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ECCS

50% ECCS
5%
50%
6 ECCS
0.5% ECCS
HLR-021 9 6
3.1
€))
t
Qeces(t) qc exp{ (Ar 1)}
Qeces(t) T (Bg)
0 (B 50%
Ar (1/s)
t (s)
@)
t

Qe(®) Fo Fi g exp{ (Ar T} Adeccs Adisets
[exp{ Ar (t T} exp{ (Ar Auers) (t To)}]
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Qre(t) t (Bw)

Oc (Bg) 50%
Ax (1/s)
t (s)
Fp 5%
Fi 50%
Ts (s) O
AdLeces (1/s) 6.2>10 ¥
AdLsers (1/s) 0.5 /d 5.8x10 °©
To
Q(To) ; (A fers) Agrs e(Ddt
Q(To) (Ba)
To (s)
Tsers 99%
QM) jro=ee  Fo Fi g exp{ (Ar T} (1 TFsors)
Aveccs Ausers AR (ArtALsers) }
1-131
5.8><10"Bq
2.5><10"Bq 0.43%
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1-131

1-131 7.4><10" Bq *

2
1 f ImCi/s 3.7><107Bg/s 97%
M 20 19Ci 2
f 100mCi/s(3.7><10%qg/s) ° f 100mCi/s 97%
1900Ci  7.0><10%Bq I-

131 2000Ci 7.4><10%Bq
2 BWR ABWR f
3 HLR-021

57 (3!5;



5.1

5.2

JASS 5N

-5 +15

-5mm
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5 4
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0.58mSv
2013
40 50
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5.3

22mSv

18%

0.58mSv
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6 7
[cm]
2.15g/cm’ 1.7g/cm® 2.15g/cm’
10 4.8><10" 6.0><10" 6.4><10"
20 1.7>=<10" 2.6><10* 3.3x<10*
30 5.7>107 1.1><107" 1.5><10"
40 1.9><102 4.7>=<107? 6.7>107
50 6.5>107 2.0>107 2.8>107
60 2.3%<107 8.5>107 1.1><102
70 8.4>10" 3.7><103 4.4%<107
80 3.2>10* 1.6><103 1.7><1073
90 1.3%<10* 7.5%<10* 6.3><10™*
100 5.4><107° 3.5x<10* 2.4><10"
7
Len] 2.15g/cm?
10 5.1><10"
20 1.7><107"
30 5.5>107
40 2.0>107
50 7.8%<107
60 3.2x103
70 1.4><103
80 6.2><10"
90 2.8%<10™*
100 1.3%<10*
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6 7
1
-5mm -10mm -15mm -25mm
1 2 3 5
9.5x10" 9.0x10" 8.5x10" 7.6>=<10"
9.6><10" 9.2x<10" 8.8x<10" 8.1x<10"
9.5%<10*" 9.1x<10" 8.6><10" 7.8>%<10*"
-5mm
6 7
2
-5mm -10mm -15mm -25mm
1 2 3 5
9.5%<10*" 8.9><10" 8.5%<10" 7.6><10"
-5mm
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18%
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14 1

Parsmeter Standard Range
Yalue
Geometric | injection nozzle dismeter (cm) 15 1~15
property scrubbing depth (meters) 2.7 0~3.8
pool water temperature ("C) 80 20~110
Hydraulic | carrier gas temperature {"C) 150 20~300
property stean fraction (vol, %) 50 0~80
carrier gas flow rate (L/@in) 500 300~2000
Aerosol particle diameter (pm) | 0.21~1.1 0.1~1.9
property material LATEX LATEX,CsI
CARRIER GAS OUTLET
CARRIER GAS ~~
INLET .
WINDOW
-+
s
-]
E
1
fu §
INJECTION NOZZLE— |
.

HEATER FOR BOILING
14 3
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15.

15.1
15.2
NUPEC 9 NUREG-1465
CSE A6
dp(t)
dt ap(t)
P t [g/n?]
Ad [1/s]
th ©
1 P(ﬁ))
Ag = — -lo
¢ t1 — & . (P(to)
NUPEC Nuclear Technology ““Removal of lodine and Particles by
Sprays in the Containment Systems Experiment”” CSE A6 CSE
A6 0 10°pag/m?

