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0.2 3. 7X10" 9. 0Xx 10" 1. 1X10% 1.2X10% 1.2X10% 1.2X10% 1.2X10%
0.3 7.4X10Y 1. 8X10% 2.2X10% 2.3%10% 2.4X10% 2.4X10% 2.4X10%
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6.0 5.4X10° 7.9%X 10" 8.8x 10" 9.1x10" 9.3x10° 9. 3x 10 9.3x10"
6.5 6.3Xx10° 9.1x10° 1.0X10* 1.1x10* 1. 1x10¢ 1. 1X10* 1. 1x10°
7.0 6. 3X10° 9.1x10* 1.0x10" 1.1x10% 1.1x10° 1.1x10" 1.1x10"
7.5 6.3X10° 9. 1x10° 1.0OX10% 1 1x10¢ 1. 1x10¢ 11X 10t 1 1x 10
8. 6.3x10° 9. 1x10° 1.0X10* 1. 1x10* 1. 1x10° 1. 1X10* 1. 1x10°
10.0 1.9X10° 2.8x10° 3.1X10° 3.2X10° 3.3%x10° 3.3X10° 3.3x10°
12.0 9. 6X 107 1.4X10° 1.6X10° 1.6X10° 1.6x10° 1.6Xx10° 1.6X10°
14.0 0.0x10° 0.0x10° 0.0x10° 0.0x10° 0.0x10" 0.0x10° 0.0x10°
20.0 0.0x10" 0.0x10° 0.0x10° 0.0x10" 0.0x10" 0.0x10° 0.0x10"
30.0 0.0x10" 0.0x10° 0.0x10° 0.0x10" 0.0x10" 0.0x10° 0.0x 10"
50.0 0.0x10" 0.0x10° 0.0x10° 0.0x10° 0.0x10" 0.0x10" 0.0x10°

A e 52 M O R DA

N

15

[ SRS —

E5AR 2 B4 1%, RHARCUY
K 256 bl
AR 2 B, 24 &
& DFE MR IR TR EE 2 B
il

59-370




FIEAREF 588t 6./ 7 5P

(2017. 12. 20 hi)

WO AT (2018.9. 18 fiR)

SRR/ EFT 2 505

k=)

