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AERODYNAMIC MASS-MEDIAN DIAMETER (1m)
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Pool Overlying Core Debris
Concrete
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NEA/CSNI/R (2000)5
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Simplified Model of Aerosol Scrubbing by a Water
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Fig: 11. LAY pretest calculations — serodynamic mans median

diameter ve time.
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#2 D. A Powers and J. L. Sprung, NUREG/CR-5901, A
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o0 called "quench® below tris quesch he kinsties of

so-called “quench® lemperature. Al lemperatures below this quench lemperature the kinetics ol

the wealer poul, very
prﬂmwmmﬂiuum,mumﬂhuw
ely * for the “quench” temperature.

‘Suggest hat fhe “quench” i 1300 10 1000 K. The vabue of
uwﬂw was assumed 10 be uniiormiy distriboted ever this temperature mnge for
the calcutations done

(6) Selute Mass. The mass of salsics in water pools overlying core debris anacking concrete
has not been examined i the experiments done bo date, Bt s asumed here that the
lagarithm of Wbt solute mass i3 wniformly distributed over the range of In(l.08 gfkilogram
Hy0) = -3.00 10 In(100 gfiilagram H,0) = 4.61.

n “The volume fraction of suspesdod solids in the waser

hewever,
limsdted 1o volume fractions of 0.1. Consequently, the valume fraction of suspended mlids fs
taken 1o be uniformly distributed over the range of 0 1o 0.1.

(%) Denmsity of Suspended Solids. Among the muterials that are 1o maks up the
wm-»mm;,{,-:ww‘wm.t,-u Jmmm-ﬂ
uo,;,-1owu'urz-o,¢,-n.m’)mummun,u.m;nt

It {1 suumed here the muerial density of the wnpended solids iy
wbwlpw”ﬂwnf‘lniwﬂ mwn-uhmm-:n
that suspended U0, thus redocing i denslty. Otherwise, gy
moﬂluu’manmm.

) Surface Tension of Waigr. The surface tension of the water tan be incresied or decreased
by dissolved materiali. The magnitude of the change is talen bore 10 be Se{w) where 5 is the
weight fraction of disolved solids. ‘The sign of the change is laken to be minius or pla
depending on whether & random varisble € s leas than 0.5 or grester tan or equal 10 0.5,
Thas, ihe surface lension of the liqud i

o) (1-9) fora<0S
alw) (1+5) forc 203

where ofw) s the surface tension of pure waler,

10y Moan Actosol Pagticle Size. The mass mean particle size for scroscly produced durisg

meliiooncrete interctions is known only for situations in which no water is present. There iy
mhiﬁnlﬂlﬂrpﬂhﬁmﬂhp{ﬂﬂiltmwhm Examination of
serosols produced during melticoncreie ineractions shows (hat the primary parficles are shout
0.1 pem in dismeter, Even with o waier pool presend, smaller partiches wosld not be expeced.

so-called “quench™ lemperature, At lemperatistes below this quench lomperture the kiretics of
gas phase reactions among CO, COy, My, and HyO arc o show 10 maintsin chemical
equilibrium on useful time scales. In the sharp drop creaied by the water pool, very
hmmmh;mmﬁmnmmwwmmhp
*frozen” fior the *gquench® emperature.
wmmwmu qmdi Mnhlmalml The value of
wal atsamed range for

he quench
lh calculations dane here.

{6) Solute Mags The mass of solutes in water overlying core debris attacking concrele
has pot been examined carcfully in the experiments done fo daie. 1t Is assumed here that the
logarithm of the solute mass is wniformly distributed over the rasge of Inj0.05 g/kilogram
Hy0) = -3.00 to In{100 p/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 oa the available facilitics for replenishing the waler,
this volume fraction could become quite large. Models available for ikl wudy wie, however,
Hmited 10 volume fractions of 0.1, Consequendly, the volume fmction of sspendad solids is
taken io be uniformly distribubed ever the range of 0 0.1,

