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%2 : D. A Powers and J. L. Sprung, NUREG/CR-5901, A
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* 3 : STATE-OF-THE-ART REPORT ON NUCLEAR AEROSOLS,
NEA/CSNI/R (2000)5

ORNL DWG 88 - TIT

~ LAZ PRETEST
§ 50 ® asmosu o f\‘
‘!.' 30
g
3
g 20
2
8 10
g
" b w W o
TIME (s)
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so-called w-wn At lemperatures helow 1his quench iemperature the kinotics of :ﬁ;m‘:ﬂm iy uo. mb H,. a-dhub:o“m n:dw sopperee) ‘-m‘:

so-called “quench” lemperature. Al lempersturis below this quench lemperature the kineties ol
g phune feaclions among CO, COy, Hy, and HyO we o show @ maintain cheaibcal
In the s

ridence sisggest that the "qucnch” atuse s 1300 10 1000 K. The vabse of
the guench d by distributed over this range far

!ﬂmmmdmhmmm detsris amacking concro
has not been examined casefislly in the experiments done to date. It s assurned here that fhe
logarithm of the solute mass i3 uniformly distributed over the range af Inf0.05 g/kilogram
Hyl) = -3.00 1o In{100 giilogram Hy0) = 4.61.

(M ¥olume Eraction Suspended Solids. The wiltume fraction of suspended solids in the waer
poal will increasc with time. Depending oa the availsble facilitics for replenishing the water,
ihils volume fracibon could become guite lorge.  Models availsble for this study are, however,
limdled 1o volume fractions of 0.1. Consquenily, the valume fraction of suspended salids is
‘mkem 1o be uniformly distributed over the mange of 0 0.1,

%) Demslty of Swpended Sclids.  Ameng the materials that Whm&ww
wm.umn,c,-:.wahwm,c,-u It the concrete and
Uy (p = 10 plem”) or Zr0, {p = 5.9 glem”) from the core debrin o any of & variety of
serotol materisls. 1t Is mssumed here that the matcrial density of the supended sofids
unifoemly distributed over the range of 2 o 6 plam’, The upper limit is chosen based n ihe

uwun,mam.mmuﬂmmua, Deherwise, gas
sparging will mot koep sach & dense material suspended,

(] w The wurface tcnsion of the waler can be increased or decreased
by dissolved materialy. The magnitude of the change is taken hero 1o be Se{w) where § ia the
weight fraction of dissolved sollds. ‘The sign of the change is uken W0 be minus or pha
depending on whether o random variable € i lew than 0.5 or grester than or egqual 1o 0.5,
Thas, e surface ieasion of the liquid i

ow) (1-5) fore<0s

L
" lemom prezos

where o{w) is the ssrfice tension of pure water,

€10y Mcan Actosol Parmicle Skzg. The mas mean particle size for aerusol produced
meli/cemcrele interactions is known only for situations in which no waler is present, Thees is
mnni&wﬂh(pﬂbh-ﬂlhmil‘aﬂnﬂhm Examination of
merosols produced during melt/concrete imersctions shows (hat (he primary particles are aboot
0.1 pem in dismeter. Eves with o water pool peesent_ smaller particles wosld not o espocted.

gas phase reactions among CO, OWH,.NH,DIMI»M”MIMW
equilibrium on useful tine scales. Tn the shasp temperature drop creaed by the water pool, very
MgmpndmdhnkmmwlmwwmeMgn
“quench” lemperatire.
Ewwmmwmn M uwmmulmmwnx The value of
range for

e quench
mmmmm

(6) Solubc Maxs. The mass of solules in waler poaks overlying core debris attacking concrete
has pot been examined carefilly in the experiments done fo date, 1t is assumed here thai the
fogarithm of the solute mass is wniformly distributed over the rasge of In[0.05 gkilogram
H,y0) = -3.00 to 1a(100 /kilogram H,0) = 4.61.

m . The valume fraction of suspendsd golids in ke water

become
limited 10 valume fractons of 0.1, cmm,.mmhmmmnrwmmh
taken fo be uniformly dstributed over the range of 0w D1

