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d by the waier pool, very

hot gases produced by the corc debris are suddealy cooled W lemperatiwes such that the gas

) a thy for the “guench” temperature.

ridence sisggest that the “qaench” 5 1300 10 1000 K. The value of

the quench d by distributed ever this range far
the ealcutations done heve.
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has not been examined I the experiments done to date. B s assurned here that the

of the wiute maw iz
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18) Density of Smpended Sclids-  Among the materials that are to make: up the
wﬂhmmﬂ;{p-l!w’)wsﬂ,h-ijmmmﬂ
uo,{,-mwﬂuzuo,(,-n nm!tmmnrnyorluﬂayd

serotol maerisly. 10 I5 assumed here that the matcrial density of the suspended sofids
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that usspended U,
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9 Suiace Tension of Waigr. The surface tension of the waler can be increased or decreased
by dissolved materialy. The magsitude of the change it taken hero to be Sa{w) where § ia the
weight fraction of dissolved sollds. The sign of the change iv uken \o be minus or pha
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., the suriace easion of the liquid i
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where o{w) is the surface tongion of pure water.

(10} Mcan Aetosol Pasicle Size. The masy mean parsicle size for serosoly produced during
melifeoncrele ingractions is known enly for situations in which no waler is present. These is
reason to believe smaller particles will be produced if a water poal is present. Examisation of
serosols produced during melt/concrete imeractions shows (hat the primary particles are about
0,1 pem s dismeter. Eves with o water pool present, smalier particies wnshil nor be expocted

equilibrium on useful tine scales. Tn the shasp temperature drop created by the water pool, very
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range for
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(6) Solubc Maxs. The mass of solules in waier poaks overlying core debris aftacking concrete
has pot been examined carefully in the experiments done fo daie, 11 is assamed here that the
fogarithm of the sofute mass is wniformly distributed over the range of Infl.05 gkilogram
H,0) = -3.00 to Ia{100 p/kilogram Hy0) = 461,

. The volume fraction of suspendad calids in ke water

limited 1o valume fractons of 0.1, w,.mwhmmﬂwmmh
taken to be uniformly dstributed over the range of 0w D1,

(9 Density of Swspended Sofids. mgllnmmmlhlmm’zmumh:wlk
solids are Ca{OH); (p = 2.2 plom’) or 510y (p = 2.2 glomr”) from the concrete and
uo,(,-mym:'jwzto,t,-”ymﬂnunmmm.u-,ur:mw
merosol materials, 1t is assumed here thas the memcrial density of the suspeaded solids is
nﬂhﬂyﬁmﬂlnﬁmlkwuﬂbo “The upper limit is chasen based on the
[re——— uo,uillmmmummdrwwm Otherwise, gy
sparging will not keep mch a dense material sespended.
9 Surface Tensicn of Water. ‘The surfsce tasion of the water can be incressed or decreased
by dissolved materiale. The magnitude of the change s taken here io be So{w) where 5 is the
weight fraction of disolived solids. The sign of e change is takes to be minus or plus
depending on whether 4 random varisble « s leas than 0.5 or gresier than or equal 10 0.5,
Thus, the surface teasion of the liquid is:
o) (1-9) for e <03
-
eiw) (1+5) fore = 05

where elw) is the surface \easion of pure water.

{1 The mass mean particke size for aerosals produced during

inigractions s kmown only for siluations ia which no water s presend.  There is
reason 1 hefieve smaller particles will be produced if & water pool Is present.  Examination of
aeroiols produced durirg melt/concrese ineractions shows that the primary particies are sbout
0.1 gm in diameter. Even with a water pool present, smaller particies would not be cxpected,

Dnuqlnﬂp natutal logarithm of the mesn patticle size iy taken here do be uniformly
distribuied over the range from In (0.25 um) = -1.39 w0 In (1.5 pm) = 092

prometric sundard deviations will be produced in siveations with water presenl. 1t i unlilely

