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Table 3.13 PWR Releases Into Containment®

Gap Release*** Early In-Vessel Ex-Vessel Late In-Vessel

Duration (Hours) 0.5 13 20 10.0
Noble Gases** 0.05 0.95 0 0
Halogens 0.05 0.35 025 0.1
Alkali Metals 0.05 0.25 035 0.1
Tellurinm group 0 0.05 0.25 0.005
Barium, Strontium 0 0.02 0.1 1]

Noble Metals ] 0.0025 0.0025 1]
Cerium group 0 0.0005 0.005 0
Lanthanides 0 0.0002 0.005 0

* Values shown are fractions of core inventory.
** See Table 3.8 for a listing of the elements in each gmup
**+ Gap release is 3 percent f long-term fuel cooling maintained.
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Gap Release*** Early In-Vessel Ex-Vessel Late In-Vessel
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Alkali Metals 0.05 0.25 0.35 0.1
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Cerium group 0 0.0005 0.005 0
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* Values shown are fractions of core inventory.
=+ See Table 3.8 for a listing of the elements in each group
+++ Gap release is 3 percent if long-term fuel cooling 15 maintained.
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gas phase reactions among CO, CO,, H,, and H;0 are too slow to maintain chemical

equilibrium on uscful time scales. In the sharp temperature drop created by the water pool, very
hot gases produced by the core debris are suddenly cooled to temperatures such that the gas
composition is effectively “frozen® at the equilibrium composition for the "quench® temperature.

Experimental evidence suggest that the "quench® temperature is 1300 to 1000 K. The value of
the quench temperature was assumed to be uniformly distributed over this temperature range for
the calculations done here,

(6) Solute Mass. The mass of solutes in water pools overlying core debris attacking concrete
has not been examined carefully in the experiments done to date. It is assumed here that the
logarithm of the solute mass is uniformly distributed over the range of In(0.05 g/kilogram
H,0) = -3.00 to In(100 g/kilogram H,0) = 4.61.

(7) Volume 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 quite large. Models available for this study are, however,
limited to volume fractions of 0.1, Consequently, the volume fraction of suspended solids is
taken 1o be uniformly distributed over the range of 0 to 0.1,

(8) Density of Suspended Solids. Among the materials that are Jpeﬂu! to make up the
suspended solids are Ca(OH), (p = 2.2 gi’cm’)orSst (p = 2.2 glem?) from the concrete and
UOy(p = 10 glem®) or ZrO, (p = 5.9 glem®) from the core debris or any of a varicty of
acrosol materials, It is assumed here that the material density of the suspended solids is
uniformly distributed over the range of 2 to 6 g/em®. The upper limit is chosen based on the
assumption that suspended UO, will hydrate, thus reducing its effective density. Otherwise, gas
sparging will not keep such a dense material suspended.

(9) Surface Tension of Water. The surface tension of the water can be increased or decreased
by dissolved materials. The magnitude of the change is taken here to be Se(w) where S is the
weight fraction of dissolved solids. The sign of the change is taken to be minus or plus
depending on whether a random variable € is less than 0.5 or greater than or equal to 0.5.
Thus, the surface tension of the liquid is:
{ﬂ(w) (1-5) fore<05
o =

a(w) (148) for e = 05

where o(w) is the surface tension of pure water,

(10) Mean Aerosol Particle Size. The mass mean particle size for aerosols produced during
melt/concrete interactions is known only for situations in which no water is present. There is
reason 1o believe smaller particles will be produced if a water pool is present. Examination of
acrosols produced during melt/concrete interactions shows that the primary particles are about
0.1 um in diameter. Even with a water pool present, smaller particles would not be expected.

gas phase ‘reactions among CO, CO,, H,, and H,0 are oo slow o maintsin chemical
equilibrium on useful time scales. In the sharp temperature drop created by the water pool, very
hot gases produced by the core debris are suddenly cooled to temperatures such that the gas
composition is effectively “frozen" at the equilibrium composition for the "quench” lemperature.
Experimenial evidence suggest that the "gquench” temperature is 1300 to 1000 K. The value of
the quench temperature was assumed to be uniformly distributed over this temperature mnge for
the calculations done here.