(%) Density of Swpended Solids. Amoag the maierials that wnmwm
Mum-nm(,-uw—humq{'-ndm from the comcrele and
UOy(p = 10 glem®) or Zrd; (p = 5.9 glem®) from the core debiris or any of & variety of
aerosol materials, 10 is assmed here (hat the maserial density of the suspesded sofidy is
uhhmymhlmwﬁewullbﬁgkm' The upper limit i chosen based on the
mssumption that suspended U0, will hydmse, thus reducing its effective density. Otherwise, gas
sparging will not keep such a dense material sespended,

(9 Surface Tension of Water. The surface iznsion of the watss can be incressed or decreased

wuwﬂﬂm‘aryuhmvuiﬂ'lbi b8 tess than 0.5 or gresies than or equl 1o 0.5,
Thus, the sorface tension of the liquid iz

olw) (I-5) for e <05
olw) (145 fore = 05

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

pmumm;to ch.H-,.-dll,Onumodwlpndmhml

§ the water pool, very
lnwpﬂuw!wkmﬂﬂamwlymhmpnnﬂmmlkw
E-wul-mlndmwuuk gueench” whmwlmh The valuz of
mw-wwm o b wnifarmly distrbated over ihis temporscire mnge far
the ealeulations done here.

i) Soum M mmﬂmwhmmmhhlmmw comiree
s rot been examined carefelly in the experiments dene to dute. 11 bs ausomed here (haf the

of the silete mass |5 unifornly dinribuied over the rnge of fa(0.03 pfilogan
Hyllh = <3 00010 1sg 100 g'klingram Hylh) = &.61

™ NYolume Praction Sesperdad Sofids. The volume kaction of sespeeded wiids In e water
pood will increase with e, Depending on the avadade facillies for replmiding she water,
this volume frictos could become quite large.  Models svailible for this stady sre, bowever,
Tirsited to volume fractions of 0.1. Consmuently, the valsms fmstion of sepeadsd sofits i
uken ta he andformly distributad over the rge of 0 to 0.1,

%) Denity of Supsoded Solids. Amosg the materisls thet are expected | mule up he
saispended sollds ate CalOH)y (p = 2.1 plan’) or $10; (p = 2.1 glem’) fom the cmcrete ard
uo,n.-mm;unu,(,-wy:-ﬂmu-mdnmwwutnm-r
materialy. 1 sxsumed heve that the matetial densiy of the suspended solids is
mmlymﬂmwwd?unw Tlequlhdmbndmlh
#lfresve dersity, Othorwise, i

»un:tmmutmdus The sign of the changs is takea © be mirm of ples
on whether & random varishie ¢ it fern thin 015 or grester t3an ar equal 0.5,
Thea, tse surfuce tension of the Bguid in:

o (1-5) for €< 05
e

ofw) (148 fore s 05 |

where efw) is the sufacs wision of pars waker,

{10) Mean Acrosol Panticle Size. The mass mean particle size for serowols produced during

melt/concrese inferactions is known only for itustions in which no water is presend.  There is
reason to believe smaller particles will be produced I & water pool Is present. Examination of
aersols produced durng melt/concrese ineractions shows that the primary particles are shout
0.1 gm in dismeter, Even with a water pool present, smaller particles would not be expecied.

(10) Mean Asrosol Papide Sirs. Tre mmmmmrm .mm-g
nhu-nud,l‘of sitmalions in which no watsr is present. These

weamon io hefieve wmaller panticler will be produced i 3 water peol is presen:. Eanhlﬂmll’

aerombs produced during meluzoncrets interactions thews tha tie primary particles are aboat

0.1 g In dimmeer, Cven with & water pool present, smaliee particles weuld not be expected.

Conseguently, the natieral logarithm of ke mesn patticle site b taken here 1o be uniformly
disiributed over the range from In (0.25 wm) = -1.39 w0 In (1.5 em) = 0.02.

it asmed ”l“l-‘hl.?. Any
Mﬂuwmmmuuhdn

2y Acrowsl Material Density. Early i the course of cove debris imeractions wilh concreie,
uo,m.mm-rmmv-’hum maierial. As the
smsm-l-‘m owides of irom, musgasese and chromium with densisies of about

s och i , Ky,
ﬂmmmm:nnwmwmmﬂw yoacricharc
and reaction of waler with the m may aher III apparest  mserial M
o of of the densities of

Coagg! P the prediction
mu—hmmw. u:mmmmumwum
uacermin. The manerial wuted i the calculation of sevosol is wken 1o be an
mm uniformly over 3¢ range of 1.5 to 10.0 glenr’.

