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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** 005 095 0 0
Halogens 005 03s 025 o1
Allali Metals 0.05 025 0.3s 0.1
Tellurium group 0 0.08 02s 0.005
Barium, Strontium a 0.0z ] o
Noble Metals 0 0.0025 0.0025 0
Ceriam group 0 00005 0.005 o
Lanthanides 0 0.0002 0.005 o
* 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 i1 maintained.
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Gap Release®** Early In-Vessel Ex-Vessel Late In-Vessel

Duration (Hours) 0.5 13 20 10.0
Noble Gases®* 0.05 095 1] 0
Halogens 0.05 035 0.25 0.1

Alkali Metals 0.05 0.25 0.35 01
“Tellurium group 0 0.05 0.25 0.005
Barium, Strontium 0 o 01 0

Noble Metals 1] 0.0025 0.0025 1]

Cerium group [1] 0.0005 0.005 0
Lanthanides 1] 0.0002 0.005 o

* Values shown are [ractions of core inventory.
** See Table 3.8 for a listing of the clements in each group
*** Gap release is 3 percent if long-term fuel cooling 15 maintained.
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Finally, there is @ general exp jon that the physi and ical forms of the revised
mo?lm 1€ defined in NUREG-1465 aze applicable to high bumup and MOX fuels.
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Finally, there is a gencral expectation that the physical and I:Iu.-mkal forms of the revised
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(ERI/MRC 02-202 3 4 &)

Heam s ARG ABH T, PAEHES R BB TS0 1, SFL O EFRBEEE 06N/t AR S L LT
W5,

BMFAZALOEBROBRE LTRENE, &7 = —X0MERMEUE R EMERN~0RHEE
2T, Wd-1FE U4-23 1277 (ERI/NRC 02-202 Table 3. 1EUTable 3.12)., RO H v a0
fliX, NUREG-1466M{HAZ L TW5, &7, #EOKELR—OMI—HitshTnas o, ASFLHNTHE
—DOHEENEBEESN - RGBT 5 EEMFOMEE TH 5. £ T hoERIZ -2l TNUREG-1465
L —HLTWS &L R4S, NIREG-14667h k& < B 5 X H iR ESIhTh i,

L EoiEim o R L LT, ERI/NRC 02-2027CiE, 3|H L7330 L35 0 @i B EHC 6 L T L NUREG-
14650 Y —A X — LAEERATE AL O LEERATTWA,

T35, KEORM ELE T A Regulatory Guided]. 183|233 W T i, NUREG-146530# D ot 814 &k kb
TRAE26W/t ETOMRBEEDBE ETHEATELZLDLED TS,

* ACCIDENT SOURCE TERMS FOR LIGHT-WATER NUCLEAR POWER PLANTS:HIGH BURNUP AND MIXED OXIDE FUELS

[fiR] Edlmeto

FifE

1. 7-164




1.7 IRFARIE B O [ERRE 2 PG 55 72 OFNRE

AR 3 BIF

B )2 BF oo 55, BIR || 77 Gk, ERUIEROMBE G5 #HofE)
HERE S sk BEEOBRMTHEERETHY, H2 || FF  CREFUERENEORE (R s#tomg)
BHE L R L R LA VEENE || B RN, REETORE (ZEMEERL)

KERFEEF 3 /4 5IF

THIEER 3 5P

FRIEER

3.2 Release Fractions”

The core v release fractions, by radionuchide groups. for the gap release and early
n-vessel damage phases for DBA LOCA< are listed in Table 1 for BWRs and Table 2 for PWRs.
These fractions are applied to the equilibrium core inventory described in Regulatary Position 3.1

For non=-LOCA events, the fractions of the core inventory assumed to be in the gap for the
vanow rediouuclides are given in Table 3. The relesse fiactions froms Table 3 we vsed in
conjunetion with the fission product mventory calenlated with the maximum core mdial peaking
factor.
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32 Release Fractions™

The core mventory release fractions, by radioanchde groups, for the gap release and early
in-vessel damage phases for DBA LOCAs are histed in Table 1 for BWRs and Table 2 for PWRs.
These fractions are applied to the equilibrium core i described n Regul Position 3.1