#2-1-7 [HEH L ~BEORATA v A < RO

H1—6FK EHBEHN U ~BEOATA T v A T~ RO

(D A BTN D

WD

RAUT BT HFROANA X A T~ RO

FEAIiL A

VDRI D

A Y T G BE S N e g = H_/\ > S I RN I S5 LY S LY S
BB (2/2) (REs- b ORiiAIET 5 58) OV ERERN >~ SRR (1/4) BB (2/2) (VSR b O ET 5 50)
T L [} HE iphotans) (W—%E4an) MNP NN
in - (R AN d~ o b FEit i) B BIRHAE (pho'tons)
T T, 4 BRI | 46 PSR | T2 BEE | SO SRR | 120 BsE | Lo BN | 162 RN iE . . _ - _ : L
s : BE 5 B B B5 B BE B5 # AR | N e R SR - TARNAR | A AR TR T lew) QA WEHE | ASWERIE | 7T2WEMIG | 96 WERIEE | 120 WEREE | 144 WERIE | 168 MR
e _ _ _ - : (MeV) (Photons) (MeV) (Photons) IR A I AL I A I A IR A R A
Lo 1] 2 T 0% | g 10 [ o docdt® | 2 g0 | 4 B 00® | 5 3008 | Bl 1 0.01 97,8101 8 22 1.5 ¥12.4%1018
L0 s e o 1 27w b0 [ L™ ] Zam 0™ | 38X 1™ | & B il | 5= 10f | 6 010 - 0.01 5.5X10" 1.9Xx10" 2. 5X10" 2,6X 10" 2.7X10" 2. 7X 10" 2.7X10"
— — —— — — S 2 0.02 I SERSSUEE 23 1. 66 Hy7.5% 1017 0.02 6 2x10° | 3 T T T T T g
T T T I e A A T T O . 2% 10 2.1X10 2.7X10 2.9%10 3.0X10 3.0X10 3.0X10
: : 1 : =t L i ALYV - 2 . y 0.03 7.1x10° | 2.5x10° | 3.1x10° | 3.3x10° | 3. T3 4x107 | 1
L0010 ) B0 L[ B0 I | R 11 | B 0x 1 | BAxI0 | LIxi= | LI | LExLF i 0.03 #91.0x107° ¢ 2.0 #1.6x101° 0. 045 1.0X10° | 4.2x10° 5.6§103“ géi:g‘ g,:i:gw ;;iig‘ gli:(g“
4 SR A B 0| LB 0% |G 2w 0™ [ B 3x10® | L Ix10% | Laxi0% | LE= 107 | 1. 6x 1™ 4 0. 045 #11.4x1020 25 2.5 #4.6Xx10'8 0. 06 3.5X107 [ 9.8%x10"7 1.2x10% | 1.2x10% [ 1.2x10% 1.2X10% | 1.2x10%
(A U Tl Il I Tl 0 el I ol S Ll S (el 1 5 0.06 #15.3%1017 26 3.0 #1.3x1017 L B 1T v B e
._'.':r.l!.".l" |.zl'.'-"lll'l' TAKW™ | L Sx10® | B Gx 0l [ L3 | LéxI- [ 1800 | 2 2x10 6 0.07 3. 6X1007 97 3.5 ¥ 1.5%10'° 0.1 TIX107 | 5.1X10° | 4.1X10° | 4.4X10° | £5X10° | 4.5X10° | 4.5x107
TR ] Lol i | G 00™ [ 2 2% i0® | 4 Bm 0P | B dxid® |8 ixil® | wé=iif ] L 1x1® - T - — 0.15 2.8X10" | 6.8%10" 7.9X107 | 8.2X107 | 8.3X107 | 8.4X107 | 8.4X10"
x| LB | Lex it |5 o0xt® | a2t | & 1 0® | £ ax108 |6 ax10" | Tox1® 7 0.075 #32.0x10"¢ 28 4.0 #1.5x10'° 0.2 3.6X10° | 8.6X10° | 9.1x10° | 9.2x107 | 9.2X10° | 9.2x10° | 9.2x10"°
e 4 o b - - 3 .- 4 . . 3 4 - b D 19 120 )20 120 120 120 120
LEO I 200 0| Loiw b0 | 4wl | 4 D007 | & 3 10® | & dwl0® | 5w 00 | 4 axi0® 8 0.1 #19.9x10°° 29 4.5 #95.0x10° 8j Zjiig'* igiig' iii:gl i:iig' i:i:g“ i:i:gl iii:g“
R e R W N A A A EE N AN B L N 9 0.15 #4.8x1017 30 5.0 #15.0%10° 0. 45 3.2X10% 1.0x10" 1.3X 10" 1.4X 10" 1.4X10% 1.4X 10" 1.4X10%
LI XLl | 565" | LExiP | Lomio® | 0% 10" | 1A% 1™ | 45x 1P | 2%l : o - . 0.51 9.7X10% | 2.7x10° | 3.2X10° | 3.3X10° | 3.4X10° | 3.4x10° | 3.4x10"
-.ot - : ket 10 0.2 #75.6X101 ¢ 31 5.5 #15.0x10° 0.512 3.2X107 | 8.9%107 | 1.1X10° | I.1x10" i . s
1 — —— — _ 1 . E 3. C . . LIXI0% | 11X10° | L1x10%
1,-:|-_|J-c_-_| LE0EI0 LA™ 110" Lol | LE=I0™] LO9x 0™ | 23w 10 | 2 8= 10™ 11 0.3 1. 1%1020 29 6.0 €15, 0% 107 0.6 1.4X109 3.9x10" 4.7X 10" 4,9% 109 4.9x10" 5.0x10" 5.0x10"
e U R e el T R U B S e N e N Ul PN ES Ul B AU : : 0.7 1.6X10° | 4.4x10° [ 5.3x10° | 5.5x10° | 5.6x10° | 5.6x10° [ 5.6x10"
E 10107 5127107 | B.0% 107 | L2%100 | 297107 | 4. 2%10% | 4% 10 | L.67107 | 3.8%10 12 0.4 #76.6x107 " 38 6.5 #95. 710 0.8 1 5.3x107 | LOXI0T | 2.0X107 1 2. 1X107 | 2.1X107 | 2 2X107 | 2.2x100
3 1 L & . b . 1 i ) R 19 3. 19 1. 19 p 9 2. ¢ 9 I 9 4 - 9
02w 0| 00 bort| a00000® [0 Toca0® [ o awn® | 1 a1 Boc0® | L gw Pt | 1 T ap® B] 04 #93.3X101° H 7.0 #95. 7X10° R ST S BT % ST STl I ST I T
G Toew ot e nwa0® | Lawii® | L dmuef | Lawio® | Lrwin® | e | L g o 14 0.51 #11.11019 25 7.5 #5. 7% 104 1.34 1.4x10"7 3.1x10"7 3.6x10"7 3.8x10"7 3.8x10"7 3.8x10"7 3.8x10"7
T B L [ L P [ | [T - — : - — 1.5 2.2X10° | 5.0x10° | 5.8x10° | 6.0X10® | 6.1X10° | 6.1x10° | 6.1x10"
— B0 l.t 1 - “:': - :' II]. - § .J.; s m: 4 ”:'l *E L ':' m; 15 0.512 F33.TXI10T 36 8.0 #16.7x104 1.66 6.4X107 | 9.6X107 | 1L0OX10® | L1X10® | LIXI10° | LIX10® | L1X10°
B0 0 OO IO | 2 B0 | A0 B G0 B 4l | B Ex0® [T 2x 10" T.Ex10 16 0.6 H1.6X100° a7 10.0 1. 8% 10 2.0 1.4%10' 2.0X10"% 2.2X10'® 2.2X10% 2.3X10" 2.3X10'8 2.3X10"
L00x P [ 1 3 | 2 1 0® [ 520007 [ 0.5 00% [ 2 700 [ 0. To00® [ 800" | 2 B 10® : : : P 25 | X107 | L0XI07 | 42X107 | 4.5XI07 | 3X107 | % 3XI07 | 45100
LA 0P| LA |6 3 007 [ @107 | L 1w [ L 110 | L 1w 0™ [ L2107 [ 1 2x10 17 0.7 #1.8x10"° 38 12.0 #8.8%10° 3.0 13X107 | 1L4X107 | 1.4X107 | 1.5X107 | 15X107 | L5X107 | 15x107
~ - - - -‘ - - i N L s " 3.5 1.6X10" 1.6X10" 1.6 10" 1.6X10" 1.6x10" 1. 610" 1.6x10"
Ldw 0P | L B0 00f | LOx 0% | L&=10% | L 7x10% | LEx10% | LAsx10% | Lax 1% 1 ox i 18 0.8 #15.4X1018 39 14.0 0.0 1.0 1.6x10° | 1.6x10° | 1.6x10° | 1.6x10° | 1.6x10° | 1.6x10° | 1.6x10"
LG 10P | 1@ 00F [ a0 | 4 200" | 4 0000% | g 00 [ 300" | L 300" | 4 0™ 19 1.0 $91.1x101° 40 20.0 0.0 L5 5.6x10° | 8.5x10° | 0.9x10" | LIXI® | L2XI0 | L2X10 } 13X10
TV T AT T ERE L — T AR, ‘ - 5.0 5.6X10° | 8.5%10° | 9.9X10° 1 IX10° 1.2X10° 1.2X10° 1.3X10°
- —+— .-'t ! ' ll]: SE' “]. 81 -.-'? R il II]. ';'--_ il ST 20 1.33 #35.0x108 41 30. 0 0.0 5.5 5.6x10* 8.5X10* 9.9x10* 1.1X10° 1.2X10° 1.2X10° 1.3X10°
20010 | o050 1gf |.;.~,1|]. _,:.\|I]'z LBx10® | L ax10® | Lgxi0® | =0 | 1 g o 154 151007 2 50.0 o0 6.0 5.6x10* 8.5x 10" 9.9%10* 1 1X10° 1.2X10° 1.2X10° 1.3X10°
25[“‘.“],1 ﬂ.'.'J:':..'JI' Elj"'- m 51..,‘.“]' :.:.'d:':..'.ll: El"-"ll: EI.EI"‘-”]:'- EI.EI:':."JI'- 55-”“: : " . . ¥ 6.5 6.4x10° 9.8x10° 1. 1x10* 1.3x10* 1.3x10* 1.4X%10* 1.5x10*
— o2 e — T —r - R r 7.0 6.4X10° | 9.8X10° 1L 1X10° 1.3x10° 1.3X10° 1.4X10° 1.5X10°
:-E":'““:' 1. 50w 5-5‘“:'. ':l'-g“‘“:'._ E-E‘”--"_ 5-5"”:. 5-5”':'_ ':'-'5'”--"_ E-E""'”:. 7.5 6.4X10° | 9.8x10° | L1x10' | L3x10° | 1.3x10' | L4x10° 14;><10*
L B0 D0 | A 0 10 ) BB L0= | AL 10 ) B G D05 [ B, G L0 | B 0% | S 10 | 8 G L0 8.0 6.4x10° 9.8x10° 1.1x10 1.3x10" 1.3x10* 1.4x10 1.5%10*
LI | & BRI | LT%1P | S6%10 | 5.4%1P | T.ox1P | S.0%10P | L1%10F | L3xid 10.0 2.0X10° | 3.0x10" [ 8.5x10" | 8.9X10" | 4.1x10" | 4.4X10° | 4.6X10°
1T KT AT T 4l e 10 1 | 1 ARETT 12.0 9.8X10° 1.5x10° 1.8x10° 1.9x10° 2.1X10° 2.2X10° 2.3X10°
: + :"-' -': L : l':. : :' i E'-‘ |-': :-- l':. a4 lt. Lixib --_-”'c--' 11.0 0.0x10° | 0.0x10° | 0.0X10° | 0.0X10° | 0.0X10° | 0.0X10° | 0.0x10°
B O0x10" | B.50=10 | 1. 7x10 LEEI0 | Bdx o T %10 0.0% 10 Lid0 | La=g 20.0 0.0X10° 0.0X10° 0.0x10° 0.0x10° 0.0x10° 0.0x10° 0.0x10°
BRI (A oo if | L7x10f | L Ex10P | Gdxiof | om0 | coxiof | Lixi’ | Laxid 30.0 0.0x10° 0.0x10° 0.0Xx10° 0.0x10° 0.0x10° 0.0X10° 0.0x10°
s ot 1P | B aox 1 | LxiF | Lo F | e axf B | Loxtor | Laxif | LExieh 50.0 0.0X 10 0.0X 10 0.0X10° | 0.0X10° | 0.0X10° | 0.0X10° | 0.0x10°
B, 600 00 | 7000 10 | LB 00f [ A dwi0f | a0 | EAxI0F | LOx10f | LE2xI0f | L&
L0000 | T80 00° | 10 00f | A0 d0f | Bdwd0f | B wi0f | Loxitf | L3t | LEwid
TEDA L0 | B0 00| Lo llf | d0eitf | B dw e | BOxI0F | LOxidf | Laxi | LExd
B00w 0P| L0010 | B OxXI0Y | L2w10P | LOxI0® | LExLP | L2MI0F | LAXIF | L5x1F
LODRI0 ) L0 g0' | 2000t | B2 l0f | it | LOxL0F | LAk | L9wiF | R 3w
L2010 L0 1’ [ guoxi0f [ Do0x 10 | 10 | Godx 10 | 0D 10f | 00 | dod gl
(I U R o T O VRV 1 T o T T o e o o 1 I
I R i I (1O ol I IV (IR Ll I T I
P T o o 1 O 1l T o O RV [ R i (VI R T

