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#o-called " guoach® ok tais quesch aticn of

so-ealled “quench” lemperature. Al lemperstures below this quench lemperature the kineties ol
gt phuse feaclions among CO, COy, Hy, and HyO ae o slow © maintain chesiical
In the s

d by the waler pool, very

hot gases produced by the cors debris are suddealy cooled 10 temperatires such that the gas
- - for the "gwcch” kempersiure

ridence suggest that i 1300 30 D00 K. The value of

Ihe “quench”
the quench lemporatare was assumd b be usdformby distribused over this tempemture range for
the calcutations done here.

6) Sotute Mass. mmdﬁuhmwmﬂqmmmm
has not been examined
ﬂ&lﬂwwhﬂmdmmuwdmm

Models . heowever,
limdied o volume fractions of 0.1. Consequenily, Iheulml’mdmnﬂdwﬂdnh
tnkem 1o be uniformly distributed over the range of 0 0.1,

%) Dessity of Smpended Sclids- Among the materials that are to make: up the
wmnmmn,c,-xwmhwsm,c,-uya:'ﬁzmmm
UOy{p = 10 plem”) or Ze0, (p = 5.9 from the core debrin or any of & variety of
serowol materisls. 10 Is assumed here it the matcrial density of the spended sofids i
ﬁhww“uwﬂlm!w? The upper limit is chosen based on the
that suspended U0, thus reducing i Omherwise, gas
mmuwm-mmw

% Suiace Tension of Waigr. The surface tension of the waber can be increased or decreased
bymw‘iﬂl- The magnitude of the change i hen hero 10 be Se{w) where 5 i the
weight fraction of dissolved silds. ‘The sign of the change iy uken o be minus or pha

on whether & mndom varisble ¢ it len ihan 0.5 or grower then or squal o 0.5,
mmuuu@-ﬁ&

HHT

o) (1-5) foru <05
alw) (1+5) for & 2 03

aerosols produced during melt/concrete
0.1 pem s dismeter. Eves with o water pool present, smalier particies wnshil nor be expocted

so-called "quench™ temperature. At lemperatures helow his quench ienperature the kinetics of
wmmMmlmMWmemwmumwhw
equilibrium on useful tine scales. Tn the shasp temperature drop creaed by the water pool, very

Mgmmmmummmmwuwmmuup

the "quench® lemperatiare.
mwmwmn q_di wmi;lmmlmx The vloe of
range for

e quench
mmmmm

(6) Solubc Maxs. The maass of solules in waier poaks overlying core debris attacking concrete
mmmmmuunwmmmum Ui s assamod here that the
fogarithm of the solute mass is wniformly distributed over the range of In{0.05 glkilogram
Hy0) = -3.00 to 1a(100 /kilogram H,0) = 4.61.

(7) Volume Fraction Sespended Solids, The volume fraction of suspended solids in (ke water
poal will increase with time. Depending oa (he svailsble facilitics for replenishing the waler,
this volume fraction coild become quite large.  Models svailable for (ki sudy wre, however,
limited 10 volume fractons of 0.1, Comsequently, the volume fraction of suspendad solids |s
taken fo be uniformly dstributed over the range of 0w D1,

i i Among the maierials that are o make up the

‘ammwﬂl(,—?_tla\:-"}wslo:{’-:i from the concreic and
UDy(p = 10 glen®) of 210, (p = 5.9 plem”) from the core debris or any of a variety of
merosol maderials, T is asusmed bere tha: the mewierial density of the suspesded solids is
m;m-Inﬁmlkwuﬂbow’ “The upper limit i chasen based on the
[re——— uo,uillmm.mmmﬁwwmm Otherwite, ga
sparging will not keep mch a dense rmaterial saspended.

%) Surface Tension of Water. ‘The surfsce tnasion of the water can be incressed or decrensed
by dissolved materiale. The magnitude of the change s aken here ip be So{w) where § is the
weight fraction of disolved solids. The sign of e change is takes to be minus or plus
depending on whether & random variable « bt less than 0.5 or gresier than or el 1o 0.5,
Thus, the serface teasion of the liquid is

eiw) (1-) fore <05

-
eiw) (1+5) fore = 05

where e(w) is the surface \easion of pure water.

pm“mwgmm.ﬂg.udu,pumﬂwmnimhmmhl

the C;dT“n'-uell mhmpumvn:;ﬂm:“’

lnpﬂwduuﬂlq care e ly -1 ms
“froen’ & e "guench™

Enﬁ-mlnﬂmmmh |1nndn wkmmlﬂmh The valuz of

range for

e quench
wmmm

6] Sou Mo mmﬂmmhmpﬂmw cone detirls atmcklng concres
T rod bees examined carefally in the experiments done to date. 11 is ausumed here (bat the
Mmﬂummlsuﬁ%dwﬂunﬂmkmdhﬂﬂm-

Hyh) = 30010 e 100 g'kilogrsm Hy0) = 461

M Yolune Praction Suyperded Soiidh. The velums kaction of sespeaded wolids It tee water
pood will Increase wiih ise, Depewding on the avalable facilives for replenihing e wits,
this volume frictos coskd become quile largs. Modeh svailible for [his stady are, boweves,

