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Table 2.8 Revised Radionuelide Groups

Group  Title Elements in Group

1 Mobile gases Xe, Kr

2 Halogens L Br

3 Allali Metals Cs, Rb

4 Tellurium group Te, Sb, 5e

5 Barium, strontivm B, Sr

[ Nobile Metals Ru, Rh, Pd Mo, T, Co

7 Lanthanides La, Zr, Nd, Eu, Nb, Pm,

Pr, Sm, ¥, Cm, Am
B Cerium proup Ce, Pu, Np
Table 312 BWR Releases Into Contalament*
Gap Release®™*  Early In-Vessel Ex-Vessel Late In-Vesscl

Duration (Hours) 05 15 30 100
Noble Gases** o.os 0ss n o
Halogens 005 02s 030 oo
Alkali Metals 0.05 020 03s un
“Tellurium group [} 005 025 0.005
Barium, Strontium o o002 o1 o
Noble Metals Q 00025 00025 o
Ceriam group o 0.0005 00s (1]
Lanthanides [ oo 0.005 0

* Vialues shown are fractions ol core inventory
e %c:pml: 3.8 for a listing of the clements

In each

& 3 percent if long-temm Imm;f::&mm.
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TABLE 1
TABLE 1 Physical Conditions Common to All Spray Experiments

Physical Conditions Common to All Spray Experlments

Volume above deck including drywell 21 005 ft* 505 m?
Surlace area above deck including
drywell o 140 £t7 589 m®
Burface area/volume 0.203/1t | 0.958/m
Cross-section area, main vessel 490 n* 45.5 m*
Cross-section area, drywell 95 nt* 8.8 m*
Volume, middle room 2 089 1it? 59 m?
Burface area, middle room 1 363 ft* 1279 m?*
Volume, lower room 3 384 1? 88 m?
Surface area, lower room 2 057 ft* 191 m*
Total volume of all rooms 26 477 ft° 751 m?
Total surfnce area, all rcoms 0 560 fit? 888 m*
Drop fall height to deck 33.8 1t 10.3 m
Drop fall height to drywell bottom 60.6 It 16.4m
Surface coating All Interior surfaces coated with
phenclic paint®
Thermal insulation All exterior surfaces covered with
1-in. Fiberglas insulationb

*Two coats Phenoline 302 over one coat Phenoline 300 primer.
The Carboline Co., 5t. Loals, Missouri.

bl = 0,027 Btu/(h ft7) (°* F/t) at 200°F, Type PF-015, Owens~
Corning Fiberglas Corp.

Volume above deck Including drywell | 21 005 £° 505 m?
Surface area above deck including

drywall 6 140 n* 569 m*
SBurface area/volume 0.293/ft | 0.958/m
Cross-section area, main vessel 490 1t? | 45.5 m°
Crosa-section area, drywell 05 fit* 8.8 m?
Volume, middle room 2 089 Nt? 59 m?
Surface arca, middle room 1 363 #t* 127 m?
Vaolume, lower room 3 804 17 86 m?
Surface area, lower room 2 087 nt* 191 m*
Total volume of all rooms 26 477 £t7 751 m?
Total surface area, all rooms 0 560 ft* 888 m"
Drop fall height to deck 33.8 ft 10.3 m
Drop fall height to drywell bottom 80.5 #t 16.4m
Surface coating All interior surfaces coated with

phenolic paint®

Thermal insulation All exterior surfaces covered with

1-in. Piberglas insulation®

*Two coats Phenoline 302 over one coat Phencline 300 primer.

The Carbaline Co., St. Louls, Migsgouri.

bk = 0.027 Btu/(h ft*) (*F/It) at 200°F, Type PF-615, Owens-

Corning Fiberglas Corp.
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TABLE W
Experiments] Conditives ~C38 Spiay Tesla
= ™y n Fun T Teis Fun
A-3 A4 A-d AT A8 As§
= -l 2 -air Gtaam-air |
Almoaphers s [ A Stexm-plr | Stemmeair  Steam :
Temparature, "F ” L ] =0 0 58
Pressure, paia e | s “ 0 4 44
. . F . T '
Haoerle
Drog nn(?g‘ wl 1318 10 1200 1210 [ e 1230
Geametric ptandard devitlm, ¢ Ly L8 183 1 150 180
e R U e |
13 11
Fursbe: of mor=ien 1 2 1 = u
Spray vate, gul/mln me LAl w “w o s
Total spray *oume, gal [.1E] W | 10 10 Fely L2908
. . | 0 '
‘ dprar salstion L s

539 ppm boron as Bs DOy n NeOH, (R .0,
13000 ppm Saren as HaBOs o He00, (8 0.5,
30001 ppm boron as B BG; s desineralined waber pif B

*Hpraying Eyotems Co, 3/4 103, il eons.
Fipraying Systoms Ca, 378 AJ0, hellow zone
' Gpraying Syatares Co. /4 AS0, hellow sone
idasn modian dlamoter.

i, ZORSTHELNEAT LA BREOBREUTIEFRT.