For non-LOCA events, the fractions of the core & 3 d to be in the gap for the
vanous radiozmelides are given w Table 3. The release fractions from Table 3 are nsed in
conjunction with the fission product mventory calculated with the maxmmam core radial peaking
factor.
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3 Accident Source Terms for Light-Water Nuclear Power Plants Using High-Burnup or
MOX Fuel
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Tablo 13. Compariacn of PWH high barmup dursions and relsose iractions [oid entricsl with thoss
recomasended for PATE in NUREG 1485 (po i ildics) sntrieg).
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Table 13. Comparison of PWR high burnup durations and release fractions {bold entries) with those
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THA [ 99 103 04
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Table 3.7 Distribution of iodine species for uncontrolled pH

Fraction of total fdine in containment (%)
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TABLE 1 TABLE X

Physical Conditions Common to All Spray Experiments

Physical Conditions Common to All Spray Experiments
2 E ]
Volume above deck including drywoll | 21 005 £t | 595 m® :‘“;"m "’“"ag:"k g ovwallL | #0000 808 m
Surface area above deck including i TCE ATes. SN a2 2
drywell 6 140 £e? 569 m*® drywell G 140 1t 569 m
Surface area/volume 0.293/ft | 0.958/m Z“rh“ area/volume ' o.aﬂam’ 0.355/111'
ross-section area, main vesse 490 It 45.5 m
G, i | e Crosa-section axea, drywell o5t | a0 me
Volume, middle room 2 089 fe? 59 m? Veolume, middie room 2 089 1t 59 m?
Birtaoh Soeh. waiodle G 1 Sas frh S gl Surface area, middle room 1363 ¢ 127 m
’ % o Veclume, lower room 3 384 1t 96 m?
g::;amc. Iow-rl room g g:; g‘ l:tll mo Surface area, lower room 2 057 1t* 191 m*
ace area, or room
e 1 - Tctal volume of all rooms 26 477 ¢t> | 751 m?
Total volume of all rooms 26 477 l‘t‘ 751 m? Teotal surince area, all rooms 0 560 ft* 888 m*
Total surface area, all rooma D 660 It 888 m Drop fall height to deck 230 1t 10.3 m
Drop fall height to deck 33.8 ft 10.3 m Drop fall height to drywell bottom 60.5 1t 15.4 m
Drop fall height to drywell bettom 50,5 ft 164 m
Surface coating All interior surfaces coated with
Surface coaling All Interior surfaces coated with phenolic paint®
phenclic paint® Thermal Insulation All exterior surfaces covered with
Thermal insulation All exterior surfaces covered with 1-in. Fiberglas insulation®
1-in. Fiberglas insulation®
“Two coats Phenoline 302 over one coat Phenoline 300 primer.
“Two coats Phenoline 302 over one coat Phenoline 300 primer. The Carbaline Co., St. Louls, Missourl.
The Carboline Co., St. Louls, Migsourl, L bk = 0.027 Btu/(h 11°) (*F/It) at 200°F, Type PF-015, Owens-
Corning Fiberglas Corp.

B = 0.027 Btu/(h 1t°) (" F/It) at 200°F, Type PF-015, Owens-
Corning Fiberglas Corp.
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() FHEFOT =2 FARNBELOCL T L, WCORTKEITELT. PaTHD b, (E4) BHFROT=o27 ARBEZ40TCLTD L, W0CORTKERSEILT kPaTH S5,

7 =a 7 ANEAORMNREIL. UTo LB &b,
30°C, 95%RH B : 4. 6kPa/7. 4kPa X 100=62. 2%RH
-1°C, 95%RH W : 0. B1kPa, 7. 4kPax 100=11. 0. %RH

