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NBEHHPWET D5 —R (B - KIEEAKEEERL T ATE HIZHSR
NERL, FOBEGRVREFFIENSGSMKE LZ®RIZ DWW b2 E L
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| eEsrommamEEgE R L stocalcEswA, |

R IRIE D LEBEICHRAT DRI, AT ALKBIRO L5 RERE,
B (=7 vy vhif) & LTHEET D,

BET 270y VOBBEAOBEREL TV A (WW_2 R BRI
BB LB ITRAT DR FIRMEEZS 3.2.2. 1. 1—2 RITRT,
Fiz, MEEL T VA D/WR2 ) KR, JRFENEGRDET 5
r— A TN aE SIS LEBICTHAT AR FIREELX 5 3.2. 2. 1. 1-
3RITAT,

#3.2.2.1.1—2F METAHATo Y VOBELOBEESFIU A (W/W_y

N) ERICHR A R LS EIC AT D K KW B

\ _ A BRI ) AN Lk
T | v Ll Bl LN s iy
95 E e b E (ZEEMEEET) X1 (R A ) 2
Fir 7 A Xe, Kr -
CsI CsI, RbI %) 7.4%X 10 kg
TeOs, Te, ¥4 Te0,, Tes %9 7.1X10 Okg
Sr0 Sr0 %9 3.2X 10 %kg
Mo0, MoO,, Ru0;, TcO., RhO, % 1.5X 10 %kg
CsOH CsOH, RbOH % 1.3%10 3ke
Ba0 Ba0 % 4.5X 10 %kg
Las0s, Pry0s, Nds0s,
Lay0s Smy0s, Y505, Zr0,, % 2.4%x10 6kg
NbO,, AmO;, CmO,
Ce0, Ce0,, NpO,, Pu0, #) 2. 4% 10 6kg
Sb Sb ) 1.1x 10 6kg
U0, U0, %) 8. 9% 10 4ke
a7 Jy—1nr/ . _
- 1. 7x 10 3kg
1 N R [kellX, ORIGEN =t— RZ MW Tl L7-KifE = & oS I FRF N N & I 55
X, MAAP =1— NI X v 3FAf L 724
W2 ASGMAERRIE SRS LEEICHAT 2RIk E EI1X, FNNEE kel &, MERITEN
WA LS &~ flt B A (MAAP iR AT % 5 2 NUREG-1465 O %0 L% WV CTHIIE) 7> 6 3l L
oo BETFT VA (WW_2 M) TiX Tey LTV U0, @ JHEIA D MAAP fi##T A5 R 1XE v T
HDHZEnD, ik d 5 MAAP fEAT O RSP IXBEAE(L L TR 577, NUREG-1465 D &1 H. %
WERIEEISN T LM ELRNWbDOEEZLND, L LAENS, 22 TlE, BNERIESN
A LR ICTHAT DR IR E B2 R SFROCEE T 2 72912 Tew LV U0, D it HEI A &
L T MAAP fi#FT#E SR (B a) Z2D b DTl <, MAAP fENT#E 5 %4 NUREG-1465 @ %1 5, &
WTHIIE L7z B & 28 H LT,
3 PO Tes DIFNNEE [kelld, Te DEEN Tes DIWEETHEIET DHADOMEICH YT D,
¥4 ZZTIE Te0y & Tes DIFLELLRZZEH T, TeOy & Te, D 2 NEP O NN E (ke &

HOH O L U THMARRITE RN LEEIZHAT 20 IR E & 2580 L7z (Te OEIE
REF NN &%, ORIGEN 2— FZ W T L7 L D b REWEE LTHEETH Z &
W) o AFEAMIZ AN SR E k2 LB ORI FHCR DM TH D Z &b, 20
X0 RS R I T E AR Uiz, 728, MBI BEEORNIC Y 72> TiX, LV BL%E
B faE e L CE IR F NN EIZORIGEN 2 — RE W T L7200 25 L
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3.2.2.1.1—3 %

MEFEK T VA D/WR2 b)) R OUR TR T DA 2

W3 % 7 — ABFITHR AN A diw /0878 LS EIC A3 2 KK H B

i)