{5 Density of Swipended Solids. Among the maerials that w make up the
-qwu‘dmmcuuo,(,-ug\:-husm,(,-:1;;::?;(“:-“-‘
UO,(p = 10 i) or Ze0; (p = 5.9 glem”) from the core debris or any of & varicty of
merosol moderials, T is asuemed here tha: the memierial density of the suspesded solids is
uH\Ind)ﬁmﬂlndmlkwwﬂbﬁw’ “The upper limit i3 chasen based on the
assumplion thal uo,uillmmmmmﬁwwmmy Otherwise, gas
sparging will not keep mch a dense material saspended.
9 Surface Tension of Water. ‘The surfsce tasion of the water can be incressed or decrensed
by dissolved materiale. The magnitude of the change s taken here ip be So{w) where § is the
weight fraction of dissilved solids, The sign of fhe changs is taken fo be minus o plu
depending on whether & random varisble « b less than 0.5 or gresier than or el to 0.5,
Thus, the surface teasion of the liquid is:

eiw) (1-f) for e <05

-
eiw) (1+5) fore = 05

where e{w) is the surface tension of pure water,

the shar 1y the waler jandl, vty
mmmwmwanwymhwum Bl the gas
Mumlmmﬂﬂh 'uﬂ wkmmlmi The valuz of
rnge for

e quench
mmmm

6] Souk M mmﬁmwhmm“ﬂw one dtirls atmcklng concres
T rod bees examined carefally in the experiments done bo date. 1lhmﬁﬂMD¢
Whﬂummlluﬁwdmmmﬂtmo{mﬂ“m
Hyl) = <3.00 to 1e{ 100 ¢'kilogram Hy0) = 4.61

™ ¥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 fraciion cosld become quile large. Modeh svailzble for this stady art, boweves,
Timited 1o volume fractions of 0.1, Comsequently, the valume fraction of suspeadsd sofids s
wken ta be aniformly distibuted over the arge of 0 te 0.1,

8) Deity of Ruipsnded Solids. Amoeg NMHWT“’“W‘*?“‘
maimmcannu,-z?ym';msm,t,-.‘ o the cancrele and
UByip = 10 glem’) or Zr0, (p = 3.9 gem’) from the core debris of axy of @ varicty of
material. 1 it asmmed beme that the matesial dessity of (e suspended soiids is
mhﬂlbmmhwd?niwﬂ The upper linvit is chosen based i the
e suspesded U, thas weckucing it efFoctive dorsity, Otherwiso, gae

sparging will ol kecp sach & derse material suspndee.

4] . The surface tenvion of the waler can be increased or decreased
By dissolved reaterials. mmwuhm taken bere 10 be Soiwi where 5 is the
weight fmction of dissolved solids *n the changs is mkes © be mirs or ples
mmmlmm s 05 nr gresier than or epal i 0.5

Thas, the surface tension of the Tauid is
ofw) (1-5) for & < 0

.
" emas prexos)|

where efw) is the surface semdom of pure waer,

(1] The mass mean particle size for aseossly produced dusing

intgractions s kmown anly for sinatioes ia which oo water ks presend.  There is
reason 1 hefieve smaller particles will be prodwced if & water pool Is present.  Examinadion of
aeroiols produced durirg melt/concrese ineractions shows that the primary particies are shout
0.1 m in diameter. Even with a waler pool present, smaller particies would not be expected,

(10) Mean Agrosod Panice Sge. The mass mean patticle size for scrosoli produed during
melifconerele insrachons s known orly for titsations in which no vater is present These is.
mmwmwhmmﬂﬂhmltwmhm Exanisation of
aesomls produced during meltkoncoets inersctions shews tha e primary particles re aboat
0.1 g In dinrser, Even with & waler pool preseat, smaller partizles would not be expoaed.

Conseguently, the natisral logarithm of the mean paiticle site i takes here io be uniformly
distribuled over the range from In (0.25 umh = -1.39 w0 In (2.5 pm) = 092

present wtandard
m;.mmnmmMmuwm Proof of this correlation v
difficult 0 marshall bocause of the marse dats base. It can also be argued that wmaller
grometric sundard deviations will be produced in siveations with water presenl. 1t i unlilely
deviation

;—-—- ves The peometric standard
i1 assumed ”dl-‘h!? Any
msuwmmmummd acrosol is neglected.

(12) Acronol Material Density. Early b the coutse of core debwis interactions with concrele,
vo,m.mmnrmmva‘u the prodominant seroscl malerial. A the
b _:mwiﬁsothn—wwm—ﬂdndhﬁm
glem’ sisch 8.
ok erfimgraaroopd gt e ool Lo g b
mmummwmmquwmm
the prediction of he densities of
nuﬂnhﬂtmlhm u.mmmuq«mmnum
wecermin, The material uted i the calculation of is ke 10 be an
weeriabn parameter aniformly muwdl.}all penr’.