T =a 7 ANEZAOBRER, UTOm@E0 Li2b,
25.6°C C, 95%RHM¥ : 4. OkPa, 7. 4kPa X 100=54. 1%RH
-6.1°C, 95%RHIF : 0. 92kPa,/7. 4kPa X 100=12. 5%RH
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#1: J.H.Wilson and P. C. Arwood, Summary of Pretest Aerosol CodeCalculations for LWR Aerosol #1: J.H.Wilson and P. C. Arwood, Summary of Pretest Aerosol Code Calculations for LWR Aerosol
Containment Experiments (LACE) LA2,0RNLA. L. Wright, J. H Wilson and P. C. Arwood, Containment Experiments (LACE) LA2, ORNLA. L. Wright, J. H. Wilson and P. C. Arwood,
PRETEST AEROSOL CODE COMPARISONS FOR LWR AEROSOL CONTAINMENT TESTS LA1 AND LA2 PRETEST AEROSOL CODE COMPARISONS FOR LWR AEROSOL CONTAINMENT TESTS LAl AND LA2

#2: D. A Powers and J. L. Sprung, NUREG/CR-5901, A Simplified Model of Aerosol Scrubbing #2:D. A Powers and J. L. Sprung, NUREG/CR-5901, A Simplified Model of Aerosol Scrubbing by

by a Water Pool Overlying Core Debris Interacting With Concrete a Water Pool Overlying Core Debris Interacting With Concrete
#3 : STATE-OF-THE-ART REPORT ON NUCLEAR AEROSOLS, NEA/CSNI/R (2009)5 3 : STATE-OF-THE-ART REPORT ON NUCLEAR AEROSOLS, NEA/CSNI/R (2009)5
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so-called "quench® temperature. At temperatures below this quench temperature the kinetics of
gas phase reactions among €O, CO,, H,, and H,0 are too slow 1o maintin chemical
cquilibrium 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 1o temperatures such that the gas
m-pmhuiu(rewvdy'rm at the equilibrium composition for the "quench” iemperature.
Experimental evidence supgest that the “quench® mmmla 1300 to 1000 K. The value of
the quesch temperature was assumed 10 be il over this temp range for
the calculations done here.

{&)mﬂnwn{“nmﬂ:m&mmmmm
has not been i i donc to date, 1t is assumed here that the
bprilhmn(ll\ewlmmhwﬁu‘nl distributed over the range of In(0.05 g/kilogram
H;0) = -3.00 to In{100 g/kilogram H,0) = 4.61.

() Veolume Fraction Suspended Solids. ﬂm-ulmrsmmu!mp:aduiuﬂminmcm
pool will increase with time. Dep 1g on the available facilities for rep
ﬁhmluwfmﬁmwulquﬂehr;e. Modeknlilah&!nrthumdym.bm
limited 1o volume fractions of 0.1. Consequently, the volume fraction of suspended solids is
taken 10 be uniformly distributed over the range of 0 to 0.1.

(8) Density of Suspended Solids. Among the materials that are ex reﬂniwrﬂ-hewlm
suspended solids are Ca(OH), (p = 2.2 glem”) or $10; (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 matcrial density of the suspended solids is
wniforsely distributed over the range of 2 1o 6 g/om’. The upper limit is chosen based on the
assumpiion that suspended U0, will hydrate, thus reducing its effective density. Otherwise, gas
sparging will not keep such a dense material suspended.

mammmm “The surface tension of the water can be increased or decreased

il The magnitude of the change is taken here to be Se(w) where § is the
wwnmotmmm The sign of the change is taken to be minus or plas
depending on whether a random variable ¢ s less than 0.5 or greater than or equal to 0.5,
Thus, the surface tension of the liquid is:

o(w) (1-5) Jfor ¢ < 05
ofw) (145 for« 2 05

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

(10) Mean Acrosol Particle Size. 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
mm&hﬁmﬂhrmﬂchwﬂlhpﬂmﬁi!nmpﬁhml Examination of
acrosols produced during mel ions shows that the primary particles are about
Dlumindhmmr Even with a waler pool present, smaller particles would not be expected.

