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o0 called “quench® below tris quesch he ineties of

so-called “quench® lemperature. Al lemperatures below this quench lemperature the kinetics ol
pmwumm.cu,.a,mn,onww-nwmm
ad by the waier poal, very

‘Sugpes Bt (e “guench” s 1300 10 1000 K. The vabue of
Iﬂmﬂw was assamed 10 be uniiormiy distriboted ever this temperature mnge for
the calculations done

() Solute Mass. The mass of salsics in waler pools overlying core debrls anacking concreic
has not been examined i the experiments done bo date, It s axurmed here that the

of the wolute mass is uniformly distributed over the range of Inf0.03 gfkilogram
Hy0) = -3.00 1o In(100 gfiilagram H,0) = 4.61.

M “The volume fraction af salids in the water

bewever,
limédted 1o volume fractions of 0.]. Consequently, the velume fraction of suspended salids fs
taken 1o be uniformly distributed over the range of O 1o 0.1.

() Demity of Sussended Solids.  Ameng 1o make up the
suspended solids are CafOH), ( -:w:-r‘)ocsen.{ =23 ') from the concrete and
uo,;,-mwfjuzg,('p-seum’)mn;mmuma.mﬂ
semsol maseriaki.

mmwnwuinwﬂ mwn-uhdwh-a-au
that uspendod U0, will hydrate, thus redocing | denty. Deherwise, g2
wﬂwﬂuw-ﬂ-nmm.

[ The surface tenvion of the water can be incresied or decreased
by dimolved materiale. The magsitude of the change is taken here 10 be Se{w) where § is the
weight of dissobved solids. The sign of the change is aken to be minim or pha

depending on whether & random varlable & b leas than 0.5 or grester tan or equal 10 0.5,
Thas, the surface lession of the liquid is:

olw) (1-5) for« <05
o0w) (148 for € 2 0.8

serosols produced during meltconcrele
0,1 pm in dismeter. Even with o water pool present, smaller panicles would nnt be expocied.

so-called “guench™ lemperatire, Al lemperatisres below (ks quench lemperature the kinelics of

gas phase reactioas among CO, €Oy, Wy, asd HyD arc oo slow 10 maintein chemical

cquilibrium on wseful time scales. In the sharp drop creaied by the water pool, very

hmﬂpﬂmﬂb}hmﬁmnmmww&nmmmhw
*lrozen”

for the *gquench® lemperatire.
wmmwmn qm wmhlma:mx The valoe of
Wl ansamed range for

he quench
lh calculations done here,

(6) Solute Mags. The mass of solutes in water pools overiying core debris astacking concrete
has pot been examined carcfully in the experiments done fo daie. 1 Is assumed here ihat the
logarithm of the solute mass is wniformly distributed over the rasge of Inj0.08 g/kilogram
H,0) = +3.00 to 1a(100 g/kilogram H,0) = 4.61.

(7 Volume Fraction Sespended Solids. The volume fraction of suspendsd solids in the water
pﬂm‘nmwﬁnm Depending on the available facilitics for replemshing the waler,
this volume fraction could become quite large. Models available for 1kis wudy wre, however,
Himited to volame fractions of 0.1, Consequently, the volume fraction of suspended solids is
taken io be uniformly distribubed over the range of 0 0.1,

(%) Demsity of Suspended_Solids. amxmmwlmm?mnwkwlk
suspended salids arc Cx{OH); (p = 2.2 glom’) or SI0; {p = 2.2 glem) from the concrele and
U3 p = 10 gem) or Zr0; (p = 5.9 glen’) from the core debris or any of & variety of
merosol materfals, 10 is assmed here that the maserial density of the suspesded sofids is
uhhnuymm-lhdwlkwullbﬁgkm’ “The upper limit is chosen based on the
amumption that suspended U0, will hydrse, thus reducing its effective density. Otherwise, gas
sparging will not keep such a dense material sespended,

@) Surface Tension of Waler. ‘The surface iznsion of the watss can be incressed or decrensed

Muwvh’m‘arauhnmiﬂh! s less than 0.5 or gresies than or equl 10 0.5,
Thus, the surface teasion of the liquid i

olw) (1-5) for ¢ <05
elw) (145 fore = 05

where e{w) ks the surface icasion of pure water.