X1 ARG 3HTH 2 U I L7l

A 5 K O R D AR

N

15

@20y

AR 2 B4R 1, RHARTUY
K 256 bl
AR 2 B, 24 &
& DFE MR IR TR EE 2 B
(i

59-371




FUEXP R 5 ERT 6 /755 (2017, 12. 20 hiY) g T (2018.9. 18 Jil) ARG 15 ERT 2 54 %
B1-6K BN NATA Vv A I <R DOF - B B M O R O FH
WCHWS 1
T RV RERI A L~ B R AR (2/4) (s —

(RSAAZS g~ o b S i)

- THFF | A~ AR AR A - TRVE | v R R AR
(MeV) (Photons) (MeV) (Photons)

1 0.01 #1.3%x10'7 22 1.5 #12.2x1018
2 0.02 f1.5x10tY 23 1. 66 3.7x10t7
3 0.03 #1L7x101" 24 2.0 #18.0x1017
4 0. 045 #12.9%x102° 25 2.5 #11.1x10'8
5 0.06 F7.4%x1017 26 3.0 #11.7x1016
6 0.07 #14.9x1017 27 3.5 #4.8x101 2
7 0.075 f14.2x1010 28 4.0 #4.8x101 2
8 0.1 #2.1x10%° 29 4.5 #72.2x10°
9 0.15 #14.7x1017 30 5.0 #72.2x10°
10 0.2 #18.0x101° 31 5.5 #72.2x10°
11 0.3 #11.6>10%° 32 6.0 #12.2x10°
12 0.4 #79.3x101¢ 33 6.5 #12.6x10%
13 0.45 14,6108 34 7.0 #12.6x10*
14 0.51 #1410 35 7.5 #72.6x10*
15 0.512 F14.7x1017 36 8.0 #72.6x10%
16 0.6 12,1100 37 10.0 #17.9x10°
17 0.7 f12.3x101° 38 12.0 #14.0x10°
18 0.8 #17.2x1018 39 14.0 0.0

19 1.0 #11.4x101° 40 20.0 0.0

20 1.33 #4.6x10t® 11 30.0 0.0

21 1.34 Ml.4x10t7 42 50. 0 0.0
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FUEXP R 5 ERT 6 /755 (2017, 12. 20 hiY) g T (2018.9. 18 Jil) AR5 EFT 2 54 %
BlooFk EHENHBMOANA Vv A VB <O - REA o5 f UM R D AH
W2 = RVRERI T Y~ AR R R BRI (3/4) 1
(AN ZR O b FE N %) (s —
p | TAVE | A RRRREE | g | EAAR | ARG AR At 2 54713, RHARTIX
(MeV) (Photons) (MeV) (Photons) -

1 0.01 #1.6%x10"" 22 1.5 #1.9x10!8 Y D56 bR

2 0.02 #71.8x101° 23 1. 66 #1.9%x10'7 BiR 2 B4R 1L, 2480 &
3 0.03 f2.0x10t? 24 2.0 Fy4.1x1017 e G =
4 0. 045 #14.0x10%° 25 2.5 #4110 7 & DRI AT 2 7
5 0. 06 6. 1x10t7 26 3.0 #19.4x101° i

6 0.07 #14.1x1007 27 3.5 #13.5x10"!

