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so-called “quench” lemperature. At lemperaiunes below this quench lempesature the kineties ol mw&”m%"mﬁmﬁwm"ﬁ”m :ﬁ:g‘::‘m amoug nq co,, [ ..dh:,_-z::g m:nm— rp—— Imlml.:

mmmﬂymm,:&.ﬂ,ﬂ“;ﬁ-:m”wnmm

p temperature.
idence suggest that (he "qatnch” is 1300 10 1000 K. The value of
5 iformiy disibutod cver this piinesed

the quench

the calculations done here.
tﬁ}mmmdubuhmmm deteris anacking comcress
has not been examined casefislly in the experiments done to date. It s assurned here that fhe
logarithm of the solute mass is uniformly distributed over the range of (005 gfkilogram
HyQ) = -3.00 to In(100 pidlogram H,00 = 4.61.

mwmmmﬁm«wﬂﬂmum
pool will increase with time. Depending on ithe avaitshle facilities for replenishing e water,
ihils volume fracilon could become guite lorge.  Models availsble for this study are, however,
limdied 1o volume fractions of 0.1. Consequenily, the valume fraction of suspended salids is
‘nken 1o be uniformly distributed over the mnge of 0 w 0.1,

%) Density of Supended Sclids-  Among the maierialy that are to make: up the
wﬂnmmn,c,-uym’wsm,c,-uyc:'ﬁﬁmmm
uo,{,-mwu'urno,(,-n from the core debrin or any of & variety of
serosol materishy I8 mssumsed here Ut the muicrial density of the wnpended sofids @
whwlymﬂmuwﬂlm!w? The upper limit is chosen based on the
uwuﬂluﬂh,ﬂm mmum«smq Oeherwise, gas

sparging will pot koep sach & dense malerial

[ The wrlace icnaion of the waber can be incressed or decreased
The magnitude of
weight fraction of dissolved sofids. ‘The sign of the change is taken 1o be minus o pha
depending on whether o random variable ¢ is bew tban 0.5 or greser than or equal to 0.5,
Than, ihe surface iension of the liquid i
o) (1-5) fora <05

L
e preaos

where ofw) is the surface tonsion of pure water.

(10) Mcan Acrosol Partiche Sizg. The maxs mean parsicle size for serosols produced during

meli/cemcrele inleractions is known only for situations in which no waler is present. Thees is
reason to believe smaller particles will be produced if a water poal is present. Examisation of
serosols produced during melt/concrete imeractions shows (hut the primary particles are about
0,1 pem s dismeter. Eves with o water pool present, smalier partiches wnslhil nor be expocted

equilibrium on useful tine scales. Tn the shasp temperature drop creacd by the water pool, very
Inglﬂpndnwdbyﬁ:mmwlmwlﬂwmmhgn

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

e quench
mmmmm

(6) Solubc Maxs. The mass of solules in waier poaks overlying core debris attacking concrete
mmmmmuunwmmmum Ui is assamod here that the
fogarithm of the solute mass is wniformly distributed over the range of Inj0.05 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, Conseguently, 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

umma@q,(,-:.:g\—_-‘;uslo,(,-n from the concreic and
UDy(p = 10 glenr®) of 210, (p = 5.9 plem”) from the core debris or any of a variety of
merosol muaderials, T is asuemed here tha: the mewierial density of the suspesded solids is
m;m-Inﬁmlkwuﬂbow’ “The upper limit i chosen bhased on the
[re——— uo,uillmm.mmmﬁwwmm Otherwise, g
sparging will not keep mch a dense rmaterial saspended.

%) Surface Tension of Water. ‘The surfsce tasion 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 dislved solids, The sign of the changs is taken to be minus or plus
depending on whether & random variable « bt less than 0.5 or greaier 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.