;—-—- ves The peometric standard deviation
i1 assumed the range af 1610 3.2, Any

mxuwwmmnunduw

(12) Aerool Maserial Density. Early s the course of core debris imeractions with concrele,
vo,m.mm-rmmva‘uum meroscl malerial.  As the
intemaction progreswes., whﬂm—nuwm—ﬂmﬂm
5.5 glem’ and unam,ot,ou.‘u,nu,.
umd

a8 Ca03 with densitien of 1.3 104 m’mwmm

nﬂﬂh Thmﬂ is ken 10 be an
%muwduam plenr’.

mmmmmmnnmwuvmmmmhmm
the particle muterial denslly in the -1/3 power. This comelation of serosol particls sine with
Wﬁh“ﬁlhﬂrmﬁ!hhw!ﬂkﬂmwhmw
‘evidence 10 be considered in the uncenainty analyses done

(1% Initial Mubble Size. The ksiial bubble sise Iy caleulsted from the Davidson-Schular
equation;

pae
] B
where € b5 assemed 10 be uniformly distribused over the range of | 10 1.54. The minimum
bubkle aize is Nmied by the Fritz formula o be:

D, = 00105 ¥la, frip e "

where: the contact angle s assumed 1 be uniforely distributed over the range of 20 1o 120",
The maximm bubbile size i limited by the Taylor instability model to be:

(Consequently, the natusal logarithm of the mean particle sire is taken here 1o be uniformly
distribuied over the range froes b (0.25 jem) = <1.39 1o In (2.5 pm) = 0.92.

(1) Ceomeiric Sandacd Deviation of the Particle Sice Digcbution. The aermaly produced
{ . 4

waler L

deviation is pusitively cormelated wilh fhe mesn size of fhe serosol, wuml-mu

difficull to marshall because of the spare dats base. B can ko be prgued that amaller
stundard deviations will be produced in situathons with waler present. Ili:unﬁ'kz];

W&l will ever be availably thi tion. Th

af the o 1o be urilormty of L6t 3.2. Any

covmelation of the grometric standard deviation with the mean size of the acrosol is peglocted.

012y Aerosol Maserial Density. Early illﬁmu(mdﬁﬂ:m m
uo,.m-mum,-umm;ﬂ the predoménant serosol material.
mMmmdhﬂ.mﬁmﬂﬁmﬂﬂﬁM
5.5 giem? and 2 N30, K0, ALD, Sily,
Nmmmdlinlpﬁaﬁ’mnwm ‘Condensation
mmnluﬁ—m mmyﬂumw—mm
matertals slso the prediction of the dessities of
mwllmmlh:m As a ressilt the material density of the acroml is conshderead
uncertain. The material density used in the caleulation of aerosal trapping is takens to he an
wmmmmmwm:nmuw

mmmmmmummbywvmammnmm
the particle material densily o the -1f3 powes, This correlation of acrosol particle skee with
pasticle material dentiry was taken 1o he 0o weak and insafTiclently mpponied by experimental
‘evidence 1o be consldered in (e uncerminty analyses danc bere.

(13) Iritial Bubblg Sirg. The initial babble sine in caleubated from the Davidsoo-Schular
equation:

6"'"!
wefd)
where © is ssusmed to be uniformiy distribuied over the range of 1 40 1.54. The minimem
bubbile sie is Hmited by the Fritz farmuls to be:
- 00105 e, lgtp,~p )"

‘where ibe contact anghe iy ausumed 1o be uniformly dineibaied over the range of 20 o 1207,
“The maximism bubbile sire is limied by the Taylor instabilisy model 10 be:

the shur .‘:;ﬂw.my
lnpnpndwﬂb;:kmlﬂdammymﬂhmpumu Bal the s
“frozen” e "guench®

Mumlnﬂmmﬂuh cuendn wkmmlmh The valuz of

range for

the quench
mmmm

6] Souk Mas mmﬁmwhmm“ﬂw one dbirls almcking
T rod bees examined carefally in the experiments done bo date. 1lhmﬁﬂMD¢
Whﬂummlluﬁwdmmmﬂtmo{mﬂ“m