TABLE IX
Summary of Initial Spray Washoul Coefficients

%5 Observed, min™'*

Iodine on Total
Run { Elemental ||Particulate | Charcoal | Inorganich
No. Todine Todine Paper Todine
A-3 0.126 0.055 0.058 0.125
A4 0.495 0.217 0.063 0.43
A-6 0.330 0.32 0.154 0.3
A-T 0.815 0.31 a 0.20
A-8 1.04 0.9% 0.380 0.96
A-0 1.20 L1s 0.548 114

*For first spray periocd, corrected [or natural removal on
vessel surfaces.
*Includes iodine deposited en Maypack inlet.

ZORENL, RERVEALZELSETHBEER L A4, A6
EUA-TTO" Particulate Iodine” D#ERAHET S L. HHlo@
FT—HLTEY, REREFEL TR, ZhizH L, A7 LA
BEENE LA-8 T, MU EAT LA BEAHMELTHAZ
Ldbhhns,

the Containment Systems Experiment”  Nuclear Technology
Vol. 10, 1971 )

CSE TOH BB TORMGRLLUTIZFRT,

TAELET
Bxperimentzl Conditicos—CFE Spray Tests

TR
Fun Rum Fun Fun Fean Fun
A-d A-d A-D A-T AR A-§
- - E Steam-sir
At are Adr Al Steam-air | Steam-alr  Staam-olr
T!’I:;‘:I"‘IIMM, e 3 | ki) [ T 280 10 250 50
Pressurs, [5ia 148 14.6 44 i 48 44

. . . . w .
Mezzie
m‘epl(?(‘; w 10 1210 1210 1210 170 1220
Gaemetric standard deviation, o L53 L8 II 253 183 1,80 LED
3 2
Humber of noxzles 2 1 12 1 1
W:r ratn, gal /min 12,8 488 40 @ 5.
Tolal apray volums, gal 510 1880 1980 1880 020

3 [l T

tigray soliuticn ¥ ’ L

"535 ppm beren as HaBO; in WaOH, pH 05,
3000 ppm baron as HeBO, in NaOH, §H 9.5,
24000 ppm boeen 48 HaBU; in demineralised water plf 5.

=Epraying Systems Ca. 3/4 7G5, full eons,

bpruylng Fstems Ca, 38 A0, hallow cone.
©Gpraying Eystems Ca. 3/ ASD, hallow cone,
#Masa median diameter,

¥, ZOEHCRONEAT LS BROBRELLTICRT.

TABLE IX

Summary of Initial Spray Washoul Coefficients
i Observed, min™'®
Todine on Total
Run | Elemental || Particulate]| Charcoal | Inorganick
No. Jodine Iodine Paper Iodine
A-3 0,128 0.055 0.058 0.125
A-4 0.495 0.277 0.063 0.42
A-6 0.230 0.32 0.154 0.31
A-T 0.315 D.31 0 0.20
A-8 1.08 0.99 0.365 0.96
A-9 1.20 L15 0.548 L14

"For first spray period, corrected for natural removal on
vessel surfaces.
*Includes iodine depesited on Maypacik inlet,
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so-called "quench” temperature, Al temperatures below this quench temperature the kinetics of
gas phase reactions among CO, CO,, Hy, and H,0 are too slow 1o maintain chemical
equilibrium on useful time scales. In the sharp lemperature 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 equilibirium composition for the *

so-called "quench” temperature. At temperatures below this quench temperature the kinetics of
gas phase reactions among CO, CO,, H,, and H;0 ar too slow 10 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 cooled 1o such that the gas

Experimental evidence suggest that the "quench” WHIMWIWK The value of
e e i distrih
the calculations done here.

d 10 be y d over this range for

(6) Solute Mass. The mass of solules in water pools overlying core debris attacking concreie
has not beesy ined carefully in the exp donc to date. It is assumed here that the
logarithm of the solute mass is uniformly distributed over the range of In(0.05 p/kilogram
Hy0) = -3.00 to In[100 g/kilogram H,0) = £.61.

ﬁlevulnntfntmurnnpmduiﬂmmlh:m
poolwlmwmume 7 g the water,
Mwlumfmimmﬁwuqduhrp_ Mhlnlllb‘lefmﬂnmdym.mm
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 1o 0.1.