(10) Mean Acosol Panicle Sizg. The mass mean particle size for aerosols produced daring

melticancrete inieraciions is known only for situstions in which no water i present. There is
reason to believe smaller particles will be produced if & water pool ks present. Examination of
acrosols prodeced during melt/concrese ineractions shows that the primary panticies are sbout
0.1 pm in dinmeter, Even with a water pool present, sealler particles would not be expecied.

Conseguently, the nutieral logarithm of e mesn particle site b taken here 1o be uniformly
distributed over the range from In (0.25 wm) = -1.39 w0 Ia (1.5 m) = 0.0,

11 assumed ”di-‘h!.?- Any
mxuwwmmuuhdn

(12} Acrowol Maserial Density. Early b the course of cove debris imeractions wilh conceele,
uo,m.mudq-rmmya’hum maierial.  As the
mmmﬂ-dbw.-ww with densisies of about
5.5 giem’ and i sach a8 Noy0, K0, ALD, Si0;,
nmmmm:mwﬂmnamm Condensation
ﬂmﬂmmhmwmhwmm

materials alwo the prediction of the densities of

I-ﬂlh—hrpmw M:mummdmwnw
m mm% is wken 10 be an
mkwoﬂjhl penr’.

where € b asssmed W be aniformily distributed over the range of 1 10 1.54, The minkmum
bublble slze is limited by the Fritz formula to be:

0, = 00105 ¥la, letp-p N

where (he contect angle b assumed 10 be uniformily distributed over the range of 20 1o 120°,
The marimam hubble size is limited by the Taylor instahility model 1o be:

Consequently, the maturl logarithm of the mean particie size is aken here 1o be uniformly
distribuited over the range froe In (025 gm) = -1.39 o In (1.5 ym) = 092

(1) Ceomelric Sandand Devialion of the Parsicle Size Distobation. The aerosals
during core debris-concrele interactions ane assumed 1o have lognormal size distributions.
determined ic sandard doviations for the distributions in cases with no
present vary betwoen 1.6 and 32, An can be made that the grometric standard
deviation is pusitively comelated wilk the mean size of the serosnl.  Prood of this coevelarion iy
difficull 1o marshall because of the sparse data base. It can also be argued that smaller
Mwmﬂhmwhmdnmm 1t i umfikely
‘_ ill ovar ton. Th e standard deviath

10 be uniformly of 1.6%03.2. Aay
maumwmmumhdhuwuw

2y Aerosel Material Density. Early in the of core debris interactions with conceei,
uo,ﬁu-mum;xmm.r is the predoménant serosol malerial.  As the
imeraetion progresses, oxides of irom, manganese asd chromium with demities of sbous
5.9 glem? and 35 Na,0, K;0, ALO, Si0,
wmﬁmumdlaal,&m’mnwm Condensation
mnlmmnmm,ﬂum

mutertals also ithe prediction of the dersities of
mmmwnum uthhmﬂmﬁydﬂ:mhm
uncertain. The material density used in the caloulstion of uh‘hulnhgln

mhwmywmlbwnn!tﬂ

Note that the mean serosol h&mmmwwvamammnmwn
the particle maserial density 1o the -1/3 powes, This correlation of scrosel particle sbee wilh
particie material dentity was taken 10 be 100 weak and insafTiciently supporied by experimental
evidence to be considered in (he uncertinty analyses don here.

(1% Ipitial Bubble Sisc. The inisial bubble sies is calculated from the Davidson-Scholar
eqEation:

neff e

where € is wsemed io be uniformly distribaied over the mnge of 1 1o 1.54. The minimom
trubbde sire is Hmised by the Frite formula to ba:

- 00105 ¥ie, Ietp,-p 1"

‘where (b contact angle is asumed 1o be uniformiy distribaied over the range of 20 w 120°.
The mazimism bubbde siee is limied by the Taylor insubility model o be:

pm“mmgmcol H,.-dl!,o.umoﬂwlp-dm-ﬁmﬂnl
waler pool, very
mmwwxmmmmlymuwmumw

F-uuiamlndmwﬂuk gueench” whmmlmh The valuz of
mﬂnwwmn&mmwmmmgwh
the caleulations dore here.