HyO1) = 3,00 10 1o 100 g'kilogrsm Hy0) = 461

™ ¥olumg Praction Sysporadod Soiich. The valums faction of sespesded solds i e water
pood will Increase with lise, Depeading on the avadlable facilives for replonihing e wite,
this volume fricfion cosld become quile farge. Modeh svailzble for this stady art, boweves,
Timited 1o volume fractions of 0.1, Corsequently, the valume fraction of suspeadsd sofids s

wken ta be aniformly distibuted over the arge of 0 te 0.1,

&cmhhlumnrldumh.’m
Fuw he cancreie and
UByip = 10 glem’) or Zr0, (p = 3.9 gem’) from the core debris of axy of @ varicty of
materisle. 1 i asmmed bere that the mateial dessity of (be susperdod soiids s
mkﬂlbmmhwd?niw The ugper limwit s choten bawd o the
= oy tham wedusing s #ffective donity. Ctherwite, gae

8 Doty of Supinded_Solids.  Among
spended solids are CatOH), (p =22 plom®) o 5i0; (p = 2.3

suspesded
spurging will not keep sach 2 derae muterial suspended.

/] mmmmelmwmhlumvm

Thas, the surfoce tension of the Tquid is
ofw) (1-8) for & < 05
o=

i) (1°8) fere2 05|

where efw) is the surface semdom of pure waer,

rln:mm The mass mean particle size for scrosoli produced during
i3 known orly for itaations in which ne vater is present. These is
mmwmwhmmﬂﬂhmltwmhm Exanisation of
sesomils produced during meltboncsets intersctions sheus s fie prinesry particles are aboat
@1 g In dinmcer, Even with & walsr pool presest, smaller partizles would sot be expoced.

‘ Cossequently, the raucl kogarithm of the mean ;\kumnm here w0 b uslformly
L]

distribited cwver the range from In (075 pm) = -1 T 2.5 ) = 0,93

(11} Ceometric S:andard Deviation of the Parfice Size Digribution. The sercecle produced
durbutions.

e debrb-comciie ntaachon are sned B have

Ey ly determined geometric standard deviations far the distributbons in cases with ne
diffcall o mardall becasse of the spase data base. T1 can alio be argued (hat smalier
jgeomstric stendard deviaions will be produced in rituatiors with water present. | & unlikely
this 'ﬂ! sndaro deviation

range of 161033, Any
muummmmumm«wmhm

e
of fhe sise didbutien §1 4 ™ Eaarti )

12) Acrnod Materigl Demsity.  Earty in the " CONTHE,
l.n‘m-uud-ﬁy-r-wm it the prodomirast armml material, l-lu
mdm.mmmnn-mm
sk K0, K0, ALO, m,

species. Conden:

0N progreaes,
s,spmlw denied p
and Ca0 with densies of 1.3 104 piem’ become the dominn acroscl

ﬂWJMMthm,mmwlmdmmm
Coagglomeration of acrosoflacd mascrals s conplicaics he prodiction of e denslties of
materals that rske op the seromol, Asa resall the materal density of the nerosol it conridered

urcerain. The material Sensity wsed in the caiculation of serusel trapping
ancernin parsmeler usiformly distribuied over the range of 1.5 1o 10.0

Note that the mear serosol perticle size predicted by the VANESA code [6] is comdased wilh
the particie maserial density © the -1/5 power, This correlation of acroscl pariicle sae with
partoie materdsl density was takon 10 be too weak and innuTiciently supporiod by experimental

evideice 10 be considersd ia the uncerainty analyses done here.

[13) |mitial Bubble Size. The tnitl bubble site i calcuated from the Davicson-Schuar
equation:

e

where € it swmmed to be sriformly distibused over the e of 1 1o 1,54
Tubobls size i Bmid by ihe Fritz focmula to be:

- 00165 o, istp -p)I"

where the contact asgle it ssmmed © be usifornly distribuwed over the range of 20 10 1207

The manimumn bubbie size &s lmied by (he Taylor insubibty model 1 be:

ulu 0 be &

The minimen
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it~ 2 STATE-OF-THE-ART REPORT ON NUCLEAR
AEROSOLS NEA/CSNIR(2009)5 @k ip & CrESe BE