Tirited 1o volume fractions of 0.1. Corsequently, the valume Iraction of
taken 1 be aniformly distributed over the ange of 0 te 0.1,

moeg the matertals that ars 1o ks up the

Hlllllr!mlp -z?yun‘;msm,:, = 2.7 glem’) Pom ihe concreie ard
Lro,\.-:uuu)u?m,(, = 5.9 glem’) from the core debris OF axy Of @ variety of
maneriale. i asmumed bere that the malerial dessity of fhe susperded soilds s
nﬁmbmmmumd?nnw. The ugper fimit ix choten hased o the
assuraption et suspesded U0, will hydrate, thas wdusing its ffscive dorsity, Otherwito, ge

sparging will sot keep sach & dopse material suspendse,

19) Susface Tension of Waler, The surfuce tzasion of the waker can be increased or decreased
by dissolved reateriali. The magaitsde of the change is taken here to be Saiwi where 5 is the
weight foction of dissolved solids.  The sign of the chang= is takes © be minn or ples
dopeading on whether & mndom varishle ¢ is less than 0.5 or gresler than or ol 1o 0.5,

Thus, the surfuce tension of the Fuid is

o0d) (1-8) for € <05
oo presas|

whore efw) is the surfacs snsion of pure wales,

solids is

{1 The mass mean particle size for asrossls produced dusing

inigraction 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 particles are sbout
0.1 um in diameter. Even with a waler poal present, smaller particies would not be cxpected,

(10) Mean Agsel Pagice Sus. The fhean particle size for serosoli procused durisg
mlmammlwﬂmmmhmmum These is
reawen 0 helieve smaller panicles will be prodoced i & water pool is present. Exanisation of
serosls produced during meltoncoets interactions sheus s fie prinesry particles sre aboat
@1 g in dinmcer, Even with & waler pool preseat, smaller partizles would sot be expoaed.

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

prometric sandard deviations will be produced in sivsations with water presenl 1t i unlikely
deviation

;—-—- ver The peomeiric standard
i1 assumed the range af 1610 3.2, Any
mxuwwmmnunduw

(12) Aeronol Maserial Density. Early s the course of core debris imeractions with concrele,
vo,m.mm-rmmva‘uum meroscl malerial,  As the
intemaction progreswes., whﬂhnmwm-lﬂmﬂm
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 size with
Wﬁh“ﬁlhﬂrmﬁ!hhw!ﬂkﬂmwhmw
evidence 10 be considered in the uncenainty analyses done

(1%) Initial Mubble Size. The ksiiial 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 0 be uniforely distributed over the range of 20 1o 120",
The maximam bubbile size i limited by the Taylor instability model 1o be:

(Consequently, the natunal logarithm of the mean particle sire is taken here 10 be uniformly
distribuled over the range froem b (0025 gm) = -1.39 10 In (2.5 ym) = 0.92.

Cossequently, the ramel logarithm of the mesn ;\kumnm here w0 b uslformly
L]

distribited cwver the range from In (075 pm) = -1 T 05 ) = 0,93

‘wales present vary betwoon 1.6 and 3.2, An argument can be made that the

deviation is positively cormelated wilh e mean size of fhie sermsol, mdﬂllmh
difficult lo marshall because of the spane data base. | can al be argued that smaller
Mwmmﬁﬁhminm1muﬁm Iliuml'kz];
ﬂlhikmilwwhﬁw distribied over the range of 1.6%0 3.2. Any
covmelation of the grometric standard deviation with the mean size of the acrosol is peglocted.

12y Aerosol Maserial Density. Early in hmdmummmm
uo,um-mumhyumio;im’
imieraction progreses, oxides of Iun mumunmam
5.5 giem? and a1 N30, K,0, ALD, Sily,
Nmmm-hdlialpwmnwm ‘Condensation
ﬂmnliﬂrm mmyﬂumw—mﬂmﬂn
matertals Hso the prediction of the dessities of
mmnmwmm u.ulrmmmdmmumm
uncertain. The material dentity used in the calrulation of seroswl trapping is taken to be as
wmmwmmwnﬂjnluﬂw

mmwmmmu&mmwwvmnmmnmm
the pariicle maserial density o the -1/3 powes, This coerelation of serosci particle alse with
mmmqmmmummumwn’mm
‘evidence to be consldered in he uncermimty analyses dan bere.