7 0.075 $15.9x1017 28 4.0 #73.5x101!

8 0.1 #12.9%x10%0 29 4.5 #13.6x10°

9 0.15 #13.8%x10'7 30 5.0 #3.6%10°

10 0.2 #13.5x10'° 31 5.5 #3.6x10°

11 0.3 7.1x101° 32 6.0 #3.6x10°

12 0.4 fl1x10t? 33 6.5 4110

13 0.45 15731018 34 7.0 #4.1x10

14 0.51 #12x10te 35 7.5 #14.1x107

15 0.512 #4.1x1017 36 8.0 #4.1x104

16 0.6 #1.8x10° 37 10.0 #71.3x104

17 0.7 12,1109 38 12.0 #6.3x10°

18 0.8 %8.3x10!8 39 14.0 0.0

19 1.0 1.7x101° 40 20.0 0.0

20 1.33 $13.9x1013 41 30,0 0.0

21 1. 34 11 2x1047 42 50,0 0.0
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FUEXP R 5 ERT 6 /755 (2017, 12. 20 hiY) g T (2018.9. 18 Jil) AR5 EFT 2 54 %
BlooFk EHENHBMOANA Vv A VB <O - REA o5 f UM R D AH
B 5 = RV RERIT o~ S R AR IR (4/4) 1
aE) s —
i i KT 256 b i
1 0.01 #38.7x101? 22 1.5 #6.5x10'®
2 0.02 4.1x10'? 23 1. 66 #1.3x10'%8 iR 2 )R, 2405 2
3 0.03 #74.8%101° 24 2.0 #2.8%1013 E OFEE BRI & 2F
4 0. 045 #8.3x102° 25 2.5 #6.2x1018
5 0.06 #1.9x1018 26 3.0 #1.6x1017 ﬁﬁ
6 0.07 #1.3x1018 27 3.5 #1.5x10'°
7 0. 075 #1.2x1020 28 4.0 #1.5x100°
8 0.1 #6.0x10%° 29 4.5 #11x10®
9 0.15 #1.3x1018 30 5.0 #1110
10 0.2 1 Tx1020 31 5.5 #11.1x10°
11 0.3 #93.4x10%° 32 6.0 #711.1x10°
12 0.4 2. 7x10m9 33 6.5 #1.2%10°
13 0.45 f1.4x10mY 34 7.0 #1.2x10°
14 0.51 #3.Tx101? 35 7.5 #1.2x10°
15 0.512 1.2x10t8 36 8.0 #1.2x10°
16 0.6 #5.5x101Y 37 10.0 #3.8%x104
17 0.7 #6.2x10"9 a8 12.0 #1.9%104
18 0.8 2.1%x1019 39 14. 0 0.0
19 1.0 4. 2x1000 40 20.0 0.0
20 1.33 F1.3x101? 41 30. 0 0.0
21 1.34 4.1%x1007 42 50.0 0.0
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Table 3.8 Revised Radionuclide Groups

Group Tille Elements in Group

1 Noble gases Xe, Kr

2 Halogens I, Br

3 Alkali Metals Cs, Rb

“ Tellurium group Te, Sb, Se

] - Barium, strontium  Ba, S¢

6 Noble Metals Ru, Rh, Pd, Mo, T, Co

7 Lanthanides La, Zr, N¢, Eu, Nb, Pm,
Pr, Sm, Y, Cm, Am

8 Cerium group Ce, Py, Np

Table 3.12 BWR Releases Into Containment®

Gap Release*** Early In-Vessel Ex-Vessel Late In-Vessel
Duration (Hours) 0.5 1.5 30 10.0
Noble Gases** 0.05 0.95 0 0
Halogens 0.05 0.25 0.30 0.01
Alkali Metals 0.05 0.20 03s 0.01
Tellurium group 0 0.05 025 0.008
Barium, Strontium 0.02 0.1 0
Noble Metals 0 0.0025 0.0025 0
Cerium group 0 0.0005 0.005 0
Lanthanides 0 0.0002 0.005 0

* Values shown are {ractions of core inventory.

** See Thble 3.8 for a listing of the clements in each proup
*** Gap release is 3 percent if long-term fuel cooling is maintained,
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Table 3.8 Revised Radionuclide Groups

Group Tille Elements in Group

1 Noble gases Xe, Kr

2 Halogens I, Br
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] - Barium, strontium  Ba, S¢

6 Noble Metals Ru, Rh, Pd, Mo, 72, Co
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Table 3.12 BWR Releases Into Containment®

Gap Release*** Early In-Vessel Ex-Vessel Late In-Vessel
Duration (Hours) 0.5 1.5 30 10.0
Noble Gases** 0.0 095 0 0
Halogens 0.05 0.25 0.30 0.01
Alkali Metals 0.05 0.20 03s 0.01
Tellucium group 0 0.05 025 0.005
Barium, Strontium 0 0.02 0.1 0
Noble Metals 0 0.0025 0.0025 0
Cerium group 0 0.0005 0.005 0
Lanthanides 0 0.0002 0.005 0

* Values shown are fractions of core inventory.
** See Thble 3.8 for a listing of the clements in each proup
*** Gap release is 3 percent if long-term fuel cooling is maintained,
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so-called "quench” lemperature. Al lemperatures below this quench temperature the kinetics of
gas phase reactions among CO, COy, H,, and Hi0 are too slow 1o maintain chemical
equilibrium on useful time scales. Tn the sharp lemperature drop created by the waler poal, very
hot gases produced by the core debris are suddenly cooled to temperatures such thal the gas
composition is effectively "frozen® at the equilibrium compasition for the *quench® temperature.
Experimental evidence suggest that the "quench® temperature s 1300 10 1000 K. The value of
the quench temperature was assumed 10 be uniformly distribuied over this tlemperaiure range for
the ealculations done here.