[#f+-1 NUREG/CR-5901 Hky

so-called “quench” iemperature. Al iemperatures below this quench emperature the kinetics of
gas phase reactions among CO, COy, Hy, and H;O are 1o slow to maintain chemical
cquilibrium on useful time scales, In the sharp lemperature drop created by the water pool, very
hot gases produced by the core debris are suddenly cooled fo lemperatures such that the gas
composition is effectively “frozen” &t the equilibrium eompasition for the "quench” emperatare,

Experimental evidence suggest that the "quench” temperature is 1300 to 1000 K, The valuc of

the quench temperature was assumad to be unif d over this range for
the calculations done here,
(6) Solulg Mass. The mass of solules in waler pools everlying core debris attacking ole

has not been examined carefully in the experiments done to date. 1 is assumed here that the
Jogarithm of the solute mass is uniformly distribuled over the range of In(0.05 g/kilogram
Hy0) = <3.00 (o In{100 g/kilogram Hy0) = 4.61.

M) ¥olume Fraction Suspended Solids. The volume fraction of suspended solids in the watcr
pool will increase with time. Depending on the available facilities for replenishing the water,
this volume fraction could become quite large, Moxdels available for this study are, however,
Jimited to volume fractions of 0.1. Consequenily, the volume fraction of suspended solids is
taken 1o be uniformly distributed over the range of D to 0. 1.

(8 W Among the materials that are expecied to make up the
suspended solids are Ca(OH); (p = 2. Zg!cmj)orsiﬂz {(p=2. Zga‘:m’j from the concrete and
UOy(p = 10 glem™) or 210, (p = 5.9 glem”) from the core debris or any of & variety of
werosol materials. It is assumed here thal the malerial density of the suspended solids is
uniformly distribuled over the range of 2 to 6 glem®. The upper limit is chosen based on the
assumption that suspended U0, will hydrate, thus reducing its effective density. Otherwise, pas
sparging will not keep such a dense material suspended.

) mmummn The surface tension of the waler can be increased or decreased

itude of the change is taken here to be So(w) where S is the
weight fraction of d.smlvd solids. The sign of the change is taken to be minus or plus
depending on whether & random variable e is less than 0.5 or greater than or equal to 0.5,
Thus, the surface tension of the liquid is:

{ﬂ'(\l’l (1-5) fore<05
afw) (145) fore =05

where o{w) is the surface tension of pure water.

(10) Mean_Acrosel Paticle Size, The mass mean particle sire for agrosols produced during
micltfconcrete interactions is known only for situations in which no waler is present. There is
reason (o believe smaller particles will be produced if a water pool is present. Examination of
aerosols produced during ions shows that the primary particles are about
0,1 pm in diameter. Even with a water pool present, smaller particles would not be expected.
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(1) Geomets il T e Distribution. The aerosols produced
Mgmmpmmmmwmw“&mMu
standard deviations for the in cases with no
mmmlswzi An argument can be made that the geometric standard
deviation is positively correlated with the mean size of the aerosol. Proof of this correlation is
dmumlmdummm It can also be argued that smaller

will be produced in situations with water present. It is unlikely

that data will ever be avai to d this jon. The standard deviati
of the size distribution is assumed 1o be uniformly distributed over the range of 1.6 10 3.2, Any
of the g ic standard deviation with the mean size of the aerosol is neglected.

(12) Acrosol Material Density. Early in the course of core debris interactions with concrete,
uo,m-:usm;«mmuﬁuu:mmmm As the
teraction progresses, oxides of fron, manganese and chromium with demsities of about
ssum’mmmmdmmmmlummﬂm,o K;0, ALO, Si0,,
and CaD with densities of 1.3 1o 4 glem® become the dominant acrosol species, Condemation
wmdmﬂhlhwsmyﬂmwm i
Coagg of also the predicti ofmmﬁmnl
materials that make up the aerosol. As a result the material density of the serosol is considered
uncertain. mmmumlammhum is taken o be an
7 ly distributed over the range of 1.5 10 10.0 glem’.

Note that the mean acrosol particle size predicted by the VANESA code [6) is correlated with
the particle material density to the -1/3 power. ﬁllm&ﬂnﬁmﬂdm&m%

particle material density was taken 1o be 100 weak and insufficiently supported by exp
i 10 be in the inty analyses done here.