(6) Solute Mass. The mass of sclutes in water pools overlying core debris altacking concrete
has not been examined carefully in the experiments done to date. It is assumed here thal the
logarithm of the solute mass is uniformly distributed over the range of In(0.05 g/kilogram
H,0) = -3.00 10 In(100 g/kilogram H,0) = 4.61.

(7) Volume Fracti spended 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 quite large. Models available for this study are, however,
limited to volume fractions of 0,1. Consequently, the velume fraction of suspended solids is
taken to be uniformly distributed over the range of 0 10 0.1.

(8) Density of Suspended Solids. Among the materials that are expected to make up the
suspended solids are Ca(CHJ, (p = 2.2 glem”) or Si0; (p = 2.2 gfem?) from the concrete and
UO,(p = 10 g/em?) or Zr0, (p = 5.9 g/em’) from the core debris or any of a variely of
aerosol materals, It is assumed here that the material density of the suspended solids is
uniformly distributed over the range of 2 to € gfem®. The upper limit is chosen based on the

ption that suspended U0, will hydrale, thus reducing its effectivedensity. Otherwisc, gas
sparging will not keep such a dense material suspended.

{9) Surface Tenslon of Water. The surface tension of the water can be increased or decreased
by dissolved materials. The magnitude of the change is taken here to be Sa(w) where S is the
weight fraction of dissolved solids. The sign of the change is taken to be minus or plus
depending on whether a tandom variable € is less than 0.5 or greater than or equal to 0.5.
Thus, the surface tension of the liquid is:

o(w) (1-5) fore <05 }
; alw) (145 for e > 05

where o(w) is the surface tension of pure water,

(10) Mesn_Agrosol Particle Sizg. The mass mean particle size for acrosols produced during
melt/concrete interactions is known only for situations in which no water is present. There is

reason to believe smaller partictes will be produced if a water pool is present, Examination of
aerosols produced during melt/concrete interactions shows that the primary particles are about
0.1 um in diameter. Even with a water pool present, smaller particles would not be expected.
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= - : Consequently, the natural logarithm of the mean particle size is taken here to be uniformly
Consequently, the natural logarithm of the mean particle size is taken here to be uniformly distributed over the range from In (0.25 gm) = -1.39 to In (2.5 gm) = 0.92.
distributed over the range from In (0.25 ym) = -1.39 to In (2.5 um) = 0,92,

- 5 = (11) Geometri 2yi art g [N 101 lheatrmolspmduued

(11) Geometri . 0. The aerosols produced during core debm—com::eta mle:acuons are assumed fo have lognorrna] size distributions,
dﬁ:::gmc:nr:! :;ahd:lscx?me mhrmmm are m:mo_d wrnhrl:-;lcc lognormal sw:n dﬁmtlrall::ﬂnsv Experimentally determined geometric standard deviations for the distributions in cases with no
3 casey water present vary between |.6and 3.2, An argument can be made that the geometric standard

waler present vary between 1.6and 3.2. An argument can be made that the geomelric standard deviation is positively comrelated with the mean size of the aerosol, Proof of this correlation [s

deviation is positively correlated with the mean size of the acrosol. Proof of this correlation is

dl!'ﬁcull poe 1 hecanss' oF tha data base. It can also be argued that smaller difficult to marshall because of the sparse data base. It can also be argued that smaller

geometric standard deviations will be produced in situations with water present. Tt is unlikely