6] Souk M mmﬂmwhmmmhhlmmm coniree
s rol bees examined mens done to date. 11 is assvmed here that the

dummlwﬁhndwﬂuﬂml:nmdhmﬂmmﬂ
Hylhh = 3,00 10 1sg 100 g'kilngram Hylh = 461

™ Yolune Pracien Sesperdad Sotids. The volume kaction of sesperded wlids In fhe water
ool will incpemse with ke, Depeding on ihe available faciliees for replaniding the water,
this volume frictos could become quite large.  Modeh svailible hnlnm a7, bowever,
Tirsited to volume fractions of 0.1. Consequently, the valums fmction of sependsd sofits s
ulken ts be andforely distibeted over the arge of 0 e 0.1,

%) Denity of Supsiided Solids. Among the matedisls that are expecied | mulks up the
saispended sollds are CalOM)y (p = 2.1 plan’) or $I0; (p = 2.3 glem’) Hom ihe cmcrete ard
U0yHp = 10 glem’) or Zr0, (p = 3.4 giem’) from the core debns of any of & variety of
sesosol materfals. 11 i assumed here that the mateial density of the suspended solids (s
mMI;WMWWd?BSM Thqwlnhhdmhndmll:
fon thel sispesded UD, will hy then machocing dureity, Otharwise, gae
Wumllumpmnmmﬂm

@) Susface Tension of Waber. The surface tension of the waler can be increased of docreased
lyrmnwhh The magnitade of the changs is taken here 10 be Setwi where 5 is the
weight fmctios of dissslved solids.  The sign of the changs is takca © be minm or ples

on whether & random varishie ¢ it lemw thin 015 or grester han or eal 5 0.5,
Thua, the surfice tension of the Bgeid is:

ow) (1-5) k(«ﬂ.!]
ofw (148 fore 205 |

where #{w) is the surface wmdon of pure waler,

o mean particle size for acrosoll procuced durirg
meltfconcreie intsrctions is mm,mummm-;emum “These is
mmwmﬂhmlmﬂﬂumlawmilm Examisation of
seromls produced during meluzoncrets intersctions theus tha fie primary particles are about
0.1 pom le dimmeier, Dven with & water pool present, smallee particles weald not be expecied.

Corssquently, the rameal logarilion of the mean panice sie is uken hore © be usbfonly
distributed owver the range from In (075 g = -1 W mle 2.5 pov) = 093,

because of (he guarse daia base 11 can alio be argued that smaller
m*-w%uwlbmﬂwumuﬂmm Inull'ladr

Ut clata will ever
of the sive divtribusion i atmumed 1a b & 4 the range of |.6103.2. Any
muummmmumm«wmuw

At Material Demifry. of cove debris irteracions with concreie,

I.n‘mnamdmiy-fm-cmgmgm‘ the predominast asroml material.  As the
immmmmuhﬂ.mmmunmumu
5.5 glem? wnd sach a1 Me,0, r.,a ALO, sro,,
mmunmmus!uamﬂmumm
ldmﬂheﬂmwﬁhl}el;ﬁsmyahmwlnmimm
Coagplomeration of amwiimd macialy dw conpicaes te pradichm of e dmsiles of
materials that malke op the serosol, An 8 resall the material density of the nerosol it contidered
upceruin. The material density wsed In the calculation of seroscl trapping ululuhnl
urcerain panseter usiformly distributed over fhe range of 1.5 o 100 g/
Mote that the mear serosol paricle size predicted by the VANESA code [6] is comalaed wilh
the parficie material density 9 the <173 power, This cormelation of serosol parficle S2o with
partcle materisl densicy was taken to be 100 weak and insuffisiently supperied by experimental
evidence 1o be considered i he uncerainy andlyses done here.

