE-U7, ceramic substrate
—— VE-U7, concrete substrate ]
——
10 15 20 25 30 35
time, s
%6 X VUL CANOZEBRDKEDME D 520
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DWEKOPRENC K 2 MBLRT 7V <y ROJEBEBIC OV TBIEEZ1T > T

W5,

2. EBREM
KPS EM X 25 1 IR T, KEEOBEE ISR > THRFIRT 7 Y & HEFE
SH, PEICHRE LEEANT v A= KRAQ TR EEAL, bt
T 7V Ry ROIHMEFBEZBET D,

WATER TANK

.. PERFORATED| /
Eafhisns :E‘B HECHPERTEE :..‘
AIR INJECTION CHAMBER(S) |/

a) ZEE P b) PDS — C#Br )PDS—E 7~2 3x&E

1N R E X

7, PDSERTIIMMA D/NT A —=F 2 & L L THEEO RN FEH S

TS, FEBRICBWTESL LTHRELEARNTA—ZE2E 1 RITRT,
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|

o
fri}

FH1EX PDSERICBITLNTA—HFE

Group Tests Effect studied

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

B. E2-E4 Particle density and size

C. E5-E6; E7-E9 | Leading edge gas injection (turned on/off) influence

D. EI10-El2 Roughness of the spreading surface with help of friction net

E. El12-El4 Influence of the water presence

F. E12-EI5 Mixture of particles with dissimilar morphology

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

H. E10-El1 Reproducibility tests

L Cl1-Cl12 Tests on PDS-C facility at high superficial velocities (up to 1.2 m/s)

relative front edge spreading (mm)

ES SRS

(1)

PDS —E #EB

300

200

0

100

KR~ LY w7 A%H 2R, ERERZEH 2K OH 3 KIRY, P

DS —EFEBRIZBITHDXMITEEE TR RKTDH 0.122m,/ s BETHY,

KLFIRT 7 Uy ROIER D ITEG ~ B+ DR ZE L TV 5,

4

.—_‘;_"_. A

2

e

.
B

*
—h—

$11 4

PDS-E7

PDS-ES

PDS-E9

PDS-E10
PDS-El1
PDS-E12
PDS-E13
PDS-E15
PDS-E18
PDS-E21

—

*

Il
= o

i i L | 1 1 i L 1

0

50 100
relative time (min)

150

H2X PDS —E FEBRfEE
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% 3K

PDS —E 7 EBfE R

2K PDS—EFEBR~FI IR

Particulate debris Total air i i bt o
i Facility F - flow rate Bty Remarks* propagatien; (sut)
No. © | Material” | Mass (kg) | Volume group After 1h Final
{di‘l‘ls} (L/s)
E2 | PDS-1 | Gravel ~13 10 28 | ABF 0 130 170
E3 | PDS-1 Gravel ~13 10 57 A, B F O 270 300
E4 | PDS-1 |SS cylinders 304 6 2.8 B 8] 70 135
E5 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 38.5 20 A C 0 270 315
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 38.5 18 D, H N 65 72
E11 | PDS-2 [SS cylinders 200 38.5 18 D, H N 67 71
E12 | PDS-2 |SS cylinders 200 383 18 D,E,F 99 99
E13 | PDS-2 [SS cylinders 200 385 9 EF 43 44
El14 | PDS-2 [SS cylinders 200 38.5 18 EF no water 0 0
SS cylinders 160
El5 | PDS-2 SS soleivs 20 ~37 18 F 100 100
EI8 | 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, G N, il5 el 57

*O=open leading edge chamber; N=friction net is used: i=inclination angle in degrees.

'SS=stainless steel.

(2)

PDS — C 3%

Ehr~ N v 7 A%FEIRITRT, PDS— CEBROKHENABEE X
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0.34 m/s~2.09m,/ s & K&, RFIIRT 7T IRy ROIENVIZET S
REIIEB ~EmE WA —2TH v, Mo CHEHFE T b siER L

o TWN5D,
F3&K PDS—CER~II IR
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, Yalr (em) (sec) method
(m/s) Hmf

C1 right 10 0.34 0.13 55 ~480 Instant
CIB right 10 0.34 0.13 45.5 ~480 Gradual

C2 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

C5 right 50 1.74 0.66 45.5 ~10 Gradual

(&) right 60 2.09 0.80 45.5 ~2 Gradual

C7 isosceles 20 0.69 0.26 45.5 ~60 Gradual

C8 isosceles 10 0.34 0.13 45.5 ~130 Gradual

Cc9 isosceles 30 1.04 0.39 45.5 ~40 Gradual
C10 isosceles 40 1.39 0.53 45.5 ~6 Gradual
Cl1 isosceles 40 1.39 0.53 45.5 ~3 Gradual
Ci2 isosceles 30 1.04 0.39 45.5 ~4 Gradual

() #w

SAHFE A BE AR I/ NS WP D S — EEBRTIE, kiRkT 7 U
v ROE—{CIZE T DRy ~ B3 12 M 503, KARTAOE FE 23 K
EWVWPDS - CERTIEH~BER L BRI 2 &3 R S
nTnsg,

FEIZB W TIE, WREORTE T L2ERIE, SROBEMEO» S5

HMIZ BB T Z E D RARKEEIT FDICRENVED L E

AN, TERICHDRE AN EDR LR TE D,

WA 4—19
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