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so-called “quench® lemperature. Al lemperaiures below (his quench lemperature the kinetics ol

it NUREG/CR-Ta01 iR

so-called "gquench® lemperature. Al lemperatures below this quench temperature the kinetics of
gas phase reactions amoag CO, €Oy, Hy, and Hy0 are oo slow o maintain chemical
equilibrium on useful time scales. In the sharp iemperature drop creabed by the water pool, very

B% 1-1 NREG/CR-5001 DIRR |

so-called “quench” temperature. At below this quench iemperatuse the kinetics of
wmmmmm, l!.,,wll,onemuwmnhubdmhl

pumuqcom,.u}un,onumnnlmm s " In e ke the waier pocl, very
n the sharp by the warler poal, very m, cooled uch that the sharp , very

ummuumm,m&eﬂ,wquuum i s v e b dptteriosi fapered i i bl g mmwmwlurmam-hmmwmn:nmmmlmuu:s
“f temperature. wmmwmu “quench” temperature is 1300 1o 1000 K. The value of "guench” isinpecak

Experimental evidence sugpest that the “quench® wk 1300 1o 1000 K. The value ol
the quench lemperature was avsimed b0 be uniformly distributed over ihis temperture mage for
the ealcutations done here.

(6) Sobue Mass. The mass of sahsies in water pools overlying core debris antacking concrese
‘has not been examined I ibe experiments done to date. I is assumed here thal the
logarithn of the solute mass s uniformly disiributed over the range of Ini0.05 p/lkilogram
Hy0) = 3,00 to In(100 g/kdlogram H,0) = 4.61.

7 Yolume Fraction Suspended Solidy. The volume fraction of suspended solids in the water
jpeal will increase with time. Depending on the avallable facilities for replenishing the water,
this volume fracthon could become guite buge. Models svailable for this study are, hewever,
limited 1 volume fractions of 0.1. y, the valume fraction of suspended wolids is
umnnnﬂhnﬂydmwmhmndowﬁl

Demity of Suspended Solids. Among the materials that are to make up the
suspended solids are CafOH); (p = 2.2 lem”) or Si0y (p = 2.2 fram the concreie and
UO(p = 10 plem?) or ZrO, (p = 5.9 ﬂw!:mlﬂwnwurﬂflwlsyﬁ
serosol materials, It {5 assumed here that the material demsity of the wspendsd solids
uniformly distributed over the range of 2 to 6 glom’, mwmnmmumn

that suspended U0, cing its effective desity. Otherwise, gas
mmmwmammw

) Surfsce Tension of Waier, The surface iension of the water can be increased or decreased
by dimolved materials. The magnitude of the change is taken here 1o be So{w) where § is the
weight faction of dissolved solidi. The sign of the change ix mken 1o be minus or plo
depending on whether & random variable © i3 less than 0.5 or grester than or equal 10 0.5,
Thas, the surface temion of the liquid is:

o(w) (1-5) fore<0S
ofw) (1+5) for ¢ 2 05

where () is the surface tension of pure water,

(10) Mean Acrosol Pacticle Strg. The mas mean partic

inleractions is known only for situstions in which no waler is present. These s
reason 1t belicve smaller panticles will be produced if a water pool s present. Examination of
erosals produced during melt'concrete imeractions shows that the primary particles are about
0.1 pum s diamwotar. Ewm wiith o waber ol pensent_ smaller parsicles wnsld not be specied

the quench temperatere was assumed 1o be wniformly distribuled over this temperature mange for
the calculations done here.

(6) Soluie Mass. The mass of solutes in water pools overlying core debris acking concrese
has not been examined carefully in the experiments done 10 date. It is assumed here that the
logasithm of the solute mass is wniformly distributed over the range of In(0.05 g/kilogram
H,0) = -3,00 1o In(100 gkilogram H,0) = 4.61.

™ Yolume Fraction Suspended Solids. The volume fraction of suspended solids in the water
pool will increase with time. Depending on the available facilities for replenishing the water,
this volume fraction could become quiic large. Models available for this sudy are, however,
limited to volume fractions of 0.1, Conssquently, the volume fraction of suspended solids is
taken 1o be uniformly distributed over the range of 010 0.1,

Among the materials that are ex o make up the
suspended sollds mc,-z:wﬂ:uﬁo,t,-ug ) from the concrete and
UOy(p = 10 glear’) or Zr0y (p = 5.9 glom) from the core debris or any of & variety of
serosol materials, 1t is assumed here that the malerial density of the suspended solids is

uniformily distributed over the range of 2 1o 6 glem®. The epper limit is chosen based on the
asssmption that suspended U0, will hydrate, ihus rodacing its effective density, Otherwise, gas
sparging will not keep such a dense material suspended.