SINVION i dovarons whl 56 Jetdwies W fecons “’.,‘.,t“‘“ pocest. 1Ll imliiely that data will ever be available to dem: this ion. The geometric standard deviaticn
of the size distribution is assumed to be uniformly distributed over the range of 1.6 10 3.2. Any of the size distribution is assumed to be uniformly distributed over the range of 1.6 t0 3.2. Any
correlation of the geometric standard deviation with the mean size of the acrosol is neglected. correlation of the geometric standard deviation with the mean size of the aerosol is neglected.
(12) Aerosol Material Dersity. Early in the course of core debris interactions with concrete, (12) Aerosol Material Depsity. Early in the murse of core debris interactions with concrete,
UO, with a solid density of around 10 g/em® is the predominant acrosol material. As the UD, with a solid density of around 10 g/em? is the predominant aerosol material. As the
mcrlcuon progresses, ondes of iron, mang and chromium with densities of about interaction progresses, oxides of iron, manganese and chromium with densities of about
5.5 g/em? and condk of ele d sition such as Na,0, K,0, ALO, Si0,, 5.5 glem? and condensad products of conerete decomposition such as Na,0, xzo Al O, Si0,,
and Ca0 with densities of 1.3 1o 4 glem’ become the dominant serosol species.  Condensation and Ca0 with densities of 1.3 to 4 glem® become the dominant acrosol species. Condensation
and reaction of watcr with the species may alter the apparent material densities. and reaction of waler with the species may aller the apparent malerial densities.
Coagglomeration of lized materials also comp the prediction of the densities of Coagglomeration of aerosolized materials also complicates the prediction of the densities of
materials that make up the aerosol. As a result the material density of the lis idered malerials that make up the aerosol, As 2 result the material density of the aerosol is considered
uncertain, The material density used in the calculation of aerosol trapping is taken to be an unceriain. The material density used in the calculation of aerosol trapping is taken to be #n
uncertain parameter uniformly distributed over the range of 1.5 to 10.0 g/em?, uncentain paremeter uniformly distributed over the range of 1.5 to 10.0 giem?,

Note that the mean | particle size predicted by the VANESA code [6] is corrclated with Note that the mean aerosol particle size predicted by the VANESA code [6] is correlated with
the particle material density to the -1/3 W This lation of particle size with the partiele material density to the -1/3 power. This correlation of aerosol particle size with
Wﬁ"" material dﬂ'fz“)" was taken 1o be loo weak and insufficiently supporied by experimental particle material density was taken to be too weak and insufficiently supported by experimental

< to be in the y analyses donc here. evidence to he considered in the uncertainty analyses done here.
(13) Initial Bubble Size. The initial bubble size is calculated from the Davidson-Schular (13) Tnitial Bubble Size. The initial bubble size is calculated from the Davidson-Schular
equation: equation:
n y 04
D =.{£] =X om _ [6)P ¥
* R £ Bt = g = }H cm

where € is assumed to be uniformly distributed over the range of 1 to 1.54. The minimum

bubble size is limited by the Fritz formala 1o be: where € is assumed to be uniformly distribuled over the range of 1 to 1.54. The minimum

bubble size is limited by the Fritz formula to be:

D, = 00105 ¥ -p N
A [o, [glpp ) D, = 0.0105 P[a, [g(p-p "

where the contact angle is assumed 1o bz uniformly distributed over the range of 20 to 120°,
The maximum bubble size is limiled by the Taylor instability model to be: where the contact zngle is assumed to be uniformly distributed over the range of 20 to 120°.
The maximum bubble size s limited by the Taylor instability model to be:
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#%# 1-2 “State-of-the-art Report on Nuclear Aerosols” ,NEA/CSNI/R(2009)5 il UfeE:
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“State-of-the-art Repot on Nuclear Aerosols” ,NEA/CSNI/R (2009) 5 @iffel: USREE

OEEE

922.1 Aerosols in the RCS

The experimenters conclude that spherical particles of around 0.1 to 0.3 pum formed (though their
composition was not established) then these agglomerated giving rise 1o a mixmre of compact particles
bcmcc in size at the point of measurement. Thc composlrlorl of the particles was found to
be dom.lrl:ucd by Cs Sn and U: while the Cs and Sn mass contributions r ¢ and very similar
in mass, U was relatively minor in the first hour at 1860 K evolving to be the main contributor in the third
(very approximately: 42 % U, 26 % Sn, 33 % Cs). Neither break down of composition by particle size nor
statistical size information was measured.