(%) Density of Suspended Solids. Among the materials that are ’pa:iedlnmak:uplhc
suspended solids are Ca(OH); (p = 2.2 glem”) or $i0; (p = 2.2 glem’) from the concrete and
U0y (p = 10 gien?) or Zr0; (p = 5.9 glom’) 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 10 6 glem’. The upper limit is chosen based on the
assumption that suspended UO, will hydrate, thus reducing its effective density. Otherwise, gas
sparging will not koep such a dense material susponded.

© W The surface tension of the waler can be increased or decreased
by itude of the change is taken here 1o be So{w) where § is the
weight rmmummmm The sign of the change Is maken w0 bc minus or plus
depending on whether & random variable ¢ is less than 0.5 or greater than or equal to 0.5,
Thus, the surface ension of the liquid is:

o(w) (1-5)
o(w) (145) Jfor € 2 05

for e <05
ﬂl'

where o(w) is the wurface tension of pure water,

(10) Mean Aeroscl Pagicle Size. The mass mean particle size for aerosols produced during
meltfconcrete intemctions is known only for sitations in which no water is present. There is
mmmmmpumduﬂllbemmuammhm Examination of
aerosols produced during fi shows that the primary particles are about
ﬂlgnindiwuw Even with o water pool present, smaller particles would not be expected.

is effectively "frozen” at the equilibrium composition for the "quench”

B%1-1 NUREG/CR-5901 DR |

so-celled “queach” tempeniture. Al temperatures below this quesch temperature the kinetics of

pas phase rcactions amosg CO, COy, Hy, end H;0 ar oo slow to mainmin shemical
zqumulu'n on useful time scales, In the sharp temperaturs drrp:rmed by the water pool, very
hot gases produced by the core debris are such thal the gis
composition s effectively "frozen* uumlibnmmmlunamru ‘quench” lemperatare.

Expmmmm evidence suggest that the qucnch I:n‘lpeﬂ.lure is 1300 10 1000 K. Tlla value of
the quench temy was to be ibuted over this range for
the calculations done here.

(6) Solute Mass. The mass of solules in waler pools overlying core debris attacking concrete
has not been fully in the done 1 date. 1t is assumed here that the
logarithm of the solute mass is \.||1I|‘|1rm|3|1 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
poal will increase with time. Depending on the available facilitics for replenishing the water,
this volume fraction could become quite large. Models available for this study are, however,
limited 0 volume i of 0.1, © fly, the volume fraction of suspended solids is
taken to be uniformly distributed over the range of 0 1o 0.1

(8) Density of Suspended Solids. Among the materials that dre cxpcciui 1o make up the
suspended solids are Ca(OH), (p = 2.2 glem’) or 8i0; (p = 2.2 glem?) from the concrete and
UO(p = 10 glem?®) or ZrOy (p=359 glem’) from the core debris or any of a variety of
acrosol materials. It is assumed here that the material density of the suspended solids is
uniformly distributed over the range of 2 10 6 glem. The upper limit is chosen bascd 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 i d or d i

suggest that the "gquench* mmkl]ﬂ)mlm! The value of

the quench tarp wag d 10 be eniformly d over thic mange for
the calculations done here.
(6) Solu Mass ‘]‘b‘.‘mofw!mllwllrpwh ying core debris

has rot bees in the dene to date. 1 is assumed here that the
logarithm of the solute mass s urlfomly distributed over the range of In(0.05 g/kilogram
H,0) = -3.00 to 1s(100 g/kilogram Hy0) = 4 61,

7 Yolums Fraction Susperded Solids. The volums fraction of suspended solids in the water
pool will increase with lime, Depeading on the available facilities for replenishing the water,
this volume fraction could become quite large.  Models available for this stody are, bowever,
limited to volums fractions of 0.1. Consequently, he volume fraction of suspendzd solids is
taken tn be aniformly distiteited over the mange of 0 to (.1,

(8) Density of Suipended Solids. Among the materials that are 1pedld o make ap the
suspended solids are CafOH); (p = 2.2 p/an’) or Si0; (p = 2.2 lew’) from ihe concrete and
UOylp = 10 ],.fm’)orzmz{p = 5.9 glcm?) from the core debris or asy of @ variety of

acrosol materials, 11 is assumed here that the matesial density of the suspended solids is
sniformly distributed over the range of 2 to 6 glomr. Theupptrimllhclmﬂlnmimllc
assumption thet suspeaded UO; will hydrate, s reducing its eff density, Otherwise, gas

sparging will vot kecp such a densc material suspended.