(13) Initial Bubble Sire. The initial bubble size is calculated from the Davidson-Schula
equation:

" 6m','la
gl =
where ¢ is assumed 10 be uniformly distributed over the range of | 10 1.54, The minimum
bubble size is limited by the Fritz formula 1o be:
D, = 00105 (e, lslo,p N"*

where the contact angle is assumed 10 be uniformly distributed over the range of 20 10 120°,
The maximum bubble size is limited by the Taylor instability model 10 be:

(11) Geometri i hy e Distribution. The aerosols produced
dunn; core debnmme anmxﬂw m amnmd o nw Imnormal size distributions.
rd deviations for the distributions in cases with no

mpmvmmwmlnmu An argument can be made that the geometric sandard
deviation {s positively correlated with the mean siee of the acrosol. Proof of this correlation iy
difficult to marshall because of the sparse data base. Tt can also be argued that smaller
ic standard deviations will be in situations with water present. It is unlikely

that data will ever be available this The standard deviation
of the size distribution is assumed lobeunih'm‘iydim!hlladmﬂmmpofl 61032, Any
lation of the g standard ¢ with the mesn size of the aerosol is neglected.

(12) Acrosol Material Density. Early in the course of core debris inicractions with concrete,
U, with & solid density of around 10 glem® is the predominant aeroscl material.  As the
inieraction progresses, oxides of iron, manganese and chromium with densitics of about
5.5 glem® and condensed products of concrete decompasition such as Nay0, Ky0, AlyOy Si0,,
mmemmnrlawawﬂmemummmum Condensation
and reacuon ef \nler mﬂt the species may ull:r Ihe apparcnl malcrial densitics.
Conggl also the prediction of the densitics of
malerials that mhe up the serosol.  As a result the material density of the zerosol is considered
unuuwn 11|=maw¢amymwmwm:m«mmn;hmwkan
Iy distributed over the range of 1.5 to 10.0 glem?.

L

Note that the mean aerosol particle size predicted by the VANESA code [6] is correlated with

the particle material density to the -1/3 power, This correlation of acrasol particle size with

particle material density was taken to be too weak and insufficiently supporied by experimental
idence 1o be consil in the analyses done here.

(13) Initial Bubble Size. The initial bubble size is ealeulated from the Davidson-Schular

a4 %

where ¢ is assumed to be uniformly distributed over the mage of | o 1.54, The minimum
Lubble size is limited by e Frite foimula tu be.

D, = 00105 ¥lo, fgte,-p I

where the contact angle s assumed 1o be uniformly distributed over the range of 20 10 120°,
The maximum bubble size is limited by the Taylor instability model to be:

S B ORM-CHEERETHY, 13 : AT LA E OE (ROl et ofaE)
T — TP 3 BA7 DLINHORET) HLBER | L0 b bias o mici s R, BB (R IR L)
KERFEER 3 AFIF HFREERT 3 BIF TR B
Consequently, the natural logarithm of the mean particle size s taken here to be uniformly
G ly, the natural logarithm of the mean particle size i taken here to be uniformly diswributed over the range from In (0.25 pm) = -1.39 10 In (2.5 um) = 0.92.
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it —2 STATE-OF-THE-ART REPORT ON NUCLEAR
AEROSOLS NEA/CSNIR(2009)5 o R i USisi DB

9.2.1  Aerosols in the RCS
o204

The expermnenters conclude that sphencal pamicles of sround 0.1 w 03 pm fermed (though thes
comy kislved) then these I | giving sise o a mixture of compact particies
bch\'rc[ 0.1 and 3.0 lé im size af the point of measurement. The composition of the particles was foumnd to
e domunated By C. oo and U while the Cs and So wass contmbutions remamed constant md very sumlar
i mass, 17 s relatively minor in the first bour at 1860 K evolving to be the maan contributor i the thad

(very qquovuw:l) 42 % UL 26 % Su, h Yo Cs). Newther break down of composinon by paricle size nor
£ s