Mone that the muean serosol pasticle size predicted by the VANESA, code [6] it correlated with

the paricle suterial densily 10 the -1/3 power. This cometaon of serosol particle size with
particle matesial mﬂ-hhw-ﬂﬂm!mh}mw
uncerixinty anafyses done

evidence 1o be considersd in the
(13) Imitiad Bubble Sirz. The inlikal bubble size b caloulated from the Davidson-Schular
cquation;

n‘"{%r W

whers € is assmed 10 be uniformly distributed over the range of 1 10 1.54. The minimum
bubble st is limdted by the Fritz formula to be:

D, = 00KES ¥io, fplp-p N

where It contact angle b assumed 1o be uniformly distributed aver the range of 20 1o 1207,
The mavimum bubble size i limited by the Taylor imstability model 1o be:

Consequently, the maturl logarithm of the mean particie size is aken here 1o be uniformly
over the range from In (025 gpm) = -1.39 io In (2.5 ym) = 092

Corsequencly, the raral logaritin of the mesn particle slie uhuhmmbsmmm,
distributed owver the range from In (075 pm) = -1 W ol 25 jor) =

(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 3.2, An argument can be made that the grometric standard
deviation is positively comelated wilk the mean size of the serosnl.  Prood of this coevelarion iy
difficull 1o marshall because of the sparse daty base. It can also be argued that smaller
Mwmﬂhmwhmdnmm 1t i umfikely
‘_ ill ovar ton. Th e standard deviath

10 be unifarmly of 1600 3.2. 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,ﬂumw—mmﬁh

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 paricle maserial density 1o the -1/3 powes, This corvelation of scrosel particle slee with
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:

- 0.0005 Yie, fep,-p "

‘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:

uf th tion. The serosole
hﬂm“mm hlc)qlmlldn

the:
mdummmmmwuu«mmuw

(12) Acronod Mamerial Demsity, Early mmmmmwm
Ui, with & solid denvity of arcund 10 it the arromol material, As the

Imemaction progreises, oxides of {oa, manganese and chromium with densities of sbout

5.5 glem’ wnd cond -«-..ua,ol,au,o,m,,
mmnnmmu!suamﬂmumm
ldlﬂhed’mudﬁﬂ!l;ﬁumyﬂu—lhwlﬂhnﬂ&wln
Coagglomeration of acrosoliacd maicraly s conplicaies e pradicion of e densities of
materials that make op the sorosol, As 8 resalt the material density of the aerosol it considered
wpcermin, The materlal densdty wied in the cabculation of seroscl trapping is whes 10 ke ea
upcerain parmeter usiformly distributed over the range of 1.5 1o 10,0 g/

Mote that the mear aerosol paricle size predicted by the VANESA code [6] is comclased wilh
the pariicle magerial density © the -1/3 power, This correlation of serosol pariicle sz wilh
partole matedal density was taken to ba too weak and insufficiently supporied by exporimental
evidence to be considered I he uncerainy andlyses done here.

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

et o

where € s mmimed 1o be wrilarmly distdbuied oves the rasge of 1 ta .54, The minimen
trubsble sizc s Bmicd by ihe Fritz formula to be:

- 00185 Flo, feip-p )"

where the contact anghe is stiumed 1 be usiformly distrdbued over the range of 20 10 120°,
The maximun bubbic size & mied by the Taylor imtabifty moded 1 be:

61— B E211




B61F& BEomHER (HEXHTEH)

wRF BN, BRSO o ME GRETEOEER)

BRUFTS B S AKWERAH ik il - g Rl

TR OEE)
BRIEAFOME (EEMEERL)