) . The serface tznsion of the water can be increased o decreased
by dissolved The magnitude of the chasge is taken here to b2 Solw) where S is the

by dissolved materials. The magnitude of the change is taken here 1o be So{w) where § 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:

alw) (1-5) for e <05
0, =
afw) (1+5) fore 205

where ofw) is the surface tension of pure water,

reatzrials.
weight fraction of dissolved solids. The sign of the change is takea 1o be mirus or plus
dopending on whether 3 mandom varishle € it less than 0.5 or grester than or equal 0 0.5,
Thus, the surfice tension of the liquid ix:

afw) (1-8) fore <05
ofw) (1:85) fore =035

o,

where #(w) is the surface (ension of pure waler.

(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 o believe smaller particles will be produced if a waer pool is present.  Examination of

! during fons shows that the primary particles are abom

(10) Mean Acrosol Pagicle Size.  The mass mean particle size for acrowols produced during
melt/concreie interactions is known only for sitsatioas in which no waler is present. These is
reason to befieve smaller particles will be preduced if 3 water pool is present.  Examisation of
acrosols produced during meluh thows that the primary particles sre aboat
0.1 pm in diameier. Even with a water pool present, smaller particles would not be expected,

0.1 ym in diameter. Even with & water pool present, smaller particles would not be
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C the matural of the mean particle size is taken here 10 be uniformly
dinﬂmuduvumnmrmln(DZSpm)-—I”InlnﬂjpmJ-ﬂﬂ

Consequently, the natural logarithm of the mean particle size is taken here to be uniformly
distributed over the range from In (0.25 pm) = -1.39 10 In (2.5 pm) = 0.92.

cu-wnnjy. the natsal Jogarithm of the mean particle size Is ukes here 0 be unlformly

(11) Geomel X jor
dm;lmwmmlmrﬂmmmmnhn

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 i3 positively correlated with the mean size of the aerosol. Proof of this correlation iy

Mnmmmdmmmmumunummmm

standand deviations will be p in U!Ihwmrwuem. ltilunlllﬂ]

that data will eves be available to d this fion. The g
dmwmmummwkuﬂmw&mﬁnﬂmwwdi6»32 Any
tion of the g standard ion with the mean size of the aerosol is neglected.

7) Agrosol Muerial Density. Early Ilﬂemnlmmlnmﬂmm
Uozﬂwanlkiemilydmlﬂyml’ s the predominant acrosol material. As the
interaction progresses, oxides of fron, manganese and chromium with densities of about
5.5 glem’ and condensed products of concrete decomposition such a3 Nay0, K,0, AlLO, 5i0,,
and Ca0 with densities of 1.3 10 4 glem’ become the dominant acrosol species. Condensation
wmdmmmmmyammmmm

af ials also the iction of the densities of
nmnhlsmmnbwlhwunl .\n-mum:mmmmr aerosol is considered
m mmm;mmmmmummmuhmmum

P 1 d ower the range of 1.5 to 10.0 glenr’.

Note that the mean acrosol particle size predicted by the VANESA code [6] is correlated with
the particle material density to the -1/3 power. This correlation of acrosol particle size with
jparticle material density was taken 10 be oo weak and insufficientdy supported by experimental
evidence 10 be coasidered in the uncertainty analyses done here.

(13) Initial Bubble Size The initial bubble size it caleulated from the Davidson-Sehulsr
equation:

as
D, = r[E]w V—'u- om
LU
where € is assomed 10 be wniformly distributed over the range of 1 to 1.54, The minimum
bubble size is limited by the Fritz formula to be:
D, = 00105 ¥(o, Iglp;-p '

where the contact angle is assumed 1o be uniformly distributed over the range of 20 10 120P.
The maximum bubble size is limited by the Taylor instability model to be:

[ . The acrosols produced
to have lognormal size distributions,
Experimentally determined geometric sundard dmaﬂm for the distributions in cases with no
mlerprcmtm between 1. 6Int132 An argument can be made that the geometric standard

iation is positively d 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 silations with water present. lr IS unli‘my
that data will ever b to d this ien, The
of the size distribution is assumed to be uniformly distributsd over the range of 1.6 10 3‘2 Any
correlation of the geometric standard deviation with the mean size of the aerosol is neg!

d over the range from In (0,25 pm) = -1.30 10 I (2.5 yom) = 0.92.

oan el - Y ) jon. The aeroscls produced
dmn; :nle Mﬂhmme Iam—:&m m mumui w Iu\-e lngmmu slze dsrbutions.
uandard deviations for the i in casee with no
mm]:ucnlwybnwml.ﬁmai An argument can be made that the geometric standard
deviation it positively correlated with the mean sire of the asrosol. Preof of this comrelation &
aufmnmmmlmurmq-mmm It can also be argued (hat smaller
standard d will be iors with water present. It is ualikely

that data will ever be available b The standard
o{&cnnd‘mﬂuminmmmhtmnfmndyﬁm‘buhdmlhmud‘l 6032, Any
standard