Frather interesting mensuenimts for parposes hene were six lsokinetic, wauential, filered sunples located
about 13 m from e bundle mn‘l« These were wsed 10 follow the evolution of the aerosol composition and
0 examine particle size (S analyses the authors state that particle geometrical-nxean
diameter varied over the eliminanon of the first filter due w0 it being early with respect
o the mmn ansent gves the mange 032056 ) while standard deviation flucnuned betwesn 1.6 and
206 In the images of filter deposirs needle-Tike fomms are seen. Tuming (0 composition, if the fisst filer
sample s chinguated and “below defection limer™ is taken as rero, for the strocuml components. and
volatile fission products we bave i termn of percentages the values given in Table 9 241

9222 Aerasols in the coniainmeni

|| PHERUS FP

The nerosol size distributions were fairly lognormal with an average size (AMMD) in FFT0 of 2.4 jum at
the end of the S-howr hml!#-depnd-ﬂnm phase growing to 3.5 jun before stabilizing ar 335 e aerosol
size in FPT1 was slighily 1 selepiid 4.0 jum. dimueter (die) of particles in
FPTI was saen to be hemeel 0 % and 065 gmla ﬁE\!’ nl:g: of a deposit s shown in Fig 9.2-2 In both
tests the standard devantion of the J wins fairly constant ot a value of around
20, There was clear evidence that agrosol composition vaned very lile as a function of pamicle size
exoept for the lnte settling phase of the FPT] tes: dunng this period, the smallest paticles were foimd to
be cestuinrich. I terms of chengcal speciation. X-rav techmignes were used on sorhe deposits ad there

9.

¥EfF-2  STATE-OF-THE-ART REPORT ON NUCLEAR
AEROSOLS NEA/CSNI/R(2009)5 fffFRUHBOIEE

9.2.1 Aerosals in ihe RCS

The :q-aullmiu- conchude that spbencal pn!ldh of l‘ll’lllﬂ 01 W 0.5 juu formed (though thew

COPOAILIOY ot sstablished) then these d gving mse to A maxture of compact particles
hvﬂlﬂln size at the pount of nweasrwement n.- CotmpRmItion nf the particles was found 1o
be dom % o and U while the Cs and S and very sonular
i puas, l. wan lzl..mml. winos i the firss hour a1 1860 K evolving 1o be e nuain contriuios i the thud
(very am-nsmmld; 4296 17, 26 % S 33 % Os) Neither break down of composition by pamiche size nor
Latist e 4

Fusther mieresting neaawements for purposes here were six nokinetic. sequential. (iliered saples locaied
bt 14 from the bundle outlet. These were inad to follow the evolution of the serocal composition and
o exanune particle size (SEM) Based on these analyses the authors state that particle geometneal-mean
chameter varsed over the rang elimination of the firss filier doe 1 i1 bemy early with vespect
1o the ma tranuent grves the moge 031055 jun) while standard deviation fuctuated between 1.6 and
2.06 In the muages of filker deposits peedle-like fonus are seen. Turng to composition, af the fist filter
sanple i+ elmnared and “below detection Buat™ i tken s rero. for the smachual componenss and
volatile fission products we luve i termm of parcentages the values givens m Table 9.2-1

922 Aerosols in the containment

9221 PHEBUSFP

The sevosol wuze disml were faiely log 1 with an average wze (AMMD) in FPTO of 24 jun at
the end of e Shour bundle-depadation phase growms 1o 3 5 um before stabalirmg o0 3 35 jon sevosol
sare in FPT1 was shghitly larger of between 4 S and 4.0 jui Geometnc-ameas dunneter (dy) of paticles
FPTI was vesn o be berwes ] & SEM mnuge of a depost i shown i Fiz 9.2-2 [ both
tesin the geometnic standard deviaton of :Im Iegunml distnbution was farly comstant ai » value of aroond
20 There was clear evidence that serosol composition vaned very kithe av o function of particle cize
except for the late sefthng phase of the FPTI test dunng the penod. the snnllest paricles were found to
be cesuuirich. In temm of chesscal speciation, N-ray techuiques were wed cn some deponits sisd these
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