(6) Solute Mass. The mass of solutes in water pools overlying core debris attacking concrete
has not been examined carefully in the experiments done to date. 11 s atsumed here thal the
logarithm of the solute mass i5 uniformly distributed over the range of Inf0.035 gfdlogram
H,0) = -3.00 to In(100 gfkilogram Hy0) = 4.61.

(T) Volume Fraction Suspended Solids. The volume fraction of suspended solids in the water

pool will increase with time. Depending on the available facilities for replenishing the water,
this volume fraction could become quite large. Models available for this study are, however,
limited 1o volume fractions of 0.1. Consequently, the velume fraction of suspended solids 15
taken to be unifarmly distribited over the range of 0 to 0.1,

(8) Density of Suspended Solids, Among the materials that are expected 1o make up the
suspended solids are Ca(OH), (p = 2.2 glen’) o 810y (p = 2.2 glenr’) from the concrete and
Uusz = 10 E;.:m:*} or E:‘ﬂl (p= 30 ga'r:mjj from the core debris or any of a vanety of
aerosol materials, It Is assumed here that the malerial density of the suspended Solids i
uniformly distributed over the range of 2 to 6 glem’. The upper limit is chosen based on the
assumption that suspended U0, will hydrate, thus reducing its effective density, Otherwise, gas

sparging will not keep such a dense material suspended.

{9) Surface Tension of Water. The surface tension of the water can be increased or decreased
by dissolved materials, The magnitude of the change is taken here 1o be Sofw) where 5 is the
weight fraction of digsolved solids. The sign of the change is taken to be minus or plus
depending on whether a random varigble € is less than (.5 or greater than or equal to 0.5,
Thus, the surface tension of the liguid is:

alwh (1-5) jore<035
ﬂ =
L(w} {(1+5) fore =035

where o{w) is the surface tension of pure waler,

(10) Mean Acrosol Particle Size. The mass mean particle size for acrosols produced during
melt/concrete interactions is known only for situations in which no water is present. There is

reason {o believe smaller particles will be produced if a water pool is present. Examination of
aerogols produced during melt/concrete interactions shows that the primary particles are aboul

0.1 pm in diameter. Even with a water pool present, smaller particles would not be expected.

[BE1—1 NUREG/CR-59010> Hick]

so-called "quench" temperature. At temperatures below this quench temperature the kinetics of
gas phase reactions among CO, CO,, H,, and H,0 are too slow to maintain chemical
equilibrium on useful time scales. In the sharp temperature drop created by the water pool, very
hot gases produced by the core debris are suddenly cooled to temperatures such that the gas
composition is effectively "frozen” at the equilibrium composition for the "quench” temperature,
Experimental evidence suggest that the "quench” temperature is 1300 to 1000 K. The value of
the quench temperature was assumed to be uniformly distributed over this temperature range for
the calculations done here.

(6) Solute Mass. The mass of solutes in water pools overlying core debris attacking concrete
has not been examined carefully in the experiments done to date. It is assumed here that the
logarithm of the solute mass is uniformly distributed over the range of In(0.05 g/kilogram
H,0) = -3.00 to In(100 g/kilogram H,0) = 4.61.

(7) Volume Fraction Suspended Solids. The volume fraction of suspended solids in the water

pool will increase with time. Depending on the available facilities for replenishing the water,
this volume fraction could become quite large. Models available for this study are, however,
limited to volume fractions of 0.1. Consequently, the volume fraction of suspended solids is
taken to be uniformly distributed over the range of 0 to 0.1.

(8) Density of Suspended §gh Among the materials that are expected to make up the
suspended solids are Ca(OH), (p = 2.2 glem® ) orS8i0, (p =22 glem?) from the concrete and
UOy(p =10 glem’) or 210, (p = 5.9 glem?) from the core debris or any of a variety of
aerosol materials, It is assumed here that the material density of the suspended solids is
uniformly distributed over the range of 2 to 6 g/en’. The upper limit is chosen based on the
assumption that suspended UO, will hydrate, thus reducing its effective density. Otherwise, gas
sparging will not keap such a dense material suspended.

(9) Surface Tension of Water. The surface tension of the water can be increased or decreased
by dissolved materials. The magnitude of the change is taken here to be So(w) where § is the
weight fraction of dissolved solids. The sxgn .of the change is taken to be minus or plus

depending on whether a random variable € is less than 0.5 or gteaier than or equal to 0.5,
Thus, the surface tension of the liquid is:

o(w) (1-5) fore <05 }
e {u(w) (1+5) fore205

where o(w) is the surface tension of pure water.

%% 1-1 NUREG/CR-5901 D #

so-called "quench” temperature, At lemperatures below this quench temperature the kinetics of
gas phase reactions among CO, CO,, H,, and H,0 are 100 slow to maintain chemical
equilibrium on useful time scales. In the sharp temperature drop crealed by the waler pool, very
hot gases produced by the core debris are suddenly cooled to temperatures such that the gas
composition s effectively *frozen” at the equilibrium composition for the "quench” temperature.
Experimental evidence suggest that the "quench” temperature is 1300 to 1000 K. The value of
the quench temperature was assumed 1o be uniformly distributed over this temperature range for
the calculations done here,

(6) Solute Mass. The mass of solutes in water pools overlying core debris attacking concrele
has not been examined carefully in the experiments done to date. 11 is assumed here that the
logarithm of the solute mass is uniformly distribuled over the range of In(0.05 g/kilogram
H,0) = -3,00 to In(100 g/kilogram H,0) = 4.61.

(7) Volume Fraction Suspended Solids. The volume fraction of suspended solids in the water

pool will increase with time. Depending on the available facilities for replenishing the water,
this volume fraction could become quite large, Models available for this study are, however,
limited to volume fractions of 0.1, Consequently, the volume fraction of suspended solids is
taken to be uniformly disiributed over the range of 0 10 0.1,

(8) Density of Suspended Solids. Among the malerials that are expected to make up the
suspended solids are Ca(OH), (p = 2.2 gf¢m3j or $i0, (p = 2.2 glem’) from the concrete and
UO,(p = 10 glem’) or Z10, (p = 5.9 gem’) from the core debris or any of a variety of
aerosol materials. 1t is assumed here that the material density of the suspended solids is
uniformly distributed over the range of 2 to 6 g/em”. The upper limit is chosen based on the
assumption that suspended UQ, will hydrate, thus reducing its effective density. Otherwise, gas
sparging will not keep such a dense material suspended.