¥ the sy o .;;mw.'uy
lnpnpuduwﬂ;:kmﬂdamwymhwu Bal the gus
“frozen” m bt e "quench®

E.M-mlmmﬂﬂh: w wkmmlml The valuz of
the quench rangr for
mmmm

6 SouE Mams The mass of selues ks waer pool overlylsg core debils simcklsg comuce
T rod bees examined carefally in the experiments done bo date. 11 is arsumad here (bt the
logasithm of the solste mass (3 unifornly dinribuied over the range of k(05 pfdlogran
Ha) = <3.00 to Is 100 ¢'kilogram Hy0) = 4.61

™ Yolung Praction Syspordod Sofidh. The velums faction of sespesded solds it the water
pood will Increase with lise, Depesding on the avalale facilives for replenihing e wite,
i volume frictos coskd become quile largs.  Modeh svailible for this stady are, boweves,
Timited 1o volume fractions of 0.1, Comsequently, the valume fraction of suspeadsd solids s
sken ta be aniformly distributed over the mnge of 0t 0.1,

) Deuity of Sugpsndes_Solids. Amoeg the materisls that sre i i
mmmmnnnu,-zzyun';wsm,:, 2.7 glea’} Do Ihe cancreie ard
LFD,(.-IIIM)IIHU;(,ls!wn’}mmmunlwwmlw.\‘
mareriale. i1 assumed heme that the material dessity of te suspended soiids (s
mmbw“rhwd?u“km’ The ugper fimit ix choten haed o the
thas wockusing its effrctive dorsity, Otherwito, g2
muilmhqm-mmum

9) Surface Tengion of Wilcr, The surface tsnuion of the waler can be increased or decreased
by dusofved reateriali. The magnitsde of the change is tiken bere to bo Sotwi where 5 is the
weight foction of dissolved solids.  The sign of the changs is tikes © be mirn or ples
dopeading on whether & mndom varishle ¢ is less than 0.5 or gresler than or ol o D5,
Thaa, the surfoce tenshon of the Lguid is

o) (1-5) fore <05
.=

o) (15 fore 205 |

where #{w) is the surface scmdon of pere waer,

{1 The mass mean particle size for asrossls produced during

imigraction 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 gm in diameter. Even with a water poal present, smaller particies would not be cxpected,

(10) Mean Agosol Panice Sie.  The mass mes particle size for seromli prodused durieg
intzrachions 5 known orly for dtsatioas in which ne vaier is preseni These is
rexnen o believe smaller particies will be produced i 3 water peal is presen!.  Exaniwtion of
aeromls produced during meltkoncoets intersctions sheus tha e primary pasticles sre aboat
0.1 jom In dimmeer, Even with & waber pool present, smaller particies would not be expected.

Consequenly, the natural logarithm of the mean particle sire i takes here (o be uniformly
distribuied over the range from in (0.25 um) = -1.39 w0 la (1.5 pm) = 0.92.

present wtandard
deviation ix positively correlsted with the mesa sive of the serosod. Prood of this correlation Iy
difficult 0 manshall because of the wurse daia base. It can also be argued that wmaller
Mwmmuwhmmmm Tt i wnliely

that dats will ever The peometric standard devistion
of the size i1 assumed I‘*d\-ﬁh!l Any
muumwmmnumuuw negiectod,

(12) Aerosol Maerial Density. Esrly i the course of core debrit imeractions with concrete,
Do,mammnrmlnv-‘uhmmm Al the
interaciion progreswes, whﬂw.——uwmﬂﬁlnﬂm
5.5 giem’ and ubam,o 0, M,n,ﬁu,.
uﬂd

and Ca03 with densétien of 1.3 104 m‘mmm

i af maierials al

muserisls that make up the acrosol, u:mumm«mnﬂdum
wecermin, The material uted i the calculation af 4 wiken 10 be an
weseriabn parameter uniformly mmwdlda]ﬂ. plent’.