30 1.995><10*ag/m?
9.0><10"[1/5]

SRP6.5.2 1/200
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FIGURE 3. Concentration of Elemental Jodine in the Main Room,
Fun A&
15 1

Containment Atmospheres by Sprays Containment Systems Experiment

Nuclear Technology
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BNWL-1244, <<“Removal of lodine and Particles from

Interim Report””
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CSE

CSE LOCA
MAAP
1
NUPEC
6 7 MAAP
1 CSE 6 7
CSE Run No.
6 7
A-6 % 2 A-5 3 A-11 3
0.20 0.22 0.24 0.3 %
MPaG
120 120 120 207 °
4

1 R.K_Hilliard et.al ““Removal of iodine and particles by sprays in the
containment systems experiment®” ,Nucl. Technol. Vol 10 p449-519,1971

2 R.K_Hilliard et.al ““Removal of iodine and particles from containment
atmospheres by sprays”” ,BNWL-1244

3 R.K_Hilliard and L.F.Coleman ““Natural transport effects on fission
product behavior in the containment systems experiment”” ,BNWL-1457

4 1

5 LOCA
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16.

DF
Standard Review Plan 6.5.5 DF10 Standard Review
Plan 6.5.5 Mark Mark
DF10 Mark DF5
6 ABWR
Mark
Standard Review Plan 6.5.5
DF10
DF
DF MAAP

Standard Review Plan 6.5.5

-

DAanl Narantami
I UV AL i

a {

< \
the ratio of the amount of a contaminant entering the pool to the amount leaving.
Decontamination factors for each fission product form as functions of time can be
calculated by the SPARC code. An applicant may use the SPARC code or other

icontainment, the applicant's values may be accepted without any need to perform

icalculations. I A'DF value of one (no retention) should be used for noble gases and for -
organic iodides. The applicant should provide justification for any DF values greater

than those given above.

2
1

| T ——
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Standard Review Plan 6.5.5
Mark
I, Csl CHsl
16 1 DF 10

P.C.Owczarski and W.K.Winegarder, ““Capture of lodine in Suppression Pools””,
19th DOE/NRC Nuclear Air Cleaning Conference.
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““Here the 1, flow rate is fairly high until 148.5min, then the rate (and
incoming I, concentration) decreases. These decreases cause the pool scrubbing

to become less effective at the iodine concentrations of the pool.””

16 1 DF
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z 16 2 16 3

16 1 16 2 3 16 2 DF 14
1 SGHWR
2

3 ““State of the art review on fission products aerosol pool scrubbing under

severe accident conditions””,1995
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16 1

Program Aerosol Aerosol Carrier Steam mass | Water Pool Injector
size, pm fluid fraction temp., °C | pressure
csl 1L7-27 | N+ 0.008- |25
ACE CsOH 1.6 -2.8 steam 0.31 | 83 ambient sparger
MnO 1.7-2.3
Csl 0.2-3.0 | air, Nyor - ambient single
EPRI TeO, 0.4-27 He + 0-0.95 - near sa- ambient orifice
Sn 2.7 steam turated
Csl ~4.5 273 1.1 MPa | single
EPSI (radius) steam 1 (initially) 3.1 MPa | orifice
CsOH 6.1 MPa
GE Eu,0, 0.1 - 40.0 air 0 ambient ambient single
Csl < 0.3 orifice
JAERI DOP 0.3 -10.0 air 0 ambient ambient single
orifice
LACE - Csl 1.7-7.2 | N, + 0.07 - 110 3 bar -single
Espafia steam 0.85 (abs.) | orifice
-multior.
SPARTA Csl 0.7 air + N, 0 close to ambient 2 orifices
saturation
UKAEA Cr/Ni 0.06 air + 0.25 - ambient ambient 4 orifices
steam 0.96 (downco-
mers)

16 2
Experiments Species tested DF range
Cs 145 - 3000
ACE Mn 11 - 260
I 47 - 1500
DOP 6-12
EPRI Csl, TeO, 1.4 - 1600
Sn 110 - 6800
EPSI Csl 2100 - 3300
GE Eu,0, 68 - 2900
Csl 7-10
JAERI DOP 10 - 150
LACE-Espafia Csl 16 - 3000
SPARTA Csl 7 *
UKAEA NG 15-1680_____ A
! I, 14 - 240 !
POSEIDON [ W 20 - 300 000 __ !