(13) Isitial Bubblg Sirg. The intial babble sine is caleubated from the Davidsoo-Schular
equation:

ey R
o ‘{!i Fah
where © is ssssmed to be distributed ever the range of 1 10 1.54. The minimum
bubbile sire is Hmited by the Fritz farmula to be:
- 00105 e, lgtp,~p )"

‘where ibe costact anghe iy auumed 1o be uniformly distribaied over the range of 20 o 1207,
“The maximism bubbile sire is limied by the Taylor instabiliy model 10 be:

(1) Crometric S:andard Deviation of the Partice Sise Digribution. The sercecle produced
durbutions.

e debrb-cmoisie ntaachon ae swned B have

Tognormal
m}'mmrﬁwmhhﬂnﬁmhmﬁhm
diffcall 1o wwnhall becawse of the sparse data base. Tt can alio be argusd that sralier
jgromwtric standard deviations will be produced in rituations with water present. & i unliksly

this The

erer mmumwhm
of the ire dittribution it 3sumed 1o dintributed range of 1.6103.2, Any
corehtion of the goometric mmmumuu«mmhm

(12} Acrnoy Material Demstry. Eary in the T concreE,
U0, with @ solid derwily of arcund 10 it the predominast arrow! material,  As the
imcation progresses, ocides of bos, manganess and chromium wiih densities of 2bowt
4 products of assh 31 4,0, 10, 10, 60y
species. Conden:

5.5 glem and cond
and Ca0 with densies of 1.3 104 piem’ become the dominant acroscl

ﬂWJMMthm,mmwlmdmmm
Coagglomeration of acrosollacd mascrals @0 conplicaies the 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 comdaed wilh
the particie maserial density © the -1/5 power, This correlation of acroscl pariicle sae with
partcis materds] density was takon 10 be too weak and insufTiciently supporiod by experimental

evideice 10 be considersd ia the uncerainty analyses done here.

[13) |mitial Bubhle Size. The tnitial bubble site i calcuiated from the Davicson-Schuiar
equation:

e

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

- 00165 o, istp -p)I"

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

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

ulu 0 be &

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

9.2.1  Aerosols in the RCS

The expermucuiers conchudy: thar spherbeal parixcles of arousd 0.1 %0 03 pm fonmed {though ety

then taese Eving tise 10 0 mise of compact partiches
betweah 0 L and 3.0 ju i stz w1 the pos of wessurauets. The cosposstion of the parmicles was fonnd 10
be y U, 30 e L7 while the Cs and Su s contributions renased constant snd very similar
i s, B wos pelatively minor w e fivst hoor ot 1860 K evalviug 1o be the num cosmbetor in the dhind
{very appecimately: 43 % 1, 36 % Sn. 33 % €3 Nesther break down af composinion by pamichs sizs nar
arattical sism mformation was messl

Fuarher hiscrssiiig tscsaricnss §0r purposes et weis st isokinetic, sequantinl, Sinred s located
about 13 frow ihe busdle cutles. These were used to Sollow the evaluion of the servse] corposstion aul
W examne partiche sre (SERR anabyues th oushoes et et pamcle geomemcal-mans
imuseten versed over the tany :.\ 39056 yaau elansmarisas of the firn Glier due 1 if e ssly with respest
™ rhe oL HASSINT FITES 36 jiem) while srandsd deviaton fncmaned beroesn 1.6 and
208 lu the g of fhe dowm ol fois az¢ vor. Ty o coupenitien. o e i Bba
sanple o elinunsted md “below detection bt™ 15 taken ms revo. for the stroctural congpousst and
valatile fwshon products we have i fems of perosntipes the tnlugs given in Tahle % 2-1

9.2.2  Aerosols in the containment

Thie nerwanl site dismibutions wene fasrly lognomnal with m aversge site (AMMIDY in FFTO of 2.4 jon «
e s ol i Steors Dusmsclle—demadation phass wroveeng 10 32 jimi befors sabilizie ot 3.3% (e serosal
wize b FPT1 was alightly 40 jm G ianweter (dw} of parmcles in
FIFT1 was somm b b betwa EM mgm of o dggosal 18 sbown m Fig 9.2-2 in both
seatn the pecanstnic standard devaaton of the bognormal distribution wns Sy constant ot & vahie of aronnd
20, Thaw was <ot avidence that seoiol composition vared very Hitle ns & fimetion of paticle sae
excepl far the lnte setbing phse of the FPT1 fest; duting diis pesiod, the smuallest particles wers found to
be cesimmrrich. In rerms of chenscal specinfion. Xy teciuiques were used or: some deposite and fhere.
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821 Aerwsoly in the RUN

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
between|ll. | and 3.0 jmlin stne ot the point of messarement. The composition of the particles was found 1o
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

HEEVINREES HEOEE
" s odahof ERERRCERLE, | RRTORSRE
AECL 4438 | A BUR AEOER LT OEE
SEOT A YEE FTRNFIF TENI AP LREEE
PBE-SFD TOMEHEE S L0L D TR ESRERSRE UARD
Mot b= T
T ADRY T v 2 BRHO MBS WRF TR AL,
PHERLS P EASHSEF FTOFLENRNL | BRCR TR T FENE
ELETORSREAMOSBDEN S EMER AL L

B¥% -2 "State-of-the-art Report on Nuelear Aer
NEA/CSNL/R(2000) 5 4 Pl DGR oo i 28
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
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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 af the
fission products promptly (in about 1 h for a 1 f* hole at deﬁsn_mesmw)‘ .

(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,
and (3) design leakage.
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