(12) Acrosol Material Density. Early in the course of core debris interactions with conercte,
U0, with a solid density of around 10 glem”’ is the preduminan: aerosol material.  As the
interaction progresses, nmdc: of i lmn. with ities of about
5.5 gfem? and condensed p ! ition such as Nag0, K;0, ALLO, Si0,,
and CaO with densities of 1.3 10 4 g.rm’ become the dominant aerosol species, Condensation
and reaction of water with the :pa:ls may nllu the apparent material densities,

Coaggl ion of lized also the prediction of the ities 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
uneertain 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 corelation of acrosol particle size with
particle material density was taken to be too weak and insufficiently supported by experimental

id 10 be consid in the analyses donc here.
(13) Initial Bubble Size. The initial bubble size is cakulated from the Davidson-Schular
cquation:
&\° Vg
D, = ‘[-] 8" el
where € is d 1o be uniformly distributed over the range of 1 1o 1.54. The minimum

bubble size is limited by the Fritz formula to be:
D, = 00105 o, fe(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 limiled by the Taylor instability model 1o be:

of the p with the mean sire of the aerosol s segiected.

(12) Asmiol Material Density. Easly in the course of core debris interactions with

UD, with a solid density of arcund 10 glem is llupuiom‘mmmml material, A: the
interaction progresses, oxides of lroa, with of sbout
5.5 giem® and condenied products of concrete dowlnpoulon such as Na, 0, K0, ALO, Si0,,
ardd Ca0 with densiiies of 1.3 1 4 glom’ become the dominant aeroscl species. Condensation
ard reaction of water with the species may alker the appareat material dengities
Coigg] of also the prediction of the densitics of
materials that make up the serosol, As a result the materal density of the asrosol is considered
urceriain. 'Ih:nmﬂm Ilunlljr nulnuwuhmmmmgum 0 be an

ibuted over the raage of 1.5 to 10.0 glen?.

Mote that the mean serosol particle size predicted by the VANESA code [6] is correlated with

the particie material density 1 the -1/3 power. This correlation of aerosol particle size with

particle material density was taken (o be too weak and insufficiently supperied by experimental
idence 10 be in the y analyses done here.

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

&Y° ?‘“
e e e
where € is assumed to be oriformly distributed over the range of 1 to [ 54, The minimum
bubble size is limiwed by the Fritz formula to be:
D, - 00105 o stp-p )"

where the contact angle it astimed 1o be uniformly dintsibuted over (he range of 20 1o 120°,
The maximum babbie size is limited by the Taylor instability model 1o be:
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The ﬂ}mnlwﬂlﬁh conchude that sphierical particles of around 0.1 w 0.3 jan formeed (though their
then these giving rise to a mixture of compact particles

beh\'ez{ 0.1 nnd 3.0 #m size at the powr of measurement. The cougpositon of the parmicles was fovnd 1o
be dommared by Cs, S and LU widle the Cs and Snwmaess contnbutions remamed constu and very sitmlar
o s, LT was relatively minor m the first hour at 1560 K evolving 1o be the main contributor in the thard

i\map;ummmty 429 10. 26 % Sn. 3"‘.(‘5: Neither break dowm of compasition by particle size nor
il size was

9.2.1.2 | PBF-SFD

Furthier inferesting weauranients for purposes here were six isokinetic, sequential. fillered smuples locoted
abeut 13 m from the buadle outlet. These wene used to follow the evelution of the asrosol composition ad
1o examune particle size (S e analyses the authors state that pumicle geometrical-mean
dizmeter varied over the ra,
to the main mansest gres e
206 In the impes of filer deposits needle-like forms are seen. Tuming to composition. if the first filter
sauple 15 eliumated aad “below detection lnut™ is 1aken as zeo, for the strucruml components and
volatile fission products we hinve in tamns of percentages the values given in Table 9.2-1

etimination of the firy filter due to it being sarly with respect
.56 ym) while standard devianon flucuated berween 1.6 and

9.2.2

0.2.2.1[ PHERUSFP ]