KEEREF 34 5F

wIEFASRER 2 5

H3EERT 3 BiF

tHEEH

iitT~ 2 STATE-OF THE-ART REPORT ON NUCLEAR
AEROSOLS NEA/CSNLR(2009)5 @ [ B CFg o B

221  Aevosols in the RCS
21

The expermustbens comchide Mar wphersenl pamclos af mmnd O w0 0F g fonaed (Fhough e

then faese d giving rise fo 0 mishere of conpact partiche

0 L nd 3.0 jnifin size a0 the potnt of sessurcusae. The composition of the parmices was foud 10

¢ Us., 31 omd U wohile the s oned S mnavs costribartions newined constus and very sonila

i mass, 17w relatively minor m the fisst hoor ot 1560 K svolvng 10 be the naim commbeor in the thisd

{very approccmarely- 43 9 %G 33 % Ca), Neither break dawn of coamposition by paricle size nar
utatintical aie imfirmeation was messimed

$.2.1.2 | PBF-5FD

Fusdier isereatig meaausmans fof parposcs here wire sin mhn-m. s:qimm-] ﬂued anges h.nml
about 13 m frow ibe bundle outbel. These uc\:m!dln!'nll.uu th
w waisung partichs sare (SE analyses the mhoes st ltm ;ﬂm:l.t mnml -t
sty veried o4 o e g lizsemation of the firsd Blter dua 19 it being sty will respect
w0 the mii W e (e mnge 6 yum) while stndwed devianon flacmaned berween 1 6 and
206, Li the ey if fiber deposkts pevdle-Bhe Rimis aie vom. Tunug 1o cougosiue. e Lot Gba
sample i elimmated ad “below detection baeit™ 15 taken m zeso, for the stmctuml componeuts and
volatile fission products we have m tems of peroentages the vahies given in Tabie $ 2-§

9.2.2  Aerosols in the containment

2 WY

Thie aerosal sire dismibuioen were fairdy loemomisl with m sversge site | AMMDN m FPTO of 2.4 o &
e v il the Sleour Lussdle—leprndation ples wowiag 10 3.2 juon betore sabilizig ne 335 ssrosal
size in FPT1 was iy 40 m O chameser [dyj of parmcies i
FPT1 was som 00 b lﬂln%f g af 0 daposat s shevm m Fig. T both
teits the peconetric vinndord deveatson of the irilatstine wies Eiche conitant at 8 v Aot
0. There was clom evidence that sevosol composition vired very irle m 8 fimetion of partiche wize
exsept for tle late seiling phase of e FETL test, duris dus penod. e smallest particles were fouesd 1o
be ceummrvich. In tenns of chentcal specianon. X-ray techniques were nved on some deposity and these
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9201
The cxpersmenters conclude that sphencal pamcles of around 01 0 03 pm formed (though ther
i wis not established) then these aggl d giving rise 1o a mintre of compact particles
Ictweenf).1 and 3.0 jumlmn siee at the point of messarement. The composition of the particles was found 1o
be dominated By Cs, 5o and U while the Cs and S mass contributinns remained constant and very similar
i mass, U was relatively minor in the first hour = 1860 K evolving 1o be the main contributor in the thind
ivery approcimately: 42 % U, 26 % Sa, 33 % Cs), Neithier break down of composition by partiche sine nor
statistical siee mformation was measured.

8212 | PRE.SFDY

Fisther interesting measurensents fior parposes here were sis isokinetic, sequential, fhered samples locaed
sbout |3 m fram the bundle outlet. These were uned so follow the evolution of the acrosal composition and
e analyscs Ibv:unh!naﬂclklwmde geometrical-mean

. L mluﬁkm&d&\uﬁmﬂmrﬂhﬂwmiﬁ-ﬂ
2. In the images of filter deposits needbe-like forms are seen. Tuming to composition, of the first filer
sample is chiminaied and “below detection Himit™ s taken as soro, for the structaral components and
volstile fission products we have in tenms of percentages the values given in Table 9.2-1