(13) [nitial Bubible Size. The imitial bubble site i caleiated from the Davidson-Schular

e fif o

where € is mmimed i be sriformly distribused over the raage of 1 10 154, The minimem
bubble alse & Bmiicd by ibe Pt formula 1o be

- 00165 o, feip, )"

where the contact saghe is stiumed 0 be usiformly distrdbued over the range of 20 10 120°,
The maximun bubbic size & limited by the Taylor imstabiity moded 1 be:
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The expermustbons comchude Mar wphersenl pamsios af mm.d 00w 0F pm fomed {thoagh ther

d giving rise fo o mishere of conpact partiches

.1 i 3.0 by stz w0 the poinst of messurensere. The couposition of the parricdes wa fod 1o

o Ui, 341 o U7 whule the s oned Sn mavs costributions rewined constus and very sinilar

i mass, 17 wan relatively minor m the first hoor ot 1560 K svolvmg 10 be the pum comtmbutor in the thind

(very approvcararely- 43 % %G 33 % Ca), Neither break dawn of coamposition hy paricls size nar
statistical sire mfcrmation sas messied

8.2.1.2 | PBF-SFD

Turdier insereasitg imeanuemenrs for parposes J.ﬂr vne u\ mtn:nc. seqnmmi l’luﬂd wanphes hnal
about 13 m frow ibe bunsdle suibel. These

i nisalyses the mmhors stat ltm m:lo [ —
m elnenation of the fra Bler due 1o if betng sdy Wil respect
%0 the maii tasse gives the tange 1 2= 6 jm) while stndwed devianos flmcmaned berween 1 6 and
206 Li the suiwes ef her deposhts peedle-Gke forms ae sem T o coupesiion. 0 e st Sl
sample i elimmated md “below detection bneit™ 15 taken a zero, for the stmctuml components and
valarile fissiom poducts we have im tems of perostges e vahaes gives in Table %24

9.2.2  Aderosols in the comtainment

2 WY

Thie nerosal sise dismibumions were fiirly lomormal with an sversgs sige LANVD) in FETO of 2.4 jn &t
M wned af e S-eour bossdla-dogrndation plase gowisg 10 3.5 o befors seabilizieg ot 335 g serosal
wize i FPT1 was dlightiy 40 elinnneser [yl of pamcles i
FPT1 wins som 10 be berw; - 085 A mmagw of 0 deposal is shown m Fig i both
terets the pecmetric sinndard deviation of he bog distrilaition wis Sich: constant at 3 vatue of aronnd
24 There s clom evidmoe that nevesol compositnon vired very Ettle ns o fimetion of partiche s
exeept for tle late settlng phase of die FET] test; durizs s penod. the seallest paaricles were fouee 1o
be ceummrrich. In tenns of chenscal specianon. X-ray techniques were nved on some deposity and there
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The cxpermmenters conclude thar sphencal pamcles of around 01 0 03 um formed (though their
i wns mol established) then these aggl d giving rise 1o 3 mintre of compact particles
Ietween[l) | and 3.0 jmin sise a2 the point of messarement. The composition of the paricles was found 1o
e dominatcd s, 50 and L while the Cs and Sn mass contributions remained constant and very simlar
im mass, U was relatively minor in the first hour = 1560 K evolving io be the main contribator in the thind
{very approximately: 42 % UL, 26 % Sn. 33 % Cx), Neithier break down of composition by particle sire nor
statistical siec informaton was measared,

#212
Fisrther interesting measurements for parposes here were sis isokinetic, sequential, fihered samples locaed
sbout |3 m from the buudcwﬂd Th:\:umucdulullun the evolutivn of the acrusol compositon and
m these analyses the suthors stase that particle geometrical-mean
clizsingtion of the first filier dhae o it bemg carly with respect
w0 the main rnsient gI\l:lIh: ‘ange 033456 pum) while sandard deviation Buctused between 1.6 snd
2. In the images of filter deposits needhe-like forms are soen. Tuming to composition, if the first filer
sample is chiminated and “below detection Himit™ is taken as soro, for the structural components and
volstile fission products we have in tonms of percentaged the values given in Table ¥ 2.1