* Only one test performed.
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17.1

17.2

LOCA
MAAP

17 3
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17 4 ™I

17 5

I Cs
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MAAP

17 3

Csl CsOH
10+
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17 3

LOCA
MAAP
MAAP
MAAP
MAAP
Ru
Mo NUREG-1465
LOCA
MAAP
NRC
™I
LOCA+ECCS
MAAP
17 1 NUREG-1465
NUREG-1465
NUREG-1465
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17

1 MAAP NUREG-1465

MAAP 17 41 ! 41 6.4
NUREG-1465 30 30 2
1 1000K 2500K
2
MAAP
) Csl CsOH
MAAP
Cs Csl CsOH
Cs
M W,
Fes(T) = Fegon(T) + —= x —22 x (Fesi(T) = Feson(T))
MCs VVI
FCS(T) T
Fesou(T) T CsOH
Fest(T) T Csl
M |
Mcs Cs
W, |
W  Cs
3 MAAP
4
ORIGEN
MAAP MAAP
17 2
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17 2
[kal

Xe Kr 750kg
Csl Csl Rbl 57kg
TeO, Te, | Te0: Te; 74kg 63kg
Sr0 Sr0 160kg
MoO, MoO, RuO, TcO, RhO; 600kg
CsOH CsOH RbOH 470kg
BaO BaO 220kg

La:0s Pr0s Nd:0s
La0s Sm03 Y205 ZrO, NbO, 1200kg

AmOz  CmO.
Ce0, Ce0; NpO; Pu0; 470kg
Sh Sh 2.2kg
U0, U0, 180000kg

Te, [kl
Te,
168

Te
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MAAP
MAAP Cs NUREG-1465

Cs
168 NUREG-1465
17 7 17 8 NUREG-1465

Y: . Fes(168h)

Fi(T) = Fhoble gass(T) x

I:noble gass(168h)
F.(T) T i MAAP
I:noble gass (T) T
Y,;  NUREG-1465 i MAAP
Y NUREG-1465 Cs
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Cs Cs
168 NUREG-1465

FT) = Fy(T) x i

Ccs

Fi(T) T i MAAP
Y, NUREG-1465 [ MAAP
Y.  NUREG-1465 Cs
C

Cs
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17 3 MAAP

168

9.2x<10*
Csl 1.3%<10°
TeO, 1.7><10°
Sr0 2.0>10"*
MoO, 3.0><10°
CsOH 2.7>=<10°
Ba0 4.2><10°
La,05 1.0><10"*
Ce0, 1.0><10"*
Sh 2.9%<10°

Tey 0

Uo; 0
Cs 2.6><10°

Csl CsOH
1
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luce lMEu lssEu OOSr meRu IHSb u'le l!OI BlKr
RTFRE
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TMI-2
Vol .32, No.4(1990)

17 5

(443 :Ba/kg-¥et)

— e i Gogomo-sh OUARRSS lomms  |omwa  (omma

(BALFEH500m) *2 (E#9500m)*2 (PRI 9500m) *2 (L #31,000m)#2 | (3L#3500m) +2 .

HHRRE 3/21 3/25] 3728 3/25] 3/28] 3/25] 3/28] 3/25) 3/22) /22| 3/22| 3/22|

ST JAEA JAEA —_—tt JAEA S JAEA i JAEA JAEA JAEA JAEA JAEA
MER 3/24) 3/28) 3/30) 3/28| 3/30) 3/28) 3/30) 3/28) 3/25 3/25) 3/24) 3/25)
14 [i-131(4988) 5.8E+06) 5.7E+05) 3.8E+06) 3.0E+06) 3.0E+04 126407 26E+06 46E+05 3.1E+06) 7.9E405 226406 5.4E+08)
18 |1-132(4028% ) 4 4| 2.3E403) 4| 1.3E+02) 4| 15E+05 4 4 4 4| 4|
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Cs-137(#9304) 34E+05) 48E+05 5.1E+03) 7.6E+404) 3.2E402) 3.5E+06 9.3E+05, 6.7E404 10E+06 206404 1.6E+04) 1.6E+05)
Te-120m(#3348) 2.5E405 2.0E+03) 8.5E403) 5.3E404) ND 2.7E+06 6.0E+05 28E+04 BIE+05) 9.56403 1.9E404 1.7E+05)
Te-132(%938) 6.1E+03) 34E+05) 3.0E+03) 6.5E+404) 14E+02) 3.1E+06 2.0E+05) 326404 1.9E+06 21E404 3.9E+04 3.8E+05
Ba-140(#3138) 1.36+04] 156404 ND| 256403 ND| ND ND ND 8.0E+04) ND| ND ND
INb-95(#5358) 1.7E+03) 24E+03) ND| ND ND 5.3E403 ND| ND B.1E+03) ND| ND 7.9E402)
Ru-106(#33708) 536404 ND ND) 6.4E+403 ND 2.7E+05 ND ND 6.8E+04) 1.9E+03] ND 3.2E+04
Mo-99(#9665%14) 21E+04) ND ND ND| ND 6.6E+04| ND ND ND ND| ND ND|
To-99m(#)6 85 1H) 2.3E+04) 2.0E+04) ND ND ND 4.56+04) ND 1.8E+403 23E+04) ND| ND 8.3E+03]
La-140(4328) 3.3E+04 37E+04 ND) 2.3E403) ND 9.7E+04 ND 25E+03) 21E+05, 42E+02 6.2E402 7.8E+03
Be-7(#)53E) ND) ND ND| ND| ND ND ND ND| 32E+04 ND| ND ND
[Ag-110m(#92508) 1.1E+03) 26E+03) ND| ND ND ND| ND 1.7E402 18E+04 ND| ND ND