9212

Further interesting measurements for purposes here were six isokinetic, sequential, filtered samples located
about 13 m from the bundle outlet. These were used 1o follow the evolunon of the acrosol composition and
1o examine particle size (SEM). Based on these analyses the authors state that particle geometrical-mean
diameter varied over the rangelimiuaticn of the first filter due to it being early with respect
to the main transient gives the range 0.32-0,56 pm) while standard deviation fluctuated between 1.6 and
2.06. In the images of filier deposits needle-like forms are seen. Turning to composition, if the first filter
sample is eliminated and “below detection limit™ is taken as zero, for the structural components and
volatile fission products we have in terms of percentages the values given in Table 9.2-1,

9.2.2  Aerosols in the containment

9.2.2.1 | PHERUS I'P

The aerosol size distributions were fairly lognormal with an average size (AMMD) in FPTO of 2.4 pum at
the end of the 5-hour bundle-degradation phasc growing to 3.5 um before stabilizing at 3.35 um; acrosol
size in FPT1 was slightly larg between 3.5 and 4.0 pm. Geometric-mean diameter (dsq) of particles in
FPT1 was seen to be bclwcc a SEM image of a deposit is shown in Fig. 9.2-2. In both
tests the geometric standard deviation of the lognormal distribution was fairly constant at a value of around
2.0. There was clear evidence that aerosol composition varied very little as a function of particle size
except for the late settling phase of the FPTI test: during this period, the smallest particles were found to
be cestum-rich. In terms of chemical speciation, X-ray tecl were used on some deposits and there
also exist many data on the solubilitics of the different ¢l in d its giving a clue as to
the potential forms of some of the clements. However, post-test oxidation of samples cannot be excluded
since storage times were long (months) and the value of speculating on potential speciation on the basis of
the available information is debatable. Nevertheless, there is clear evidence that some elements reached
higher states of oxidation in the e when ¢ d to their chemical form mn the circuit.

921 Aerosols in the RCS

92151 | AECE

The experimenters conclude that spherical particles of around 0.1 o 03 pm formed (though their
composition was not established) then these agglomerated giving rise to a mixture of compaet particlos
between 0,1 and 3.0 i in size at the point of measurement. The compesition of the particles was found 1o
be dominated by Cs, Sp and U: while the Cs and Sn mass contnbutions remained constant and very similar
in mass, U was IeIaLi\'ely miner in the first hour at 1860 K evolving to be the main contributor in the third
(very approsimatelv: 42 % U, 26 % Sn. 33 % Cs), Neither break down of compesition by particle size nor
statistical size information was measured,

9212

Further interesting measurements for purposes here were sia isohinetic, sequential, flered samples located
about 13 m from the bundle outlet. These were used to follow the evolunon of the aerosol composition and
to examne particle size (SEM), Based on these analyses the authers slate that particle geometnical-mean
diameter varied over the mnsl’ciiminmion of the first filter duc to it being carly with respect
1o the main transient pives the range 032-0.536 um) while standard deviation fluctuated between 1.6 and
2.06. In the images of filier deposits needle-like forms arc seon. Turning 1o composition, if the first filicr
sample is elimmated and “below detection himit™ 15 taken os zero, for the structural components and
volatile fission products we have in terms of percentages the values given i Table 9.2-1,

922  Aerosols in the containment

9.2.2.1 | PHEBUS FP

The aerosol size distributions were fairly lognormal with an average size (AMMDY) in FPTO of 2.4 pum at
the end of the 3-hour bundle-degradation phase growing © 3.5 pm before smbilizing ar 3.35 pm; acrosol
size n FPT1 was shightly larser at between 3.5 and 4.0 um, Geometric-mean diameter {dsi) of partizles m
FPT! was seen to be between| 0.5 and 0.65 @1 a SEM image of a deposit is shown in Fig. 9.2-2. In both
tests the geometrie standard deviation of the lognormal disribution was fairly constant at a value of around
2.0 There was clear evidence that aerosol composition varied very lintle as a function of particle size
except for the late settling phase of the FPTI test: during this pericd, the smallest particles were found to
be cesium-nich. In tenms of chemical speciation, X-ray techniques were used on some deposits and there
also exist many data on the solubilities of the different elements in numerous deposits giving 4 clus as to
the potential forms of some of the elements, However, post-test oxidation of samples cannot be excluded
sinee storage times were long (months) and the value of speculating on potential speciation on the basis of
the available information is dehamable. Nevertheless, there is clear evidence that some elements reached
higher states of oxidation i the containment when compared to their chemical form in the circuit,
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