(9) Surface Tension of Water. The surface tension of the water can be increased or decreased
by dissolved materials, The magnitude of the change is taken here to be Sa(w) where § is the
weight fraction of dissolved solids. The sign of the change is taken lo be minus or plus
depending on whether a random variable € is less than 0.5 or greater than or equal to 0.5,
Thus, the surface tension of the liquid is:

o(w) (1-5) fore <05 l
g, =
a(w) (148) fore 2 05

where o{w) is the surface tension of pure water.

(10) Mean Aerosol Particle Size. The mass mean particle size for aerosols produced during
melt/concrete interactions is known only for situations in which no water is present. There is
reason to believe smaller particles will be produced if a water pool is present. Examination of
aerosols produced during melt/concrete interactions shows that the primary particles are about
0.1 ym in diameter, Even with a water pool present, smaller particles would not be expected.

(10) Mean Aerosol Particle Size. The mass mean particle size for acrosols produced during
melt/concrele interactions is known only for situations in which no water is present. There is

reason 10 believe smaller particles will be produced if a water pool is present. Examination of
aerosols produced during melt/concrete interactions shows that the primary particles are about
0.1 pm in diameter. Even with a waler pool present, smaller particles would not be expected.

59-457




FAIREXIP S - )38 8ERT 6 7 500

(2017. 12. 20 hi)

WSS % EE AT (2018.9. 18 hiR)

SRR/ EFT 2 505

GRS

Consequently, the natural logarithm of the mean particle size is taken here to be uniformly
distributed over the range from In (0.25 um) = -1.39 to In (2.5 um) = 0.92.

Consequently, the natural logarithm of the mean particle size is taken here to be uniformly|
distributed over the range from In (0.25 um) = -1.39 to In (2.5 pm) = 0.92.

(11) Geometric Standard Deviation of the Particle Size Distribution. The aerosols produced
during core debris-concrete interactions are assumed to have lognormal size distributions.
Experimentally determined geometric standard deviations for the distributions in cases with no
water present vary between 1.6 and 3.2. An argument can be made that the geometric standard
deviation is positively correlated with the mean size of the.aerosol. Proof of this correlation is
difficult to marshall because of the sparse data base. It can also be argued that smaller
geometric standard deviations will be produced in situations with water present. It is unlikely
that data will ever be available to demonstrate this contention. The geometric standard deviation
of the size distribution is assumed to be uniformly distributed over the range of 1.6 ta 3.2. Any
correlation of the geometric standard deviation with the mean size of the acrosol is neglected.

(12) Aerosol Material Density. Early in the course of core debris interactions with concrete,
U0, with a solid density of around 10 g/em® is the predominant aerosol material, As the
interaction progresses, oxides of iron, manganese and chromium with densities of about
5.5 glem® and condensed products of concrete decomposition such as Nay0, K,0, ALO, Si0,,
and CaO with densities of 1.3 to 4 g/cm’ become the dominant aerosol species. Condensation
and reaction of water with the species may alter the apparent material densities.
Coagglomeration of aerosolized materials also complicates the prediction of the densitics of
materials that make up the aerosol. As a result the material density of the aerosol is considered
uncertain, The material density used in the calculation of acrosol trapping is taken to be an
uncertain parameter uniformly distributed over the range of 1.5 to 10.0 glem®.

Note that the mean aerosol particle size predicted by the VANESA code [6] is correlated with
the particle material density to the -1/3 power. This correlation of aerosol particle size with
particle material density was taken to be too weak and insufficiently supported by experimental
evidence to be considered in the uncertainty analyses done here.

(13) Initial Bubble Size. The initial bubble size is calculated from the Davidson-Schular
equation:

where € is assumed to be uniformly distributed over the range of 1 to 1.54. The minimum
bubble size is limited by the Fritz formula to be:

D, = 00105 ¥{o, /glp;~p I**

where the contact angle is assumed to be uniformly distributed over the range of 20 to 120°,
The maximum bubble size is limited by the Taylor instability model to be:

(11) Geometric Standard Deviation of the Particle Size Distribution. The aerosols produced
during core debris-concrete interactions are assumed to have lognormal size distributions.
Experimentally determined geometric standard deviations for the distributions in cases with no
water present vary between 1.6 and 3.2, An argument can be made that the geometric standard
deviation is positively correlated with the mean size of the acrosol. Proof of this correlation is
difficult to marshall because of the sparse data base. It can also be argued that smaller
peometric standard deviations will be produced in situations with water present. It is unlikely
that data will ever be available to demonstrate this contention. The geometric standard deviation
of the size distribution is assumed to be uniformly distributed over the range of 1.6 to 3.2. Any
correlation of the geometric standard deviation with the mean size of the aerosol is neglected.

(12) i ity. Early in lhé course of core debris interactions with concrete,
UO, with a solid density of around 10 g/em® is the predominant aerosol material. As the
interaction progresses, oxides of iron, manganese and chromium with densities of about
5.5 g/em? and condensed products of concrete decomposition such as Na,O, K;0, AL, Si0,,
and Ca0 with densities of 1.3 to 4 g:'cm’ become the dominant aerosol species. Condensation
and reaction of water with the species may alter the apparent material densities.
Coagglomeration of aerosolized materials also complicates the prediction of the densities of
malerials that make up the acrosol. As a result the material density of the aerosol is considered
uncertain. The material density used in the calculation of aerosol trapping is taken to be an
uncertain parameter uniformly distributed over the range of 1.5 to 10.0 giem?.

Note that the mean aerosol particle size predicted by the VANESA code [6] is correlated with
the particle material density to the -1/3 power. This correlation of aerosol particle size with
particle material densily was taken to be too weak and insufficiently supported by experimental
evidence to be considered in the uncertainty analyses done here.