Nose that the mean serosol pasticle size predicied by the VANESA code [6] is correlaied with

the particle muterial denaily i the -1/3 power. This cometation of serosol particle size with

#ﬂm-umwhw-—kﬂhmmhuﬂﬂ
uncerainty analyies done

evidence 10 be considered in the
(1%) Initial Mubble Size. The isliial bubble sizc bv cakulsicd from the Davidson-Schular
equation:

L {5
w '{-]' =
where € i assemed 10 be wniformly distribused over the range of | 10 1.54. The minimum
bubkle alze is Emind by the Fritz formuls o be:
D, = 00105 ¥la, frlp e N™

where: the contact angle s assumed 0 be uniformly distributed over the range of 20 1o 120,
“The maximam bubkle sire it limited by fhe Taylor instability model to be:

(Consequently, the natusal logarithm of the mean particle sire is taken here 1o be uniformly
distribuled over the range froem n (025 gm) = -1.39 10 In (1.5 ym) = 0,92

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

y
‘wales present vary betwoon 1.6 and 3.2 An argument can be made that the
deviation is positively cormelased wilh fhe mean size of fhe serosol, mwal-mn
difficult lo marshall because of the sparse data base. | can alo be wrgued that smaller
wmm-"ﬁhminmnmmnw—x Iliuml'kﬂ;

that will ever
ﬂlhﬂkmhmw&mﬂwrm the range of 1650 3.2. Any
covvelation of the grometric standard deviation with the mean size of the acrosol is neglocted.

12y Aerosol Maserial Density. Early in hmdmummmm
uo,um-mumh,umioym’ the predoménant serosol material.  As the
mmmdhﬂ mangancie and chromium with denilties of sbow
5.8 glem? and = N30, X0, AL0, 5i0;,
ummmuhilanlpwmnwm Condensation
mmnlmm mmyﬂumwmm

matertals Hso the prediction of the dessities of
mwmwmm Mlulrhmwﬂqdmmhm
uncertain. The material dentity used in the ealealation of serosc] trapping is taken b be as
uncertain pammessr unifnrmly distribused aver the range of 1.5 to 10.0 giem?,

mmmmmmummbywnmammnmm
the particle material densily o the -1f3 powes, This correlation of serosc pariicle skze with
pasticle material dentiry was tken 1o bhe 0o weak wnpponed by

evidence to be consldered fn (he uncermimty analyses dane bere.

(13) Initial Bubble Size. The initial babble sine is caleulated from the Duviduoo-Schulas
equation;
A
nefff e
where © is ssusmed to be uniformiy distribuied over the range of 1 1o 1.54. The minimum

bubbde sive is Himbied by the Fritz formuds o be:

- 0.0105 Tle, fptp-p )"

‘where ibe costact angle iy auumed 1o be uniformiy dinribaied over the range of 20 o 1207,
“The maximism bubbile sire is limied by the Taylor instability model 10 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 1.6 1032, Any
muummmmumm«w Is segiected,

(12) Acrmol Maerial Demity. Early in the of cove debris interactions with

sspm!w 4
ﬂm«ummunmm‘ 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
srcernin panmeter usiformly Sistribuied over ths range of 1.5 to 10.0 gl

Note that the mear serosol perticle size predicted by the VANESA code [6] is comded with
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
evidence 10 be consklersd In the uncerainty analyses done herz.

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

6y ¥y
D,o=a2] 2.
yi .{‘]""
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:
- D0IEE o, fetpp IR

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
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9.2.1  Aerosols in thre RCS
g2l

The expermistrens conchude thar spherbenl pansies of sousd 0.0 0 03 um fonued (Dough e

then Eaese avisg Tise 10 & mishae of compact partiche
bﬂ:&-ﬁ&dmwm thie poins of ixsasurcuers. The couponition of e pasticles was, Lrmed 1o
be "%, 3 and L7 while the O aned S g comtpibarticns senasnied comstand sud very similar
i e, 1w pelatiy oy i fhe fiest hoor ol 1860 K evalviug 1o be the naum commbutor i the dhind
fvery spproscimately- 43 % U, 36 % Sin. 33 % O}, Neither beeak down of comriton by pamichs size nor
aratstical sire mformation was measl