HP http://www.tepco.co.jp/cc/press/11040609-j.html
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17 6 NUREG-1465

168
9.2x<10*
Csl 1.3%<10°
TeO, 5.2x107
Sr0 2.1>=<107
MoO, 2.6>108
CsOH 2.7>=<10°
Ba0 2.1>=<107
La,05 2.1><10°
Ce0, 5.2>10°
Sh 5.2x<10"’
Te; 0°
Uo; 0?2
Cs ! 2.6><10°
1 Csl CsOH
1
2 Te, U0
MAAP
1465
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17 7 NUREG-1465

Cs 0.25
TeO, Sb Te; 0.05
Sr0 Ba0 0.02
MoO, 0.0025
Ce0; U0, 0.0005
Laz05 0.0002
NUREG-1465 Table 3.12 Gap Release Early In Vessel
NUREG-1465 Gap Release Early In Vessel Ex
Vessel Late In Vessel

Gap Release

174

Early In Vessel
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17 8 NUREG-1465
Table 3.8 Revised Radionuclide Groups

Group Title Elements in Group

1 Noble gases Xe, Kr

2 Halogens I, Br

3 Alkali Metals Cs, Rb

4 Tellurium group Te, Sb, Se

5 -~ Barium, strontium  Ba, Sr

6 Noble Metals Ru, Rh, Pd, Mo, Tt, Co

7 Lanthanides La, Zr, Nd, Eu, Nb, Pm
Pr,Sm, ¥,Cm, Am

8 Cerium group Ce, Pu, Np

Table 3.12 BWR Releases Into.Containment*

Gap Release*™** Early In-Vessel Ex-Vessel Late In-Vessel
Duration (Hours) 0.5 15 3.0 10.0
Noble Gases®* 0.05 0.95 0 0
Halogens 0.05 . 025 0.30 0.01
Alkali Metals 0.05 - 020 0.35 0.01
Tellurium group 0 0.05 0.25 0.005
Barium, Strontium 0 0.02 0.1 -0
Noble Metals 0 0.0025 0.0025 0
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 group
*** Gap release is 3 percent if long-term fuel cooling is maintained.
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(1) Csl
Csl Csl
Csl [ka] M Mi /Wy ><Wes
Csl [kg] M|/W| > Wes
[ka] Mecs [kal M
[—] Wes [_] Wy
(2) CsOH
Csl  CsOH CsOH
CsOH [ka] Mes Csl [ka]
M(:s MI/WIXWCS
©))
MAAP Csl  CsOH
[kg] M|/W|><Wc5 > X Mes M|/W|><Wc5 x<Y
X Csl MAAP
Y CsOH MAAP
®
1.(3)
/
M|/W|><WCS/MCS > X 1 M|/W|XWCS/MCS x<Y

Y M /Mes <Wes/Wp X Y
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18.

R.G.1.195 ““Methods and Assumptions for
Evaluating Radiological Consequences of Design Basis Accidents at Light Water Nuclear

Power Reactors””

NUREG-1465 pH 7
5% 3%
0.15% 95%
pH
NUREG-1465 pH 7
NUREG/CR-5732 ““lodine Chemical
Forms in LWR Severe Accidents”” NUREG/CR-5732 pH
pH
pH
pH 18 1 pH 18 2
BWR Grand Gulf Peach Bottom pH
1 pH
pH pH
NUREG/CR-5732
pH Grand Gulf Peach Bottom

18 3 R.G.1.195
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18 1

pH

NUREG/CR-5732, Table3.6

Table 3.6 Distribution of iodine species for pH controlled above 7

Fraction of total iodine in containment (%)