(13) Initial Bubble Size. The initial bubble size is calculated from the Davidson-Schular
equation:

04
6\1" V¢

D =¢—| ——em

b [g] gu

where € is assumed to be uniformly distributed over the range of 1 to 1.54. The minimum
bubble size is limited by the Fritz formula to be:

D, = 0.0105 ¥[o, ."g‘[p..-pr)]m

where the contact angle is assumed to be uniformly distributed over the range of 20 to 120°.
The maximum bubble size is limited by the Taylor instability model to be:
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QLI Aeravals in the BCS
9201 | AECL

The expermnwnters conclude that spherical particles of around 00 w 03 pm formed (hough thelr
compasition was vat established) then these agbomerated giving rise o a mixture of compact parficles
betweein 111 aid 1.0 p.||'|||r| sz at the poiat of measurensent. The compositon of the paniche wis fouid w
b dommanatd By T, 5o and U while the Cs and Si s eontributions femained cotstanl and very similas
in mivss, U was relatively minor in the firsd hour at 1560 K evalving te be the main conimbutor in the third
{very approximately: 42 % L, 26 % Sn, 33 % Cs). Meither break down of compositian by particle size nor
simtistical size information was mensared

0212 | PRF-SFD

Farther inferesting measurements for puspises here were six ispkinetic, sequential, fillered samples Incased
bt 13 me From the bursdbe awiled. These were used 1o follow the evaluiion of the serosl composition and
i examine particl: size (SEM). Based om Il:n'.‘lu.' nnalyses the authors state that panicle geometrical-mean
diameter varied over the range #.l'il-ﬂ' &6 um{elimination of the first filier due b it being carly with respact
i the main transient gives the range 01324156 um) while standard devinton fluctuated between 6 amd
2.06. In the images of filler deposils needbe-like forms are seen. Tuming (o composition, if the first fler
sample is elimnated and “below defection limit™ & taken as zem, for the siructural components and
virlutile fission products we have in tenms of percentages the values given in Tabke %.2-1

822 Avrasals im the contginmens
RILI ..f"l'h‘.".ﬁ'l'.;!l'."']“

The aerosol size distributions were fairly lognormal with an average size (AWMLY in FFTO0 of 24 pm at
Thiz e of the S-hour bundle-degradation phase growing 10 3.5 pm belone sbilizmg at 335 pm; serosal
aize n FETY was shghtly larger al bstwiecns 3.5 dmd 440 . Geomglne-miean diameier (ds) of partichs iit
FPTI was seen i be between 0.3 and 065 jmy o SEM image of a deposit is shown in Fig, 9.2-2, In both
fesss flie peomnetric standard devianion of the bognosmal duseribatien was Sairly constant at o valie of arsand
200 There was chear evidence that aerosel coimposition vamed very e & a lneton of paricle sz
expipt for the labe settling phise of the FPT1 test: dwning this pensod, the smallest particles were found 1o
be cesiumerich. [n terms of chemical specintion, Xery technigues were wsed on some deposits and here
alsa exist many dain oo the solubilities of the differend elements in numeras depesits giving a clue 25 1o
the patentinl forms of some of the elements, However, post-test awidation of mmples cannot be exeluded
singe slosage tines weis loig (menths) and the valiss of specnlating on potential speciation on the lasis of
i avallable iformation ls debanabile, Movertheless, thene Je clear evidence that some ehemsnts reached
higher states of axadation m the contamment when dampared b thear cherieal fomm m the o,
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9.2.1  Aerosols in the RCS

9211

The experimenters conclude that spherical particles of around 0.1 to 0.3 um formed (though their
composition was not established) then these agglomerated giving rise to a mixture of compact particles
betweenin size at the point of measurement. The composition of the particles was found to
be dominated by Cs, Sn and U: while the Cs and Su mass contributions remained constant and very similar
in mass, U was relatively minor in the first hour at 1860 K evolving to be the main contributor in the third
(very approximately: 42 % U, 26 % Sn, 33 % Cs). Neither break down of composition by particle size nor
statistical size information was measured.

9.2.1.2 | PBF-SFD

Further interesting mieasurements for purposes here were six isokinetic, sequential, filtered samples located
about 13 m from the bundle outlet. Thesé were used to follow the evolution of the aerosol composition and
to examine particle size (SEM). Based on these analyses the authors state that particle geometrical-mean
diameter varied over the range (elimination of the first filter due 1o it being early with respect
to the main transient gives the range 0.32-0.56 pm) while standard deviation fluctuated between 1.6 and
2.06. In the images of filter deposits needle-like forms are seen. Turning to composition, if the first filter

sample is eliminated and “below detection limit” is taken as zero, for the structural components and
volatile fission products we have in terms of percentages the values given in Table 9.2-1.

9.2.2  Aerosols.in the containment

9.2.2.1 | PHEBUS FP

The acrosol size distributions were fairly lognormal with an average size (AMMD) in FPTO of 2.4 um at
the end of the S-hour bundle-degradation phase growing to 3.5 pm before stabilizing at 3,35 pm; aerosol
size in FPT1 was slightly larger at between 3.5 and 4.0 pm. Geometric-mean diameter (dsy) of particles in
FPT1 was seen to be bctween a SEM image of a deposit is shown in Fig, 9.2-2. In both
tests the geometric standard deviation of the lognormal distribution was fairly constant at a value of around
2.0. There was clear evidence that aerosol composition varied very little as a function of particle size
except for the late settling phase of the FPTI test: during this period, the smallest particles were found to
be cesium-rich. In terms of chemical speciation, X-ray techniques were used on some deposits and there
also exist many data on the solubilities of the different elements in numerous deposits giving a clue as to
the potential forms of some of the elements. However, post-test oxidation of samples cannot be excluded
since storage times were long (months) and the value of speculating on potential speciation on the basis of
the available information is debatable. Nevertheless, there is clear evidence that some elements reached
higher states of oxidation in the containment when compared to their chemical form in the circuit.