22 Aeresols in the contaimment

9221

The acrosol size distributions were airly lognarmal with an avernge sise (AMMID) in FPTO of 2.4 pm o
e enl of the S-bour bundle-degradation phose powing e 3.5 um before siabilizing at 335 pm: aerosol
slze im FPT1 was shighily lorger o betwoen 3.5 and 4.0 pm. Geometric-imnean dameier (dw) of paitxches in
FPT was scen 1o be b:l 2 SEM image of a deposit is shown in Fig 92-2. In both
ieadn the peometric standard deviation ognonmal distribation was fairly constant at @ value of around
10, There was clear cvidence that acrosol compositson varsed very linle = 2 function of parbcle size
sxeept for the loe setling plase of the FPT1 test during this period, the smaflest pamicles were found 1o
3 cesiumench. In wemm of chemacal speciation, X-my techniques were used on some deposits and there
ilxo exist many data on the aokibilives of the differenl clementy in oumerous deposity giving o chue as to
the potential form of some of the clements, However, post-teat axidation of sxmples cannot be excluded
iince stornge times were bong (months) and the salue of spoculating on potontial specintion on the basis of
he avpitable information is debatable. Nevertheless, there & clear evidence that same elements reachod
tigher staies of oxidation m the containment when compared o thesr chemscal form in the et
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LN

The expenimenters conclide that spherical paiticles of around 0.1 to 0.3 pm formed (though their
composition was ot established) then these agglomernted s*nm; rise to a muxnre of compact partiches.
between L1 and 3.0 wmlin size at the poiut of juensnrement. The composition of e particles was foumd o
be domumated by Cs. 5o ad U while the Cs and S0 mass conmbutions remained constant and very sl
i s, LF was telatively wmor in the first bow o 1560 K evolving 1o be the mmim contributor i the therd
ivery approximately: 42 % U, 26 % Si. 33 "o Cs). Neither break down of composition by particle size nor

statistical size infornation was measured

Further haletesting menswerents for piposes here were six isokinetic. sequentinl, filtered saples located
composition and
1o examine particle size (SEM). Based on these analyses the anthors state that particle peometiscal-mean
elimanation of the first flter doe 1o it being earby with respect
032056 pm) while standard deviation fluctuated between 1.6 and
206, In the unages of filier deposits needbe-like forms are seen. Tuning to compositaon, if the first filier
sample i chinnmmated sl “below detection it is taken as zero, for the stmchiral components and

about 13 m from the boudle ontles. These were used to follow the evolution of the serosol

diameter vaned over the range
o the main rasient gives the

volatike fission products we have m terms of percentages the values grven i Table @ 2-1

912 Aerosels in e containment
9221 |PHEBUSFP

The sevosol size distmbamons were fily lognommal with aun avernge size (AMMD) in FPTO of 2.4 um ot
the end of the S-bour lunsdle-dezradation plisse growing fo 3.5 pm before stalalizing o 325 o, aerosol
size in FPT1 was slightly lrger st berween 3.5 and 4.0 pm. Geometric-nenn dinmeter (dy) of particles in
2 In both
tests the peomnetric standard deviation of the logornanl distribmtion was fairly constam at o valie of aroumsd
2.0 There was clear evidence that aerosol compositics varied very little as a fimction of particle size
except for the late setilmg phose of the FPTL test: during this penod. the smallest particles were found to
be cesmm-rich. In tems of chemucal speciation. X-ray techniques were used on some deposits and there
also exist nmny data on the solubilities of the different elements i numerous deposits giving # clue as to
However. post-test oxidation of samples cannot be excluded
sitice stonge tittes were Img inmml»l and e valoe of \pn:ulauug on potential speciation on the basis of

ess. there is clear evidence thnt some elensents reached

FPT1 was seen 10 be between |05 and 065 ] a SEM insge of a deposit is shown in Fig. 9.2

the potential formes of some of the elements.
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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 for a 1 ft* hole at dﬁi{;ﬂlpﬂ!ﬂu!ﬂ, -

{2) 100%/dny, which is a traditional assumption for a failure to isolate containment,
and (3) design leakage.
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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,
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Figure 27 Results of 1:5-Scale Steel Containment Vestel Model Test
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