9.2.1  Aerosols in the RCS
g2l

The expermusuiers conchudy thar spherenl panscies of arousd 0.1 10 03 pm fommed {though ety

then Eaese Eving tise 10 & misre of compact partiches
bﬂ::&n%{&‘dmmm the poins of isascuecuers. The componition of e pasticles was, Guned 10
be %, >0 ad L wlile the O ond Sa s commbartions seusmed coastand and very semilar
i s, 1w pelati nor o the fivst hoor sl 1860 K evalviug 1o be the nam contributor in the thind
{very approscimately- 43 % U1, 26 % Sin. 33 % Cx). Neither beeal down of couyrition by pamichs sizs nor
stattical st infarmation s measmed

Fusther hiscisstig usshsreaneins for purpoiss beis weie st sokizetic, sequentinl. Slnred siybes located
absout 13 from he busdle suilet. These were used 1o Sollon the evaluion of the seross] soposstion aud
W examng partiche sire (SE| anabyues the sushoes ettt pamcle geomemeal-mans
dimeten vimsed over the sangle 0.29-0.54 o Jelauanation of the fira filter due [ it heing sty with respect
™ the o tassiens gives e T 4 jimt) while stindaed] deviation fmcmated berwees 1 6 and
208 L the s of Dher depunity tsoedle-ke founs are vom. Tumdig o conpenitien. i de o ba
sunple 5 ehounsted and “below detection bumit™ 15 taken a5 zevo. for the stocnual congpousun and
volatile fsshon peodicts we have i fems of peroentiges the tnhags gven in Tahle % 2-1

9.2.2  Aerosols in the containment

022

Thie neresnl site dismibutions wene fasrly lognonnal with m aversge size (AMMIY in FFTO of 2.4 jan o
e wimd ol e Sl Dussdle—deadation plass wowing 10 3.2 jimi befors sabiliziee ot 333 o serosal
sime b0 FPT1 was slightiy 40 pm G chanweeer (dy} af parmcles
FPTI was somm ko be betie EM mnagm of 0 dgposal 15 sbown m Fig 9.2-2 In both
seatn the premetric standard devaation of the bognormal distrilution wns Sk constant at & vahie of aronnd
20, Thaw was e avidence thar seoiol composition vated very Hitle ms & fimetion af particle soe
except far the Inte seitbing phase of he FPTI test; duricg dis pesiod, the smallest particles were found 1o
be cesimmrich. In terus of chenucal specintion. Xoray teciunques were used on some deposits and there
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BLL Aerwsoly in the RO

o241

The expermmenters conclude that spheneal parncles of around 01 w 03 um formed (though their
composition_ was ol established) then these agglomermed giving rise to & mivire of compact particles
betweenl 1 and 3.0 jmlin siae ot the point of messarement. The composition of the particles wa found
e dominaed 5. S and L while the O and Sn mass contriburions remained constant and very similar
im tnass, U was refatively minor in the first bowr a1 1860 K evolving to be the main contribaitos in the thisd
ivery approximately: 42 % U, 26 % Sa, 33 % Cs). Neither break down of composition by partiche sire nor
statistical sizc mnformaton was measured.

9212

Further interesting measuronsents for purposes here were siv isokinetic. sequential, filtered samples locatad
ml}mﬁwlhmm These were wsed 1o follow ihe evolution of the aorosol composition and
amalyses the outhors sate that particle grometrical-mean
climingtion of the first filker diac 10 it being carly with respect
tange 032-0.56 pum) while standard deviation Nuctussed between 16 and
204, Im the images of filler deposit needle-hike forms are seen. Tummg to composition, if the firs filler
ssmple i chiminated and “below detection limit™ i taken a5 zero, for the structursl componenis and
valstile fission produces we have in terma of percentages. the values given in Tabile 9.2-1

The scrosol size distributioas were fairly lognormal with a0 overage siac {AMMD) in FPTD of 24 pm o
e end of the S-hour bundle-degradation phase growing to 3.3 um before stabilizing ar 3 35 jpm; sevosol
ik in FPT] was shightly larger o8 bevween 3.5 and 4.0 jum. Geometric-mean diameter () of panicles in
FPT1 was scch to be betwecnU.5 and 065 jm] a SEM bmage of o deposit s shown in Fig 9.2-2 Is both
enmxp-mn:wmdr\mn Jogronrmal distribaition was fairly comstant at & value of srowmd
20, There wan clear cvadonce thai acnosol composition varied very litthe = o fumction of particle ae
sneepl fior the loke settfing phase of the FPT1 wa during ihis period, the smallest particies were found w0
¢ eesmmerich. In terms of chemcal speciation. Xeray techmiques were used on some deposits and there
sl exist manmy dota on the solubilites of the difforent clements in pumerous deposits giving o chue 2 0
the potendial forms of some of the cloments. However, post-test anidstion of wmples cannot be excluded
iinee storage times were bomg imonths) and the value of speculating on polential speciation on the hasis of
the availabe mformation s debatsble. Nevertheless, there i clear evidence that some elemenis reached
tgher staies of oxidation m the comaimment when compared o thesr chemscal form i the coret
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R21  Aerosolsin the RCS
221