(-] w The surface tension of the waler can be increased or decreased
by dissolved materials. The magnitude of the change is taken here 10 be Se{w) where S |5 the

Thus, the surface tension of the Fquid is:

o -

alw) (1-5) .ﬂ'l‘ul
alw) (145 for ¢ 2 05

where ofw) is the surface ieasion of pure waier,

(1] The mass mean particle size for serosols produced during
melticoncrete intersctions ks known only for situations in which no water is presenl. There is
reason 1o believe smaller particles will be produced if a water pool is present.  Examination of
aerosols produced during melt/concrele ineractions shows that the primary particles are about
0.1 wm in diameter. Even with @ waler pool preseat, smaller pasticles would not be expecied,

Experimontal evidence suggest that the Ipeneh temperature is 1300 1o 1000 K. The value of
1he quench temperature was assumed 1o be uniformly distributed over this iemperatere range for
the calculations doae here.

(6) Solute Mass. The mass of solutes in water pools overlying core debris attacking concrete
has pot heen examined carefully in the experiments dore 1o date. 11 is assumed here that the
logarithm of the solute mass is uniformly disiribwicd over ithe range of In(0.05 p/kilogram
Hy0) = -3.00 1o 1n{100 g/iilogram H,0) = 4.61.

(M Volume Fraction Suspended Solids. The volume fraction of suspended solids in the water
pod ‘will increase with time. Depending on the available facilities for replenishing the waler,
this volume fraction could become quite large. Mmmimrumum,mm
limited 10 valsme fractions of 0.1. Consequently, the volume fraction of suspended solids iy
muhuﬁl‘mnhﬁulwm\M:mpnmnD.l.

%) Density of Suspended Sofids. Among the maierials that are Fﬂmmmﬂmwlﬁc
wummmuu},g,-n;.rm’:nrsio,:,-nymnmu:mm
UDy(p = 10 glear®) o Ze0; (p = 5.9 glem”) from the core debris or any of a variety of
serosol materials. Tt is assumed here that the maierial density of the swspended solids is
uniformly distributed over the range of 2 10 6 glem’. The upper limit is chosen bascd on the
mnﬂmumuﬂ;ﬂﬂhﬂmmﬂwn'hm“m Otherwise, gas
sparging will not keep such a dense malerial suspended

The surface iension of the water can be increased or decreased

i magnilisde of the change Is taken bere 1o be Seiw) where § is the

weight fraction of dissolved solids. The sign of fhe change is taken 1o be minus or plus

depending on whether 3 random variable ¢ is less than 0.5 or greater than or equal 1o 0.5,
Thus, the surface tension of the liquid is:

o) (1-) for ¢ <05

o=
! aiw) (1+5) for ¢ = 05

where e(w) is the surface wension of pure waner,

(10) Mean Acrosol Particle Size. The mass mean particle size for asrosols produced during
melt/concrete interactions is known oaly for situations in which o water is present. There is
reason 1o believe smaller panticles will be produced if a water pool is present.  Examination of
‘acrosols prodeced during meli/concrete interactions shows that the primary particies are about
0.1 gm in diameter. Even with a water pool presend, smaller particles would not be expected.

anlnikmwn(hmmmhuuhehhum
distribied over the rnge from In (0.25 um) = -1.39 w0 In (2.5 um) = 0.92.

Consequently, the natural logarithm of the mean particle size s taken here 1o be uniformly
distributed over the range from In (0.25 um) = -1.39 1o In (1.5 gm) = 0.92.

(] MWMM. “The aerosols produced

(1) Geomett Swedard Deviation of the Particke Size Distribution. The aerosols produced

Cansequently, the natumal logarithm of the mean particle sae is taken here 1o be wiformly
distributed over the range from In (0.25 gm) = -1.39 1o In (2.5 ym) = 0.92.

MMMHMHMWMM during core debris-concrete imleractions are assumed 1o have lognormal size distributions. an
Experimentally determined geometric sandard deviations for the distributions in cases with no Eaperimentally delermined peomeiric standard deviations for the distributions in cases with na memm ; ey e :mk“‘wm
waler present vary between 1.6 and 1.1, An argument can be made that the geometric standard waer present vary between |.6and 3.2. An argument can be made that the geometric stundard "“E,;"".m RSN Wikt e aicobd o hiie Kpomd hu“"“’“‘m -
mhhi-wmmmm_udmm Proof of this correlatkon iy deviation is positively comreluied with the mean size of the seroscl, Proof of ikis correlation is Mwmw““":? ik o be made that the vl

w0 marshall because of the sparse data base. It can abwo be argued that smaller
m“mmhmhmﬂmm Ilh-nllﬂ;

The peometric
i1 asumed wdi-‘h!l Any
md’hw‘mm-ﬂnmhdhw neghected.