Aerosols in the containment

the end of the S-howr buadle-demadation plase growing o 3.5 jun belore stabilizing of 3.35 jaw; serosel
size in FPT1 was alighty L - -t

d 4.0 pm. Gy -mean diameter (dy) of pamicles m
FPT1 was mn:ulemglulﬂu.o‘t_qﬂ M tmitge of o deposit is shown m Fig 9.2-2. In both
tests the g standard deviation of the log | distrbution was fairty constant at a value of around
20 There was clear evidence that serozol composition varied very linle as o fimction of panicle swze
except for the late senibne phase of the FPTI tesi: amumnpenn.l.. the suallest particles were forud w0
be cesmmerich. In termes of ch 1 Xoray

were nsad on some deposits and there
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B 1-2  STATE-OF-THE-ART REPORT ON NUCLEAR AEROSOLS,
NEA/CSNI/R(2009) 5 O § R OB o {32
927  Aerosalsin the RCS
2214
The exp Tuadls e mmclu of nrrmnd 01 o 03 pm formed (though their

that
tion was not esiablished) then thise d giving rise 10 o mixture of compact particles
between[l) | and 3.0 j.ll'ﬂllﬂ stze at the point of measurement. The composibion of the paricles was found 1o
be domi n and U: while the Cs and S mess conttibulions remamed constant and very similar
in mass, U was relatively minor in the first hour at 1860 K cvolving ta be the main contributor in the third
(very approximaiely: 42 % 11, 26 % Sn, 33 % Cs), Neither break down of composition by particle size nor
| gis T i

9212

Further interesting measurements for purposes here were six isokinetic, sequential, filiered samples located
about 13 m from the bundle outlet. These were used o follow the cvolution of the acrosol composition and
o examine particle size (SEM).Based on these analyses the authors stare tha particle geomerrical-mean
dinmeter varied over the mngeﬂiminn[ion of the first filier due to it being early with respect
to the main transient gives the range 1,32-0.56 um) while standard deviation fluctunted between |.6 and
2.0 In the images of filier deposits needle-like forms are seen. Tumning 1o composition, if the frst flier
sample is eluminated and “below detection limit” 15 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

922 Aevasolsin the containment

9221

The acrosol size distributions were fairly lognormal with an average size (AMMD) in FPTD of 2.4 pm at
the cnd of the S-hour bundle-degradation phase growing 1o 3.5 pm hcl‘on: stabilizing a1 3.35 pm; acrosol
size in FPT1 was slightly larger at between 3.5 and 4.0 pm. G diameter (d:) of panticles in
FPT1 was scen 1o be berwe DS.m:Im“‘ nSEM \magc of # deposit is shown in Fig. 9.2-2. In both
Icsu the g standard d the ion was fairly constant at a value of around
210, There was clear evidence Ilzal serosol compusmun vaned very litle us a funcoon of parucle size
cxcept for the late settling phase of the FPT1 test: during this period, the smallest particles were found to
be cesium-nich. Tn terms of chemical speciation, X-ray technigues were used on some deposits and there
also exist many data on the solubilities of the different clements in numerous deposits giving a clue as o
the potential forms of some of the clements. However, posi-test oxidation of samples cannot be excluded
since stornge tm\cs were long (months) and the value of speculating on potcntial speciation on the basis of

B 1-2 “State-of-the-art Report on Nuclear Aerosols”
NEA/CSNL/R(2009) 5 00 e B TFRRNR oI

001 Aerasols in the RCS

9.2.1.1 |4ECL

The experimenters conchide that sphenical particies of aromnd 0.1 to 0.3 pm formed (though their

composition was not established) then these aggl. ated grving nse fo 4 nusnme of eompact parfiicles

brl‘wcm size at the point of uensurement. The composition of the particles was fmmd o

e |I01:unnled by (‘s ‘l.l‘kl 17 while the Cs and Sn mass contributions remained constant

0 s, U7 was relatively minor in the first hour o 1860 K evolving to be the maimn coniril

(very approximately: 42 % U, 26 % Sn, “ % Cs). Neither break down of composition by particle stze nos
size wits

9212 [PBFSFD |

Fusther nteresting measwrements for purposes here were six isokmetic, sequential, filtered samples located
shont 13 m from the bundle outlet. These were used to follow the evolution of the aerosol composition and
to exanune particle size (SEM). Based on these analyses the anthors state that particle geometrical-mean
dizumeter varied over the range |eJ.imsua:iou of the first filter due 10 it being early with respect
to the main transient gives the range 0.32-0.56 pm) while standard deviation flnctunted between 1.6 and
2.06. In the mmages of filler deposits peedle-like fonns are seen. Tuming to composition., if the first filier
sample is eliminated and “below detection hmit” s taken as zero, for the stmenral components and
volatile fission products we have i terms of percentages the valnes given in Table 9.2-1