The experimenters conchide that sphencal paticles of around 0.1 to 0.3 i formed {dongh e
composition was not_established) then these agglomernted n.+1||g rise 10 a mixhwe of compoct particles
between size ait the powt of juensurement. The compesition of the particles was found to
b doranated by Cs. Sn and U: while the Cs.and Sn miass conributions remnised coustnt and very similar
i s, U was relatively wvor i the first hour at 1860 K evolving 10 be the msin contribaor m the thard
fvery approximately: 42 %s U, 26 ®s Sn. 33 "a Cs). Neither break down of conposition by particke size nor
statistical size information was meaxsured

9202

Further mteresting measurements for praposes here were six isokinetic, sequemmial, fltered sanples locared
abonst 13 m from the bundle ontlet. These were used 1o follow the evolution of e scrosol componition and
1o examune particle size (SEM). Based on these analyses the authors state that parscle geometiical-mean
diameter varied over the range 0 204056 i elimmanion of the first filter due o it being earky with respect
10 the rain raisien gives the rauge 0.32-0.56 ang) wikle standard devintion fluctnted berween 1.6 and
2,06, In the tmges of filler deposits needle-like fonns are seen. Turing to composition if the first fiher
sample 1o elimmated ad “below detection it is twken as zemo, for the strochmal components and
volatsle fission prosducts we lave m terms of percentages the values piven in Table 8.2-1

922 Aerosols in the containment

9221 [PHEBUSFT ]

The actosol size distnlbahions were fuedy lognomal with an average size (AMMD) i FPTO of 2.4 um ot
the end of the 5-hour lunidledegradation plase growing 1o 3.5 pm before subilizme o 3.35 po acrosol
size in FPT] was slightly larger at between 3.5 and 4.0 pun. Creometric-nienn Siameter (dea) of pagticles in
FPT1 was seen 1o be berween  SEM image of a deposit is shown in Fig. 922, In both
tests the geomnetmic stnndard deviation of the loguormal distribution was faply constant st o value of avound
2.0 There was clear evidence that serosol congsition varied very litile a: a fimcnion of pamticle size
except for the late setilmg phase of the FPT1 test: during tlus period, the smalless particles were found 1o
be cesium-rich, In tenns of chemical speciation, N-my techniques were used on some deposits and there
also exist many data on the solubilines of the different elements i oumerows deposits mving a cloe as 1o
the potential formrs of some of the clements. However, post-test axidation of samples cannot be excluded
sinee storge times Wete Ioug mmnllb! anid |I= walue of rpm:lamu o potental speciafion on the basis of
the availabile s ch Jess. there 15 clear evidence that some elements reached
higher states of oxidation in the when o to thetr i the circuit
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Release Rates

The release rates were chosen to provide estimates for the total range of pcssibk
rates. The assumed relesse raies and resulting escape fractions are listed in Table C-6.

Containment leskege rates include (1) catastrophic fatlure, releasing most of the
fission products y (in about | 1 for a 1 hole at delisn_pmsmw)‘ .

(2) 100%fday, which is a traditionsl assumption for a failure 1o isolate confainment,
and (3) design leakage.
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Release Rates

The release rates were chosen to provide estimates for the total range of possible
rates, The assumed release rates and resulting escape fractions are listed in Table C-6.

Containment leakage rates include (1) catastrophic failure, releasing most of the
fission products prompily (in about 1 b for a 1 ft* hole at dcsia:lp:ﬂsuu)‘ .

(2) 100% /day, which is a traditional assumption for 2 failure to isolate containment,
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