Nose that the mean serosol pasticle size predicied by the VANESA code [6] is correlaied with
m-ﬂ:kﬂmm;om-mw ‘This cometation of serosol particle size with
particle density was taken 10 be oo weak ard by manul

g o mmw experi;

(1%) Initial Mubble Size. The fsiiial bubble sise It calewlsted from the Davidwin-Schular
equation;

s
a{ E-
where € b5 assamed 10 be unifoemly distribused over the range of | 10 1.54. The minimum
bubkle aize Is Nmiwd by the Fritz formula i be:
D, = 00105 ¥la, e e N

where: the contact angle s assumed 0 be uniforely distributed over the range of 20 1o 120,
“The maximum bubble sire it limited by fhe Taylor isstability model to be:

(Consequently, the natunal logarithm of the mean particle sire is taken bere 1o be uniformly
disaribuled over the range froem In (0025 gm) = -1.39 1o In (2.5 ym) = 0.92.

Colmﬂl,.lt:u-ul Jogarithm of the particle siie b5 uken hae © be ualfornly
aulkwhn]nmxm--lﬂnhpS,n}-&”.

Muqml‘nd!.} JAn argument can be made that the prometric stndal
deviation is positively cormelased wilh e mean size of fie sermsol, I‘Mn!’mllmmh
difficult lo marshall because of the sparse data base. It can abo be argued that smaller
mw««m-ﬂuminm.mumm Iliuml'kz];
Bflhikmmiuﬂmdwhwiw distribuied 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.

012y Aerosol Maserial Density. Early ilhmdmdﬁmmmm
uo,.m-uumh,um:oy the predoménant serosol material. As the
mmmﬂm.mumﬂmMMdm
5.5 glem? and 25 N30, K;0, ALLD, Si0),
ummmudlanu&n’m:ﬂwm ‘Condensation
ﬂmnlwﬂn—m mmyﬂummmm

materials 350 the prediction of the dersities of
mumm-nuum Mlulrﬂtmmddﬂmhm
uncertsin, The material dentity used in the ealeulation of seross] trapping is takes by be as
uncertin pammeser anifarmly disribused over the rarge of 1.5 w0 10,0 gies’,

mmw“mmu&mmbywvmammnmm
correlation of seresc

‘evidence 1o be consldered in e uncermimty analyses dane here.
(1) Initial Bubble Size. The initial babbie sire is caleulsted from the Duvidoo-Schlar
equation:

6"'"!
nefd)
where © is svssmed to be uniformiy distribuied over the range of 1 i 1.54. The minimum

bubbde size it limbied by the Fritz formids @ be:

D, - 00105 ¥, igtpp 1"

where ibe costact angle iy axumed 1o be uniformly distribaied over the range of 20 o 1207,
‘The maximism bubble siee is limiied by the Taylor instability model o be:

piric §: Diesiafion of the Pyri i The sercecle produced
debrii-concicie frtorachons we ssuned © huve Jognoomal disrbutons,
ly determined geometric standard deviations far the distributbons in cases with ne
i vary between 1.6 and 1.2, An arguneenl can be mads dut (e goomeric standard

mi;pﬂnnﬂymuﬂihn—dﬂdhm Preod of this comelation b
diffcall o wanhall becasse of the sparse data base. [t can alio be argued that smalier
jgeomstric standard deviaions will be produced in rituations with water present. & i unlikely

thuat its will ever this The peometric standard deviation
of the sine distriburion it ssmumed 1a be wnif distributed the range of 1.6103.2. Any
muummmmumm«w Is segiected,
z) Early in the of cove debrs ireractions with
LI),M--;IHM;-!’M]B it the predominast arrool material,  As the
o progresses, , Wanganese ant chromium with densities
sspm!w A sach a1 Mag0, .0, ALO, 0,

a0 a0 with demsites of 1.3 104 glem? seroscl

ard action of water with (he mpeces may aker I appatent material densitier
Coagjlomeration of acrosoflicd mascrals dw conplicaies ihe pradiction of the deaslties of
materals that ke 7p the soromol, As a resull the material density of the aerosol it contidered
wrcermin.  The material Senalty wsed in the cabculation of seroscl Lrapping ulanhn
urctrnin parumeter usiformly distributed over the range of 1.5 o 10.0 g/

Note that the mear serosol perticle size predicted by the VANESA code [6] is comlaed wilh
the pariicle maserial density © the -1/3 power. This correlation of acrosci particle sz= wilh
partcis materdal density was taken 1o be 100 weak and insufTiciently supporied by experimental
eviderce 10 be considered fa the uncerainty analyses done here.