(12) Acsool Maserial Density. Early i the courte of core debris interactions

U0, with a solid density of around 10 glem” is the predominant

hnnumwmam-wwmwmam

5.5 giem? and d prods such a3 Nay0, K0, ALD, 5i0;,
Condensstion

conlention. The deviation
of the size distribution ks assumed io be uniformly distributed over the range of 1610 3.2, Any
cormelation of the peometric standard deviation with the mean sire of the acrosol is neglected,

(12) Acrosol Maserial Density. Early in the course of core debris interactions with concrete,
Ubgvhlmrl-ﬁuot-o—dluwn’ua-mwwmﬂ As the
bnieraction progresses, oxides of iron, mangasese and chromium with densities of abowt

5.5 glem? and of such a3 Nu,0, K;0, ALD, Si0;,
species. Condensation

waler present [prometric standa
deviation is positively cormelated with the mean size of the serosnl,  Proof of this eoeslation fy
difficull to marshall because of the sparse dats base, B can alo be mrgued that smaller
m&wmm-ﬂhmemmmm llhlmik:'l]
that dam will ever
dlhduMithbthth“d]jhn Amy
corvelation of the geomeiris standard deviation with the mean size of the acrosol is neglocted,

1) Aemsol Material Density. Early in the coune of core debris interactions with conerete,
mm-mwyam:nyﬁammwm. As the
mmauudw.n-wumﬂnmuuam

ﬂwmmﬂtlulwmwmﬂ ummnuﬂmd[]nlyﬂ’mmmw 4.5 glem® and a8 N3,0, K0, ALO, §i0,
- and reaction of wlhud;w e = and reaction a!dﬁn -;uw:qw:: e pi udm-hhdmmdlﬂnlw?mnmm Condenzation

prediction denslties seernsol materials alwo complicates prediction denyities Hﬂﬂnlmuﬁhmm,ﬂhh —nulhdna
Faerils that make up the aerosol, Asa resak the material density of the serosol is considered materials that make up the aevosol. As & resalt the material density of the serosol is coasidered = of materials also munmuu

wncertin. The material density used in the calculation of sevossl trappéng is taken 1o be an
uncertuln parmeter uniformly distributed over (he nge of 1.5 1o 10,0 plem’.

Noe that (he mean serosol particle sire predicted by the VANESA code [6] is correlnied with
the pasicle muserisl density 1o the <173 power. This conmelation of serosol particle size with
mwﬁlm\mwuuwmnmmnm“
‘evidence 10 be considered n the uncerinty analyies done

013 lsitial Bubble Size. The infiial bubble size it calewlsted from the Davidsoo-Schwular
‘equatien;

a-{ &

where ¢ b5 assumed 1o be aniformly distributed over the range of | 10 1.54. The minimum
bubble iz is limied by the Frite formula 1o be:

D, = 00105 1o, feln-p "

where (he contact anghe b ssumed 1o be uniformly distributed over the range of 20 10 1207,
The maximam bubble size it limited by the Taylor insubility model 1 be:

uncertain. The material density wsed in the calculation of acrosol trapping is wken 1o be an
unceruin parameter uniformly distribuled over the masge of 1.5 1o 10.0 glem?,
mmwmmmmmwmnmammumum
ke particle material density 1o the <1/3 power. This correlathon of serosol particle sire with
particle matesial density was takes 10 be 100 weak and insufficiently sepported by experimental
evidence 10 be considered in the uncertainty analyses done here.

(13) Initia) Bebble Sige. The inial bubble size iy calculated from the Davidson-Schular
equation:

ne{ff o

where € s axsumed 10 be over the range of 1 10 154, The minimam

uniformly distributed
bubdibe size is limbied by the Fritz formala to be:
D, = 00105 ¥le, ir(p,-p 1"

where the contact angle is assamed 10 be uniformly distribeted over the raage of 20 w0 120°,
The maximuam bubble size is fimited by the Tuylor instability model 1o be:

malerials thal make wp the acrosol. As a result the material density of the aerosol is conshdered
uncertain. The material density used in the caloulation of aerosal trmpping is taken 0 be an
uncertain parmeser wniformly distributed over the range of 1.5 1o 10,0 giemr’.