22 Aeresols in the contaimment

9221

The scrosol siee distributions were fairly lognormal with an uverage siee (AMMD) in FPTO of 2.4 pm o
e enl of the S-bour bundle-degradation phose powing to 35 um before siabilizing a1 335 pm: aerosol
ikag im FPT1 was shightly lorger o betwoen 3.5 and 4.0 jm. Geometric-mean diameter () of pamcles in
FPT was scen 1o be bn 2 SEM image of a doposit s shown in Fig 92-2. In both
leadn the peometric standard deyation ognormal distribution was fasrly constamt at » value of arcond
10, Thore was clear cvidence that acrosol composition vared very lille = 2 function of parpcle sz
=xeept for the lme senling phase of the FPT1 sest during this period, the smallest pamicles were found o
3 cesiumench, In i of chemacal specianion, X-my technigues were used on some deposits and there
ilso enist manmy data on the sohibilives of the different clements in umerous deposits giving a chue 2 w0
the potential formw of some of the clements. However, poat-test axidabion of samples cannot be excluded
iince stornge times were bong {months) and the ulue of spoculating on potential specintion on the basis of
he avpitable information is debatable. Nevertheless. there & clear evidence that same clements reached
tigher staies of oxidation m the containment when compared to thesr chemscal form i the circmt
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The expenmenters conclude that spherical particles of around 0.1 to 0.3 g formed (thongh their
composition was ot established) then these agglomernted s*nm; rise to a muxnre of compact partiches.
between L1 and 3.0 wulin size at the poiut of juensnrement. The composition of e particles was foumd o
be domnated by Cs. S and U while the Cs and S mass contiibutions remained constant and very similar
i1 s, U was redatively minor i the first how at 1860 K evolving 1o be the main contributor i the third
ivery approximately: 42 % U, 26 % Si. 33 "o Cs). Neither break down of composition by particle size nor

statistical size infornation was measured

Turther huletesting menstwerents for pposes here were six isokinetic. sequentinl, filtered smples located
about 13 m from the boudle oules. These were used to follow the evolution of the serosol composition and
1o examine particle size (SEM). Based on these analyses the anthors state fhat particle geometiical-mesn
elimanation of the first flter doe 1o it being earby with respect
032056 pm) while standard deviation flucraated between 1.6 and
206, In the unages of filier deposits needbe-like forms are seen. Tuniang to compositaon, if the first filier
sample i chinmmated sl “below detection it is taken as zero, for the stmchial components and

diameter varied over the rang
o the moin transient gves the ¢

volatle fissaon products we lave m terns of percentages the values arven i Table 9.2-1
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The serosol size dsstnbumons were fandy lognomunl with au averngs size (AMMD) i FPTO of 24 pum ot
the end of the S-bour bundle-degradation phose growing 1o 3.5 pou before stabilizing ot 335 o aerosol
size in FPT1 was slightly larger st between 3.5 and 4.0 pm. Geometric-menn dinmeter (da) of particles in
2. Tn bath
tests the geomnetric standard deviation of the logornanl distribmtion was fairly constam at o valie of avoud
20 There was clear evidence that serosel compesition varied very little as a fimction of particle size
except for the lnte setilmg phose of the FPTL test: during thus penod. the smallest particles were found to
be cesmum-rich. In terms of chemical speciation. N-ray techmques were nsed on some deposits and there
also exist nmny data on the solubilities of e different elements i numerous deposits giving # clue as to
. However. post-test oxidation of samples cannot be excluded
itice stormge Himes were Img imﬂml»l and e valoe of \pmnlalmg on potential speciation on the basis of

fews. there is clear evidence thut some elensents reached

FPT1 was seen 10 be between a SEM image of a deposir is shown in Fig, 9.2

the potential formes of some of the elements.

the available © 15
ligher states of oxidation in the nnnr.!unnrm when compored to thew chewucal fonm in the circuit.
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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 leakege rates include (1) catastrophic failure, releasing most of the
fission products promptly (in about | b fora 1 ft* hole at duianlpﬂsmrc}. -

(2) 100%/day, which is a traditional 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 pussible
rates, The assumed release rates and resulting escape fractions are listed in Table C-6.

Containment leakage rates include (1) catastrophic failure, xel.le,aamg maost of the
fission products promptly (in about 1 b for a 1 f” hole at design pressure),

(2) 100% /day, which is a traditional assumption for 2 failure to isolate containment,
and (3) design leakage.
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