[13) |mitial_Bubble Size. The inital bubble site i caleuated from the Davicson-Schuiar
equation:

el 2

where € i% smmed to e sriformly distabused over the mage of 1 tn .54 The minimems
Tubbl: size b Bmied by ihe Pz formula to be:

- 00165 Pl fetp -p)I"

where the contact asgle it ssmmed © be usifornily distribuwed over the range of 20 10 107
The maximumn bubbie size s Hmied by (he Taylor Insusbiity model 1o be:
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it~ 2 STATE-OF-THE-ART REPORT ON NUCLEAR
AEROSOLS NEA/CSNIR(2009)5 @l ip B CF B B

9.2.1  Aerosols in the RCS

The expermicuiers conchidg. tar sphiertenl panscles of sowsd 0.0 0 03 pm foned (ough dheir
Vg tise 10 0 nire of compact partiches
beiweep 0.1 nnljf ey sz 1 thie po of wessurauets. The cosposstion of the parmices was fomd 10
be % 0 md L7 while the s ond Sa i comtnbartions renasmed coostan and very semilar
i s, 1w pelatively numor m the fiest hoor of 1860 K svalviug 10 be the mam cowmbutor in the thind
{very appeoeciimately- 43 % U1, 36 %a Sin. 33 % Cx), Neither beeak down of comyretition by paricks size nor
atahhical wse mfnmetim was messami

Fusthier nbcasstilg tsssstreaneins for puarposes beis weie i sokizetic, soquantinl. Slnred sinples locatsd
absout 13 from the busdle sutles. These were used 1o Sollow the evabuion of the servss] corposition aul
anabyigs the sushoes sttt pamcle geomemeal-mas
e 0.29.0.58 yau Jolauimaticas of che firsa Silker due 19 if bouig sl with ruspect
™ the min ARSI gITES wige 010w 36 ) while standad devianon flacmaned berwesn 1 6 and
206 luthe auages of fher deponits taoefle-Bke o are vee Turiug o conponition. i he v Gba
seple o elimunsted and “below detection bmit™ 15 taken m savo, o the stroctural cougrouet aud
valatile fwshon products we have i fems of peroentiges the ulugs given in Table % 2-1

9.2.2  Aerosols in the containment

The neresnl site dismibutions wene fuirly lognonnal with m averge size (AMMEY in FFTO of 2.4 jan ot
e s ol i Sdeonn Dumsclle—demadation phass wroving 10 32 jimi befors sabiliziee nr 3,33 jue serosal
wime i FPT1 was dightiy 40 jam. G Aianaser {ids} of parmsles in
FIFT1 was somm ho b betwe 3 Ass omigm of # deposal 1 sbovwn m Fig 9.2-2 in both
tenn thie pecmntnne stnndard devaatvon of the bog inribistios was Eurly constant ot & vahie of aronnd
20, Thaw was et avidence that seoiol composition vited very bitle i & fimetion of panice sze
except far the lnte setbing phase of the FPT1 fest; duting dus pesiod. the smuallest particles wers found 1o
be cesimmrrich. In terns of chencal specinfion. Xy feciuiques were used on some deposite and thers.
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~THE-ART REPORT ON NUCLEAR AERDSOLS,

NEA/CSNL/R(2009)5 ik

BLL Aerosolyin the RON

o241

The expermmenters conclude that sphencal parmcles of around 01 w 03 um formed (though their
composition_ was nol established) then these agglomersiod giving nise to 3 mivire of compact particles
berwernfl. | and .00 jmlin siae at the paint of messaroment. The composition of the particies was found 10
e dominated Ty Us. Sn and U: while the Cs and Sn mass contributions remained comstant and very simifar
im mmass, U was relatively minor in the first bowr a1 1860 K evolving lo be the main contrilaitos in the thisd
ivery approximately: 42 % U, 26 % S, 33 % Cs). Neither break down of composition by partiche siee nor
statistscal siec information was measured.