ReANZS 2 E S8 28 LSS I i 9~ DRIk e &
(REEME ST X1
¥ —7 BEFL TV & B IFE RSP ET D 75— A
(X LOCA+SBO+ 4> ECCS #HE (R - AR EFE KRR RS T U )
MRV A) D/WAU ) (D/W~2 k)
i H A - -
Csl % 1.5%x 107 1kg %) 4.1X 10 2kg
TeOp, Tey %2 %9 1.1X10 kg 9 4.0X 10" 1kg
Sr0 % 4.8 X107 2kg %) 5.7X 10 Okg
MoO, %) 2.3X1072kg %1 9. 2% 10 6kg
CsOH % 1.8%x100kg %) 5.5x100kg
Ba0 %7 6.6X10"2kg %) 3.7X 10 kg
Las0s %7 3.5X 107 3kg %) 6.0X 10 kg
Ce0, % 3.6 X107 3kg %) 7.7X 10 Okg
Sb 1. 7x1073kg ) 4. 7TX 10 2kg
U0, % 1.3%x100kg %) 2.6 %10 4kg
:'/i%éﬁjb/ % 2.1x10 kg %) 4.7X 10 2kg
M1 AEMERRE SIS LEEICRAT 2R E RIL, FNNEE kel &, MELRTEN

%2

HEAS U HE B ~ D it HEA (MAAP fi A ik 5 % NUREG-1465 %1 K. %2 AW THIIE) 25 374 L
<, MEIT U A (D/WAR2 FNEF) TiX Te, XN U0, D fi I EIA D MAAP fiEAT#E i u T
HDHZEMND, Bk B MAAP fEAT O RSP IXBEAE(L L CTE 5§, NUREG-1465 &1 1 %
WM EESL T LLEMERN LD EEZ LD, LOLARNRL, 22T, BNESRITEN
RS UEEE IR A T DR IR & 2 (R SFRIIC R 3 2 72 D12 Tex KL VU0, D St HHEI A &
L C MAAP fi#HT#E SR (B a) Db O Tl <, MAAP T 5 4 NUREG-1465 @ &1 i % H
WTHIIE L7 Bl & 28 Lz,

T 2T Te0y & Tey DFEELRZEZFE T, Te0, & Tea DK A NF 3.2.2. 1. 1-2 FHF DI
W E kgl 2 b2 b D L L TR SIE kA U E IR T DR IR E & % 5Tl
L7z (Te O IEFHFERN N R4, ORIGEN 2 — RFAZH W Tl L2 E v b RE VML L
THRET D Z EATHE) o ARG XA RTS8k U E OB iR 2 7E i TH 5
ZEMND, ZOX ) RESFHRFEM A EESRH L, 2B, KGR OFHIIC Y 7= -
Tk, IVBENREELE L CTEIERFANPEEIX ORIGEN =2 — R %2 HA W TR L 7%+
DHLOEERMALTND,
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#3.2.2.1.1-3% MHMEFEKTVA DN L) BEROEBEFFEE

NSRS D 7 — ARRICHE A SR E Dy USEE IS A SRR HE &

EAEREDEE LEBICKRAT IR FIRYER
(REEREZ &) ¥I1
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(K LOCA+ SBO+ 42 ECCS B§fEsE e o F U F) (BE - (REEAKBERES ST Y
(D/W=>B) ) (D/WR2|)
i A = _
Csl #1.5x10 kg #9 4. 1X 10 2kg
TeOz, Te, 32 #1.1%10" kg #4.0x107 kg
Sr0 % 4. 8% 10 2kg #5 5. 7X 10 kg
MoO # 2. 3% 10 2kg #9.2x 10 6kg
CsOH % 1. 8% 100kg % 5. 5% 10%g
Ba0 #6.6x1072kg #13.7X10 5kg
Laz0s # 3. 5% 10 3kg % 6. 0% 10 5kg
Ce0, # 3. 6x 107 3kg #9 7.7X 10 5kg
Sb #1.7x10 3kg # 4. 7X 10 2kg
U0; # 1. 3% 100kg #12.6x 10" 4kg
a7 V—hr .
— % 2.1x107 kg # 4. 7X10"2kg
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bV, KETHLIET T 77 MNEOWMBIRep & LT, FREFEI=ED
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ZOZEITEY, M FHLEESE R NRERFROERIZED AE
S TRl N FREE 72 B,
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TIFEAREENERTE VLD EEE LIESGAICBIT 5, FLEERLE
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T A G O mERME O 7 )V — 71220\ TiE, MAAP fi# 4T o
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FHWTEHE 2 GEMIEZRIE 48 Z /),

Feo (T)= Feoon (T)+ M/Mee X Weo/ Wy X (Feer (T) — Fegon (T))

Z Z T,

Feo (T) : REAI T IR T 2B U L DORHEIG

Feoon (T) : BEZ) T IZB 1T 5 CsOH 7 v — 7 D fif HEIS
Fea (T) : BEZI T2 B CsI 7 A—7 Dl HEl &
My o T JG3R DA 1L IREIE PN P ik &=

Mes @ Cs JG3R DAF 1L IREAF PN P ik =

W, I DOFEF= We, : Cs DJFEF&

X1 MAAP =2 — R TII bR - BN EZBE LKL 7 Vv —7 317 L
THEY, {7 NV—TOMHEIEGIL, Y%7V — 7 O IERFE NN &
EHMHEEOkE LD L TIHML TV D,