Mote thas the mean serosol uummumvammmnmnn
the pariicle material density 1o the -1/3 powes, This correlation of serosol particle dze with
particle material density was taken 1o be 0o weak supparied by
evidence 1o be comsldered in the uncertainty analyses done here.

(13) Initial Bubble Sire. The iniial bebble sire iy caleulated from the Davidsoo-Schular
equation:

nefff

where € is assumed to be uniformly distributed over the mnge of 1 10 1.54. The minimom
bubbde sive ix limited by the Fritz formula to be:

B, - 0.0105 ¥ie, iptp,-p "

where (he costsct angle is assumed 1 be uniformly distribaied over the range of 20 1o 1207,
The maximusm bubbde size is limiied by the Taylor instability moded 1o be:
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Avrosols in the RCS

The experimentens conchude thar spherical panscles of mousd 0.0 w0 03 pm fomed (Dough taety

Eving rise 10 & mive of conpact pariches

.1 s 3.0 by sz 0 the poat of messuremen. The couposition of the particles was found 1o

. s and U while the s and Sa mas commbartions rensined constant and very simular

i e, U wns velatively mimor m the first hoer st 1860 K evalving 1o he the nuin comtributor in the thind

fvery appromtely- 43 % 11 36 % Sn. 33 % Cs), Neither break dawn of composition by paricls size nor
stahwhcal e mhormaton was messwed

8212

Furtier iberesting imeasusinsits for parposes beis were i tsokinetic, sequentinl. Shiered wngles locarsd
absout 13 my from ibe busdle cutlel. These were used 1o follory the evalusion of thie seross] commposstion aul
W Ecamine partiche sire r_m: amalyses the auehoes st that pamcle peocnetrical-rean
dimseter versed over the range 0.29.0.56 pay felsnsnation ofthe fira filter due 1o it being sely with respect
P ——— 6 yum) while standaed devianion fiscmaned berween 1.6 and
206 hhmmuﬁlmdmhmmmhmm s Tmmlnuumm;{&[lmﬁjn
sanple 1 elunmated and “below detection buwit™ 15 takes ns zevo, for the suctural

volatile fission products we have in tenis of perosuinges the vahies groen in Table % 2-1

9.2.2 Aerosols in the containment

0221 paEsusFP ]

The nerosal size disnbutions were faarly lognomnal with an average size (AMMDN in FPTO of 2.4 jnn =
it wiad ol thie Sl bamsclle-degradation plase growsag 10 3.9 i before sabiliziog ot 3,35 (e serosal
wize in FPT1 was alighy 40 pm G cianeser (dw} af parmcles in
FPTI was soem b be berw S M mugm af 0 deposit is shovm in Fig 9.2-2 In both
St the pecmetnic stundard dhistribatin was furky constamt ot 2 vahse of aronnd
20, Thete was clasm evidence thit sevosol composition varied very hinle a a fikuction of partiche size
excepl for ihe law setthing phase of the FPT test: duriug this peniod. the suallest particles were found to
be cestamrrich. In terms of chenweal wpeciation. X-ray fecinicques were used on some deposits and there
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8201 Aerosols in the RCS
2.t

meqmm..mmm- spherical particles of aroand 0.1 10 0.3 um formed (thoigh their
laslml thsezs dheae agpbonimisted mivug dee v o misies of cougeut parsdes
e i the poant of mensmrement. The cougsosition of the partches was ol 10
e e 3 i and L whille tlse Cs and So mass contmbutions remained constant and very vimilar
s, U wan hlhll\r]y ansod im the st bowr at 1860 K evolviag v be the usin coutrilatos s the dand
(very approvimately: 42 % 11 26 % Sn. 33 % Cx) Neither break down of compostion by paticle sire nos
tatistical wre imfonmation Wi mesured

0212 Cearse

Further imteresting mersmements for parposes here were six mlmn. 'ﬂNﬂl'\II ﬁlu-mi saniiples losamad
about |4 m from the bundle outlet. [heve were used to fallow i and
0 exnmine partiche size (SEM malyses the muthers state that ]Iﬂl'l-"h weonwncal-iman
dammeter vaned oves the Fan 45 jmm] elimination of the fira filter due to it being earhy with respect
1o thie b tracienl Eves de 26 pum) wliile standaed devsation fuciusted between 16 and
206, I the wages of filler deposits needle-like formm are seen. Turmie o composstion. if the first e
sample is eliminated and “bedow detection limar™ 15 mken s 2ero, for the stucnasl componet and
walatile fission produces we have in svms of percentages the values ziven in Table 9.2-1