9212
Further interesting measuroments for purposes here were siv isokinetic. sequential, filered samples locatad
wlﬁmﬁwkmm These were wsed o follow he evolition of e acrosol composition and
thesc amalyses the muthor sate that particle geometrical-mean
¥ porm{ chimmimation of the fiest filker duc w it being carly with respect
iy the main transicnt gm:nbc (=g qu—u 56 ) while standard deviation uctusted between 16 and
204, Im the images of filler deposit needie-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 Table 9.2-1
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The scrosol size distributsons were fairly lognormal with a0 overage size (AMMD) in FPTD of 24 pm ot
e end of the S-hour bundle-degradation phase growang to 3.3 um before stabilizing at 3 35 pm; sevosol
il in FPT1 was shightly lurges n and 4.0 pm. Geometric-meéan dameter (d.) of pamicles in
FPT1 was seen o be betwes 2 SEM image of o deposit i shown in Fig 92-2 In both
ests the geometric standan] deviatin of the lognovmal distritation was fairky comiant at 5 valoe of ammd
20, There wan clear cvadonce thai acnosol composition vared very Initle = 2 function of paricle s
sneepl fior the loke seitfing phase of the FPTI soa dring ihis period, the smallest particles were found w0
3¢ cesmmmenich. In tems of chemical speciation, X-ray techmiques were used on some deposits and there
sl exist mamy data on the sobubilitees of the difforent cloments in pumerous deposits giving & chue 2 0
the potendial forms of some of the cloments. However, post-test axidstion of mmples cannot be encluded
iinee storage times were bomg imonths) and the value of speculating on potential speciation on the hasis of
the availabe mformation s debatsble. Nevertheless, there i clear evidence that some elements reachal
atgher staies of oxidation m the comatmment when compared o thesr chemscal form n the corcmt
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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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Technical Manual) T, £ 1-6-1 RUE 1-5-2 o LBV, #
WE o e 20E L ESESoBRRFmCERT 51K
HEE L LT, 1 B LEDT D,

Moo (RTM-06)
Release Rates

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

Containment leskage rates include (1) catastrophic fatlure, releasing most of the
fission products promptly (in about | for a 1 ff° hole at design pressure),

(2) 100%/day, which is a traditionsl assumption for a failure 10 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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= 1. 00 % 10 #) 6. 5 10" oA "
L. 00X 10 2. 00x10% #5 7.6 10 9:1 LR10-
2. 007 107 3, 00 10 ¥ 1.6 107 0,125 0.1 < L2x10%
3. 00> 107 4. 50 %107 #4610 -
295 5 < i J.6x 10"
4. 507 10° 6,00 % 10° ¥2 710" 0.225 0.15<E =03 2-tl
6. 00> 107 7. 00107 # 1. 8> 10" 0. 475 0.3 < E = 0.45 7. 3% 107
7.00%10* 7.50% 10 ¥ 3.8x 108 - - — m m
7.60%10° 1.00%10° ¥11.9x10° 0. 575 0.45 < E = 0.7 i
1. 0010 1. 5010 #1610 0.85 LT < E <1 8. 3% 10
150107 2.00% 107 # 6.5 10" — — —
200X 10" 300107 ¥13x100 1.25 l<EZ= L5 36X 10
3. 00X |-‘1:= 4. 00 m:- #i Iu 11,-: 1.75 1.5 < 2.2 [0
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