X2 KKFE T N — T OEIEREF NN EIZLL T O FIRIC L0 §E6 L Tuv
Do

@ ORIGEN == — RNIZ X 0 #&HE Z & D)) 5 & & 71l
@ OofEREL LI, FMAKOEEEZE LAY, K TEOEEEZRT
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@ BALAEWITE 3.2.2. 1. 1—2 BICRITEEINLV—TICETHHD L
LTEHLTWD, BRI NV—TOIFNNEEIL, YOS L
— BT HIEMDIFANNBEOFE L TEMI L TW5,

(b) EFnLSOEREIN—T

e ARFERME DO IE 7 L — 12OV TR, MAAP fi# AT O fE B8 6
7o B EIG X ER AT, MAAP fEAT OFE R B & B 7z Cs D ik HiE
aL, MHATN—TORMEG, kT, NUREG-1465 % b, 2 F|H
L&A 2 53 5,

Z 2T, A EIE ORRERFR 7o iR D BT T A LR — (KD & L,
Cs DIHEIA KT 5 Y% RE 7 L — 7 O EIS O =RIL, 168
7 [ % B L2 38U T, NUREG-1465 TR L NLZEERICE L WE LT,
UTOFMAICESEZFEMLUZ, 5 3.2.2.1.1—9 £ K OH
3.2.2.1.1—10 2, NUREG-1465 CTalAffli & U771 1P B A A 25 N~
DI EIE &R T,

Fl (T> = Fnoble gass (T) X 4 i/ Y cs X FCs (1681’11') /Fnoble gass (168hr)

Fi(T) : BRI TSR % i & H D MAAP BifE 7 L — 7 0 i Bl

Frobie gass (T) @ BEZ T2 TF DM H ATV —T Ok HEIA

v i : NUREG-1465 (28T 2 1 & H D MAAP &fE 7' )V — 7 IS4 B8
i 7 V— 7 DR AN B m o~ D U EI S

¥ ¢ : NUREG-1465 (238 1F % Cs \ZHH YT D% 7 )L — 7 D JF 4 AN
Kan~D R HE &

1 - RERMEOERE I L — L, FRYFIOBREIREIRE o TS &
ZLSMIFR EREIN I SN Wb D EEFE X B ND, EDTH, N ME
DIREFD B OBEIFEHNITIT & A E ML SN R 5 B2 28 S B
SN, FAFBRMNESRESMEICEEL T D b o n KRaEPickt s
HEEZOLND,

ARy MOEVR R MR TR PR IR SR R 6 X T A T
MAT DD, ZOWMADIHT;, T bbbt E G ORI 72 1E D B ik, [F
U< A IR SR SAR SIS/l L TR 0 BRI 520> D OB I HH 23 72 D Ay
HADBHEEGDIRDFENTIEWNWEZEZ BLD,

Dbz &, - REREOKTEZ V—7 O [HEZNZB T D i E
GB1E, (KB T2/ T AT NV—TOEESE] ChplTrH0E L
7=
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55 3.2.2.1.1—5 3 MAAP fEHTIC X 2 BB S OFEHMAE R (=7 v Vv & OFHE
WZfEH L 7Z2Y)

FEANR FR I J13 A3 LSS &~ it & A (-]
eFR 7 L — (FHFEE DD 168 K[ FRE A, HM A 45
JES N LEEICHAT L =T v L&D
M IZE A L 722 v)
T A $19.2x107!
Csl #11.3x10°
TeO, 9 1.7x10°
Sr0 #2.0x10"
MoO, #3.0x10°
CsOH #2.7x10°
Ba0 14.2x10°
La,0, $1.0x10"
CeO, #1.0x10"
Sh #12.9x10°
Te, 0
U0, 0
Cs™! $2.6X10°

1 Csl Z—7"L CsOH 7 —7 DR EI G0 Hakls GEM =135 48 &= 7)

753.2.2.1.1—6 3K  TMI SRR ICFHN S N2 U PERE OS5 AT Z L OFE R

(B & %)
e EARSEE 55 i [oEER g
luce lMEu lssEu OOSr meRu lﬂsSb la‘lcs IIOI 851{1.
RTFRE
RFPFEa% 1054 122.7 109.5 89.7 93.2 117.2 40.1 42 30
T 4R v ) s = — 1 - 0.2 3 1 -
HbEK, RiEs v 7 H 0.01 — — 2.1 0.5 0.7 47 “nt 54
i@ E — == =g 0.1 = 0.7 5 7 =
& &t 105 122 110 93 94 119 95 97 85
VIR [ERERM L 2RO 77 ) (5 LR ERY) Od, © o CORHRBFLI VY M) —2kX L