H15 23 BUROBEE

% 1-2 STATE-OF-THE-ART REPORT ON NUCLEAR AEROSOLS,
NEA/CSNI/R(2009) 5 Ol e E T et B i 3

a1 Aveavols in e RCS
g201 | AECL

The experimenters conclude that spherical particles of aound 0.0 to 03 pm formed {though theli
composition was mol established) then these agplomeratied giving rise to a misture of compad particles
betwoeiit 1. 1 il 3.0 u||'|||r| sz al th point of measupement. Thi composition of e paniekes wis fousd 1o
b demianated By Ts, Sn and Ut while the Cs and Sn mass conributions remained corstant and very similar
im mass, U was relatively manor i the first hour at 1880 K evolving to be the main contmbator in the thind
{very approximatedy: 42 % U, 26 % %0, 33 % Cs), Meither break down of compesifion by panticle size nor
simiisticnl size information was mensured

§21.1 | PEF-SFD

Further interesting measurements for pumposes here were siv isokinetic, sequentinl, filtered samples locased
aboat |3 m From the bundle outlet. These were used io follow the evoluiion of the serosol compesition and
i examing particle size (SEM) Hased on I!:n:ru.' nnalyses the authors staie thai particle geometrical-mean
diameter varied over he range #.lﬂ-ﬂ' & m {elimination of the first filier due b i being early with respect
fo the main transient gives the range 01.3241.56 um] while standard deviabon fluctuated between 16 amd
2.06. In the images of filler deposits needbe-like forms are seen. Tuming 1o composition, il the first fler
sample is eliminated and “below detection limit” & taken as e, for the structuml components and
virlatile fission products we have in tems of perceninges the values given in Tabde .21

®22  Acroxals in the containmens
RILI ..f"fh‘.".ﬁ'[;!l'.f'?’

The nzrosol size distribations were faidy lognormal with an average siee (AMMD) in FFTO of 2.4 pm at
the e of the S-hour bundle-gegradation phase growirg 10 3.5 um before stabilizng at 3,35 g aerosol
iz in FFFTT was shghtly langer al betwiern 3.5 amd 40 pm. Geometre-mean diameier {dsy) o parfichs it
FPTI was seen fo b between) 0.3 nd 0,69 imy & SEM image of a depacit is shown in Fig, 9.2-2, [n bedh
teass tlie prosetric standard deviation of the Tognonmal dissribsution was fairly constam at a value of arsand
200 There was chear evadenoe that aerose] oimposition vamed very it s a fonetion of partiche aze
expept fiar the labe seitling phase of the FFT1 best: during this pesod, the smallest particles were found 1o
be cosiumerich. [n tevms of chemical speciation, Xery technigues were wsed on seme deposits and there
alsa exist many datn o the solubilities of the i ferent elements in numersus deposits giving a cloe 2 10
the: patentinl forms of some of the elements. However, post-sest oxidation of mmples eannot be excluded
smnce storage times were Jong (monthsh and the vales of spacolaring on podential speciation o the basis of
Wi avallabhe (aformation 1 debatalle. Mevertheless, e le elear evidence than seme elensents peached
higher states of axidation m the comtainmen whin comparcd to thear cheemical formm m the carcun.
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NRPB-R322 ANNEX-A 2.2 Todine] @R

202 | Meadow grass and crops

Methyl iodide

There are fewer data for methyl iodide than for elemental fodine, bur all the data indicate that
it 35 pootly absosbed by vegetation, such that surface resistance is by far the dominant resistance
compencer. The early dara have been reviewed elsewhere (Underwood. 1988, Harper et al. 1994) and
10 substantial body of new data is available. The measured valws range between 1% a0d 10% m s
approximately, Again, thers ar 1o strong reasons for taking 7, to be a fanction of windspeed. 0 it is
recommrened that vy is faken to be a constant. Based on the Hmited data available, the “best judgement
value of vy is faken as 102 ‘conservative valveas 107 ms”, Whers there i uncertainty
as to the chemvical spectes of the sodine, 1t is clearky safest to assume that it s all in elemental form from
the viewpoint of making a conservative estimate of deposition fiux.,

223 Urban

Methyl todide

There appear o be no data for the deposition of methyl fodide to building surfaces: the
deposition velocity will be limited by adsorption processes and chemical reactions (if any) at the
surface. for which specific data are required. No reconmgndations are eiven in this case, For vegetation
within the wban area {lawns and parks ete), it 15 recommended that the valves for extended grass
strfaces be used.

INRPB—R322 ANNEX—A [2.2 Todine] Oy

2.2.2  Meadow grass and crops
Elemental iodine

Methyl iodide

There are fewer data for methyl iodide than for elemental iodine, but all the data indicate that
it is poorly absorbed by vegetation, such that surface resistance is by far the dominant resistance
component. The early data have been reviewed elsewhere (Underwood, 1988; Harper et al, 1994) and
1o substantial body of new data is available. The measured values range between 107 and 10~ m 5™
approximately. Agamn, there are no strong reasons for taking r, to be a function of windspeed, so 1t 15
recommended that v; 15 taken to be a constant. Based on the hinuted data available, the ‘best judgement’
value of v is taken as 10~ m 5™ and the ‘conservative’ value as 10~ m s™. Where there is uncertainty
as to the chemical species of the 1odine, it 15 clearly safest to assume that it is all i elemental form from
the viewpoint of making a conservative estimate of deposition flux.

22,3  Urban

Elemental iodine

Methyl iodide

There appear to be no data for the deposition of methyl 1odide to building surfaces: the
deposition velocity will be limited by adsorption processes and chemical reactions (if any) at the
surface, for which specific data are required. No recommendations are given in this case. For vegetation
within the urban area (lawns and parks etc), it is recommended that the values for extended grass
surfaces be used.

NRPB-322 ANNEX-A 2.2 Todine| D#k#:

222 | Meadow grass and crops

Methyl iodide

There are fawer data for methyl 1odide than for elemental fodine, but all the data indicate that
it 5 pootly absorbed by vegetation. such that surface resistance s by far the dominant resistance
compongnt. The early data have been reviewed elsewhere (Underwood. 1988; Harper ef al. 1994) and
10 substantial body of new data is available. The measuced values range between 100 and 10™ s

approximately, Again, thers are no strong rasons for taking r; to be a fanction of windspeed. so it is
recommenced that vy is faken to be a constant, Based on the limited data available, the ‘best judgement®
value of v, is taken as fhe ‘conservative’ valoe as 10” ms ™. Wherethere i vovertaiaty
as o the chemical spectes of the sodine, 1t is clearky safest to assume that it is all in elemental form from
the viewpoint of making a consarvative estimate of deposition fiux.

223 Urban

Methyl 1odide

There appear to be no data for the deposition of methyl fodide 1o building surfaces: the
deposition velocity will be Timited by adsoiption processes and chemical reactions (if any) at the
surface. for which specific data are required. No reconmendations are given in this case, For vegetation
withm the wban area (lawns and parks ete), it 15 recommended that the values for extended grass
strfaces be used.
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