9.2.2  Aerosols in the containment

Thie asrosol size distributions were fnisly lognormal with as avernge siee (ANMEDN is FPTO of 24 jos at
thie ensd of the Shots bundle-degradation phase growing o 35 jim belore stabilrmg at 3 35 iy serosol

4.0 jum. Geomernic-mean dinnseter (ds) of particles in
SEM umgz of & deposit is shown in Fig 9.2-1. In both

e lognond destmbution was firly conssnt ar a value of mownd
osol composttion vaned very little m o fusctisn of particle sire
e seltlimng phase of the FPTI test. duing the period. the amllet particles were found w
e cosmmtich I teme of chensical sesintion. X-tav teclusiones were nsed on souiw devosits and tiere

aize in FPT1 was slightly
FET1 was scen o be benw
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Th:nmmncudmmw'wmmormulmlljmwlwuu

was not

blished) then these d giving rise o o mixure of compect panicles
between[. 1 and 3.0 ymlin siec at the point of measusement. The composition of the particles was found 1o

be dominated by Cs, Sa and 1 while the Cs and Sn mass comributions remained constant and very similar
im mmxes, U was relasively minor in the first hous at 1560 K evolving to be the main contribuior in the thind
(very approximately: 42 % LI, 26 % Sa, 33 % Cs). Neither break down of composation by particle size nor
stabistecal sise information was measired

@212 | PRESFD

Further interesting measisrements for purposes here were sin isokinetic, sequential, filiered samples located
about IJmlmmlhcbmdlcmucl M-mwdhm‘huuhnmnlmeunmlmqmnmud

analyses the authors staie that particle peometrical-mean
pem climanation of the firs filler due 10 o being eardy wath respect

i the main transien! gives. |k mange 0 !‘-rH-ﬁ jm) while standard deviation Muctisated between | 6 and
206 In the images of filier deposits necdle-hike foems are scen. Turmang o composition, if the first filker
sample s climinated and “below detection limit” is taken 2 2ero, for the structural components and
volatile fesston products we have in terms of percentages the values given in Table 9.2-1

022 Aerosols in the contuinarent

0221 [HEBUSEP ]

e scrosol sise distributions were (sitly lognormal with an sverage size (AMMD) in FPTO of 2.4 jum at
he end of the 5-hour huml@-depdlmphusﬂn:mlo 3.5 pm before stabilizng ot 3.33 ym; acrosol

dae in FPTI was slightly lar
FPT1 was seen b0 be bets

st the peometnic standard deviation o

betwoen 3.9 and 4.0 um. Geometric-mean diamter (dy) of particles in
a SEM image of a depesit is shown in Fig. 9.2-2. In both
distribution was Eairty constant 21 & value of around

0. There was clear evidence that serosnl compasition vaned very little as a fimetion of paricle siee

sxcept for the lote settling phase of the FPT1 test: during this period, the smallest particles were found 1o

3 cesmmench. In termm of chemical speciation, X-ray techniques were wsed on some deposits and there

s exist many data on the sclubilities of the different clements in numerous deposits giving & clee as 0

he potential forms of some of the clements. However, post-iest oxidation of samples cannot be excluded

iince sorage times were long (months) and the value of speculating on potential speciation on the bases ol
Nevertheles, there

he avatlable nformation is debatable.

is clear evidence that some elements reached

wgher states of oxidation in the contnirment when compared 1o their chemical form in the circail
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Release Rates

“The release ratcs 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 leakege rates include (1) catastrophic failure, m]_:adns most of the
fission products promeptly (in about 1 b for a 1 ft’ hole at design pressure),

(2) 100%/day, which is a traditional assumption for a failure 1o isolate confainment,
and (3) design leakage.

(8% : FuiRkE)
B

B0 BITSToMBRC R LTREA TS L E, MHEEEELTVS, HE
LEmtEL, tORRERLNEHREEER C6IINT,

ERBoMHEcRr (1) EREE - HaREdhokBoraic (BFEDT
1 mEI oS EF I WED B, (2) 100%E : RSEHE =0 v A i
k. Bf (3) RHRESLS,

HEFEORE (RTM-06)

Release Rates

The relesse rates were chosen 1o provide estimates for the total range of Mlc
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 promptly (in about 1 b fora 1 1 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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BIIRITATOMBERENLTHGETEILIE, RERENFLTVS, €
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