EREABHRR LIS TLE e LEMNST, Z o shic 104 YR/ b)Y -R3CsLRETHAHEEL b,

Hi Bl - TMI-2 SO FREMF TR (EEG, B, #HEL BAR %
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% 3.2.2.1.1—9 F NUREG-1465 TOJRF 1A MEBE RN ~D g HE &

B 7N —7 JFIF R R S~ O &I & %1
Cs 0.25
Te0,, Sb, Te, 0.05
Sr0, Ba0 0.02
MoO, 0.0025
Ce0,, UO, 0. 0005
La,0, 0. 0002

$¢ 1 NUREG-1465 @ Table 3. 12 [Gap Release| ®Of & [Early In-Vessel| OfE®D
% 2 B (NUREG-1465 TIX, [Gap Release], [Early In—Vessel |, [Ex-Vessel |
KON [Late In-Vessel| OFFRERE T = — XT3 L TR FIFEAR RN~
DIRHEEZ 52TV D, BHESREDLS LIEBIZRAT LI 1Y L&
FHMIZ 31T D IEEFE T T U A TIE, R E T B D A 72 R T EHERUN
KT D7D, REFIENERBERE COFLNLOKMZEET S [Gap
Release] &N [Early In-Vessel|] OfEOFZHWS,)

% 3.2.2.1.1—10 % NUREG-1465 (#Fy)
Table 3.8 Revised Radionuclide Groups

Group Title Elements in Group

1 Noble gases Xe, Kr

2 Halogens I, Br

3 Alkali Metals Cs, Rb

4 Telludum group Te, Sb, Se

] - Barium, strontium  Ba, S¢

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

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

8 Cerivm group Ce, Pu, Np

Table 3.12 BWR Releases Into. Containment*

Gap Release*** Early In-Vessel Ex-Vessel Late In-Vessel
Duration (Hours) 0.5 15 3.0 10.0
Noble Gases** 0.05 0.95 0 0
Halogens 0.05 . 025 0.30 0.01
Alkali Metals 0.05 0.20 0.3s 0.01
Tellurium group 0 0.05 0.25 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

0.0002 0.005

* Values shown are fractions of core inventory.
** See Table 3.8 for a listing of the elements in each group
*** Gap release is 3 percent if long-term fuel cooling is maintained.
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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 Solids. Among the materials that are expected to make up the
suspended solids are Ca(OH), (p = 2.2 glem’) or Si0, (p = 2.2 g/em®) from the concrete and
UO,(p = 10 g/em®) or ZrO, (p = 5.9 g/cm?) 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/em®. The upper limit is chosen based on the
assumption that suspended UO, 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 So(w) where S is the
weight fraction of dissolved solids. The sign of the change is taken to 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:

g, =

o(w) (1-S) for e <05
{o(w) (1+8) fore 205

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 um in diameter. Even with a water pool present, smaller particles would not be expected.
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Consequently, the natural logarithm of the mean particle size is taken here to be uniformly
distributed over the range from In (0.25 gm) = -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 to 3.2. Any
correlation of the geometric standard deviation with the mean size of the aerosol is neglected.

(12) Aerosol Material Density. Early in the course of core debris interactions with concrete,

UO, with a solid density of around 10 g/cm® is the predominant aerosol material. As the
mteracuon progresses, oxides of iron, manganese and chromium with densities of about
5.5 g/cm? and condensed products of corlcrele decomposition such as Na,0, KZO Al,0; SiO,,
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 densities 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 aerosol trapping 1s taken to be an
uncertain parameter uniformly distributed over the range of 1.5 to 10.0 g/cm®.

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:

n Vso.i
D, = e{—] — cm
o 2%

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, /g(p,~p 1"

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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921 Aerosols in the RCS
9.2.1.1 | AECL

The experimenters conclude that spherical particles of around 0.1 to 0.3 pum formed (though their
composition was not established) then these agglomerated giving rise to a mixture of compact particles
bctwecn in 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 Sn 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 measurements for purposes here were six isokinetic, sequential, filtered samples located
about 13 m from the bundle outlet. These 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 rang (elimination of the first filter due to 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 aerosol size distributions were fairly lognormal with an average size (AMMD) in FPTO of 2.4 pum at
the end of the 5-hour bundle-degradation phase growing to 3.5 um before stabilizing at 3.35 um; aerosol
size in FPT1 was slightly larger at between 3.5 and 4.0 um. Geometric-mean diameter (dsq) of particles in
FPT1 was seen to be bclwcen 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 FPT1 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.
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circuits and containment (The 3rd European Review Meeting on Severe Accident
Research (ERMSAR-2008) )
%6 Overview of Main Results Concerning the Behaviour of Fission Products and

Structural Materials in the Containment (NUCLEAR ENERGY FOR NEW EUROPE 2011)
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