Fuather hscrestiing uscasunacns for purposes et were sin isokinetic, sequantinl, e syl located
absout 13 from the busdle outles. These were used to Sollny the evalusion of the servse] composition mud
W examng partiche sze (SE] anabyies the mhoes sttt pamcle aeomemneal-mis
dimtneten vared over the tang 1.\ :n 0156 jmu Jelsamanca of the fira filier due fo if heing sarky with respect
™ the i HassinE FTeS 4 jim) while standard deviaton ficmated berween 16 and
2.0¢. Lithe s of Ther h\nm seowll-Kie fois a5¢ yow Ty 1o conpronition. if te ot Bba
seanple o eliminsted and “bedow detection bt 15 taken s zavo, bor the stroctural congpouat aud
valatile fwshon peoducts we have in fems of peroentiges the tnhigs given in Tahle % 2-1

9.2.2  Aerosols in the containment

022

Thie nerwanl sive dismibutions were fairly lognomnal with m aversge size (AMMIY in FFTO of 2.4 jon o
e il af the s Umsdla—desdation plisvs wrow g 1o 3 % i befors eabilisiig ot 3,35 . serosel
wize b0 FPT1 was slightiy 40 pm G chanweer (dyf af parmcles i
FPT1 was somm b be betie 3 Lss # SEM nmigm of 0 daposal 1 sbovn in Fig 9.2-2 In both
teimn the pecmnetnie standard devaatsan of the bog distrilition wns furky constant at 2 vahie of arcnnd
20 Thaw was o ovidence that ssosol comgposition vaded very Gnle ns & fmetion af patice size
except i the lute senbing e of the FPTI teit: durizg this pesiod, Use smallest particles were fousd to
be: cesimmrrich. In terms of chenscal specinfion. Xy techuiques were used on some deposite and fhers

R BT
BEE LN RES B EE

CANDU 27 4 1 o BEMEIFEF & P L L&ET

kSRR O B oL TR

AECL 573N L &= 908

R 7h 0 TR R TN 2 s L
FEF—-5FD AE TP R L - ERERERL
AR ORI O,

7T e RGN 0 2 A PHEBUS B TR
EhE, PETT I FRATOORLEED S 1
R AR TRAERCED  ToETRERROEB L
B 5 MR & B,

PHEBLIS FP

~THE-ART REPORT ON NUCLEAR AERDSOLS,
/RI{2009)5 DT

821 Aerwsolyin the RUN

o241

The expermmenters conclude thal spheneal of around 01 w 03 pm formed (though their
composition_ was nol established) then these agglomenmed giving rise 1o 3 mivre of compact particles
berwern| mlin sk ot the point of mesvaroment. The composithon of the particles wan found 1o
e dominaed 5. S and L while the Cs and Sn mass contributions remained constant and very uimilar
im mass, U was relatively minor in the first bowr a1 1860 K evolving to be the main contrilaitos in the thisd
ivery approximately. 42 % U, 26 % Sa, 33 % Cs). Neither break down of composition by partiche siee nor
statistscal siec information wis measured.

9212
Further interesting measuroments for purposes here were siv isokinetic. sequential, filered samples locatad
wlﬁmﬁwhmm These were wsed o follow he evolition of e acrosol composition and
thesc analyses the suthor state that particle geometrical-mean
¥ purm{ climmimation of the fiest filker duc w it being carly with respect
iy the main trensient gm:nbc (=g uJ"—n 56 o) while standard deviation uctusted beiween 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

822 Aevesols in the comtuimmnent
w220 | PHERUS EP

The scrosol size distributsoas were fairly lognormal with a0 overage size (AMMD) in FPTD of 24 pm ot
e end of the S-hour bundle-degradation phase growing to 3.3 um before stabilizing ar 3 35 pm; sevosol
il in FFT1 was shightly e gny 3.5 and 40 . Geometric-meéan diameter (do) 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 distritastion was fairky comiant at 8 valoe of amd
20, There wan clear cvadonce thai acnosol composition vared very Iiitle = a function of paricle s
sneepl for the loke seitfing phase of the FPTI soa dring ihis period, the smallest particles were found w0
¢ cesmmmenich. In tems of chemical speciation, X-ray techmiques were used on some deposits and there
sl exist mamy data on the sobubilites of the different cloments in pumerous deposits giving & clue 2 0
the potenial forms of some of the cloments. However, post-test axidstion of mmples cannot be encluded
iinee siorage times were bomg imonths) and the value of speculating on potential speciation on the hasis of
the available mformation s debatsble. Nevertheless, there i clear evidence that some elements reachal
Atgher staies of oxidation m the comatmment when compared ko thesr chemscal form i the coremt
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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 pcssibl:
rates. The assumed relesse Tales and resulting escape fractions are listed in Table C-6.

Containment leakage rates include (1) catastrophic failure, releasing most of the
fission products promptly (in about 1 h for a 1 f* hole at deﬂsn_pmsmm), .

(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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