822 derosols in the containient

9121 [PHEBUSFP_|

The aerosol size distributions were Furly lognormnal with an average size (AMMD) m FPTO of 2.4 pm at
the end of the S-hour bundle-degradation pliase growing to 3.5 pun before stabilizing at 3.35 pm; aerosol
size it FPT1 was shigltly larger at between 3.5 and 4.0 pm. Geometric-menn diameter (dss) of paticles in
FPT| was seen to be between a SEM image of a deposit is shown m Fig, 9.2-2. In both
tests the o ie standard d of the log 1 distribution was fairly constant ar o value of around
2.0, There was clear evidence that aerosol composition varied very linle as a function of paricle size
exeepl for the late setthng pliase of the FPT1 test. duing this period, the sunllest particles were fouud to
be cesimu-rich. In tenms of chemical sp Neray techni were used on some ch:pusus and there
also exist many data on the solubilities of the different elements m pumerous deposits giving a cle as fo
the potential forms of some of the elements, However, post-test oxidation of smmples cannot be exciuded
since storage tunes were Joug (months) and the value of speculating on potential speciation on the basis of
the available informntion is debatable. Nevertheless, there is clear evidence that some elements reached

the available § is debamble Nevertheless, there is clear evidence that some elements reached higher stares of in the when ad to their ¢l fonmm i the cuewit,
higher states of oxidation m the contamment when compared to ther chemecal form in the circuit.
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Muihy! iodide

it is poorly absarb Yy tatton., such that surface resistance is far the dominant resistance
component, The enly data have been reviewed elsewhere (Underwood, 1988; Harper of af, 1094) and

stautial body of mew data is svallable, The mweasured values range between 10 and 104w s™

0o sul

approzimately. A, heve are no strong reavons for takimng r; to bea hmction of windspeed. so it s

recomaniended that v i y be 4 constant. Based on the hrdted dats lnhle the “best judzanenr

value of vy 18 li‘LﬂlJ:iquth Consery

an to the chemical species of the lodine, 1t is ¢

ive’ valoe ds 107 m Where there 15 uncertauty

fiest o mwsnne that it is all in elemental form fom

the viewpomnt of muaking & conssrvative estinate of deposition flux.

223 Urban

Meth iodids

il

ding surfaces: the

Thers appear 1o be no dat for the dep 1 of methyl edide 1o

ostion velocit il be dsorption and chamcal reactions (if any) at the

anface. for which specific data are required. No reconmnendations are given in this case. For vesetation

within the whan area (lavns and parks etc), it is recommmended thai the valoes for extended wam

wefices be used.
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(el 215 5 Ui
so-called "quench® temperature, At temperatures below this quench temperature the kinetics of (HES 215 514
gas phase reactions among CO, COy, Hy, and H,0 are 100 slow 1o maintain chemical T e
equilibrium on useful time scales. In the sharp lemperature drop created by the water pool, very
ot 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” lemperature.
Experimental evidence suggest thal the qwh:h mup:nunth 1300 1w 1000 K. The value of
the quench temp was d 1o be y ibuted over this range for
the calculations donc here.

(6) Soluie Mass. Thcmo(ﬁuuhmﬂpmlsm!ymm&bmmxhum
has not been i done 1o date. [t is assumed here that the
logarithm of the solule mass is mll‘wnly distributed over the range of In(0.05 g/kilogram
H30) = -3.00 to In{100 g/kilogram H,0) = 4.61.

(") ¥olume Fraction Suspended Solids. mmlmfmmofsmwmmimlnm:wu
puolwinhcmnwilhlim ¥ g on the available facilities for rep g the water,
M\vlumfn:ﬂmmldbmuquinhqe_ Maodels available for this nﬁyam,hm
limited to volume fractions of 0.1. Consequently, the volume fraction of suspended solids is
nkmwbemHMMydiMomuworawOI

) Density of Suspended Solids. Among the maicrials thai are ex to make up the
mpemdnlmmmom,t,-:zgmn’]wsm,(,-zzy ) from the concrete and
UDll:p-lovm’]u&‘ﬁztp-59gp‘cm’)llmn&tmdclmlormyofawyol
aerosol 1t is assumed here that the maicrial density of the swspended solids is
mlhmlymmwownwnflnﬁﬂmz’ 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.

mwmmmﬂmnrmemmmummmm
by ignitude of the change is taken here 1o be So{w) where § is the
udml’nﬁlmofdludwdlnlm The sign of the change is mken to be minus or plus
depending on whether @ random variable € is less than 0.5 or greater than or equal to 0.5.
Thus, the surface tension of the liquid is:

aiw) (1-5) for e <05

e
U low 0149 fore 205

where e(w) is the surface tension of pure water,

(10) Mean Actosol Particle Size. The mass mean particle size for actosols 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 meit/ ions shows that the primary particles are sbout
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 ym) = -1.39 to In (2.5 um) = 0.92.

(1) Geo he P The serosols produced (H#EHE 2-15 #8114z
mmm&bﬁmm:hmmmmnmlumnummm — bty
standard for the ions in cases with no T L

mmwybﬂmlbnﬁ]! 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
d!fﬁnnbmﬂ!bmnudu\emdmbu: It can also be argued that smaller

sandard will be in si with water present. It Is unlikely
that data will ever be available 1o d this ion. The g ic standard deviath
ohh:d:&mmhwﬂhkwmrmwﬂtwdl.ﬁhjj. Any

of the g standard deviation with the mean size of the acrosol is neglected.
12 Early in the course of core debris interactions with concrele,

Acrosol Majerial Density.

I.l()2 with a solid density of around 10 g/cm’ is the predominant aerosol material. As the
mdﬂulim.mwwd!mrﬁmmmho!m
5-5]Jcm’mdmdmiedpmdm concreie decomposition sech as NayQ, K,0, ALO, 5i0,,
and Ca0 with densities of 1.3 10 4 pfem’ become the dominant acrosol species. Condemation
ud-nnimnrwlaudmlheqmmmydmu:-ppm|nmlddmmn
of also comp the 7 of the densities of
MIWIMMIKIHUMW As a result the material density of the serosol is considered
nnouuin mmmmmmmmamuw;hmmmu

d over the range of 1.5 to 10,0 glem?’.

Noie that the mean acrosol particle size predicied by the VANESA code [6] is cormelated with
the particle material density 1o the -1/3 power. 'lH:awwhhmnfxmole!un'nh
particle matcrial density was taken 1o be oo weak and i y sup by exj

o be i i the inty analyses done here,

(13) Inifial Hubble Size. The initial bubble sire is calculated from the Davidson-Schular
equation:

" 04
D, = .{2] "I’,_
] "
where € is assumed 1o be uniformly distributed over the range of 1 10 1.54, The minimum
lbubble size is limited by the Fritz formula to be:

D, = 00105 ¥(o, /gp;-p 1"

where the contact angle is assumad 10 be uniformly distributed over the range of 20 1 1207,
The maximum bubble size is limited by the Taylor instability model 10 be:
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-2 STATE-OF-THE-ART REPORT ON NUCL
AEROSOLS NEA/CSNI/R(2009) 5 oDk B UF3ER D i

92,1  Aerosols in the RCS
0.2.1.1

The expenmenters conchude that spherscal particles of aronnd 0.1 0 0.3 jun formed (though ther
comy ™ hlished) then tiveze agzl d giving nse to a mixhwe of compact parncles
berwesy 0.1 nnd 3.0 jm i size at the point of measuranent. The composition of the parficles was found 1o
biz donumiated By Cs. 5o and U whibe the Cs and Su mass contributions remainied constant and very sitnilar
i tmasa, U wins velatively mimor i the frst hour at 1860 K evolving 1o be the main contribator in the third

(very approximately: 42 %6 T7. 26 % Sn, 33 % Cs). Newther break down of composition by particle sire nor
l size mifi was d

9.2.1.2 | PBF-SFD
Further interestnz measnramenls fof purposes here were six isokinetic. saquential. filiered sanples locatsd
about 13 m from the bundle outlet. Ihn= weere tsed fo follow the evelunon of the strosol conposition and

to exarmne particle size (SE
timmeter voried over the m

& analyves the authors state that particle geometrical-mean
elinanation of the first filter doe to 1t being eardy with respect
56 pm) while standard devianon flucmated berween 1.6 and

1o the main racsent gives 1

e
2.06. In the umages of Glter deposits needle-like fonns ae seen. Tuming to composition, if the st Glter
snple 1y ehumuated and “below detection lundt™ is taken m zeve. for the struchual components axd
volatile fission products we have i rerms of percentagss the values given in Table 9.2-1

9.2.2 Aerosols in the containment

9221 PHEBUS FP

The acrosol sive distributions were fardy lognomal with an average size (AMMIN in FPTO of 2.4 jm ot
the end of the S-hour bundle-degadation phase growmg to 3.5 jun before stabiliring at 3,35 unc serosol
size in FPT] was slightly Ins + i 4.0 jim. G L an diameter {dy) of particles in

FPT1 was seen 1o be 'bcl\\w‘ 0.3 and 0.65 MJ« SEM umage of o deposit 35 shown m Fig. 9.2-2. In both
tests the geametnic standard deviation of the lognornial distribution was fanly constant at 2 vahie of arownd

2.0. There was clear evidence that serosol composition vired very linde as o fuonction of paricle size
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