Plant Accident L, (g) L (9 I () CH,I (g)

r __________________________________________________________________________________________________________ )
! Grand Gulf TC y 0.05 0.03 99.92 0.001 |
| TQUV y 0.01 0.03 99.96 0.0003 !
| |
| Peach Bottom AE y 0.002 0.03 99.97 0.0001 |
! TC2 y 0.02 0.03 99.95 0.0004 1
e ——— J

Sequoyah TBA 021 0.03 99.76 0.004

Surry TMLB’ y 1.9 0.03 98.0 0.03

AB y 24 0.03 97.5 0.03
18 2 pH
NUREG/CR-5732, Table3.7
Table 3.7 Distribution of iodine species for uncontrolled pH
Fraction of total iodine in containment (%)

Plant Accident L (g) L (9 I (%) CH,I (g)
T T e H
| Grand Gulf TC y 26.6 153 58.0 02 !
i TQUV y 6.6 183 75.1 0.06 !
’ :
| Peach Bottom AE y 16 216 76.8 001 !
] TC2 ¥ 109 180 71.0 0.07 !

__________________________________________________________________________________________________________ J

Sequoyah TBA 69.2 9.9 20.5 0.4

Surry TMLB' y 97.1 1.5 0.7 0.7

AB y 97.6 12 06 06
18 3 NUREG-1465 R.G.1.195
NUREG-1465 R.G.1.195
4.85% 91%
0.15% 4%
95% 5%
178

186



19. NUREG-1465

MAAP
19.1
NUREG-1465 MAAP
19.2 LOCA
LOCA
MAAP
NUREG-
1465 NUREG-1465
MAAP NUREG-1465
MAAP
NUREG-1465 NUREG 1150 PRA
STCP  MELCOR
19 1
LOCA ECCS
NUREG-1465
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19 1 NUREG-1465 BWR
IS5k =TI B B0 | RTHEREK

Peach Bottom TC1 ATWS (RTIFSETIL) ROP | JRFIPRERR T

TC?2 ATWS (BFIREEHY) ADS | BENEESR

TC3 TC2 (I xoh I LRI HY) LOCA | JERATA Y

TBI SBO U iy )—H58) RR | BRERRER

™82 TB1 (N7 B (IR IS ®) ATHS | 2T 5 LKL

S2E1 LOCA(2" ). ECCSEUADSAIF#N atation Biackout

S2E2 S2E1, ZESHRA ) -

v BINB 2SI RHREC BT

TBUX SBO(EDCERELN)

W‘m Transients

LaSalle B SBO(RHMBHFEZIHIE) ’
Grand Gulf TC ATWS(RHBEHEZSHEIE(C L DECCSIEE) Lo

81 SBOU S5 )—H68) v

B2 TB1. W LDk 2t a swe

BS SBO(ECCSAEEN. [ETIMBESHY) o Memn Core Bumage Pooguene 4086

| . < Caono R

(1) NUREG-1465

NUREG-1465 BWR
Gap Release Early In-Vessel LOCA ECCS
MAAP 19 1
MAAP
19 1
MAAP
19 1 MAAP
NUREG-1465 MAAP
NUREG-1465 MAAP
NUREG-1465
LOCA ECCS
MAAP NUREG-1465
MAAP
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m NUREG-1465

I I I : LOCA
Cs

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

o

MAAP
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20.

AR S 72V O < #RE [mSv/h]

1.0E+02

1.0E+01

1.0E+00
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1.0E-02
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20

100mSv 7
10
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mSv/h mSv/h 2
6 7
10
— BE/LLRVEE
- - - BELT 584
I
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A\'\ | 2
N |
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FETFA B OFEEISRE [h]
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21.

21.1
14009
21.2
129g
21 1

21

2.5kg

14009

1299
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22.

22 1 22 1 -1-7-3
22 2
4 1.5(mSv/7 )
7 100mSv
22 1
7 W/W
100%
.
4
7
1500(m*/h)
QAD-CGGP2R
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23.

50 1000
23.1
0412 1
200
10
1 1
50 99.9%
e 29 3 29
e 0412 1 25 12
38
@
50 Bg/kg
200 Bg/kg 50 Bg/kg
200 Bg/kg
99.9%
10mg/m? 95% 80%
10mg/m? 95% 80%
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@ 200
10
1 1
50 99.9%
23.2 50
23 1 DF 1.21x<10°
0.083%
23 1
4 10
[Ba/cm’] DF DF
[Bg/cm?] [Bg/cm?]
ND*
-2 5 -7 5 -
9.45%10 (4.17%107) 2.27>=10 8.33%=10 1.13%<10 20L/min
30

ND" ND*

7.59>=10"° 1.21><10° 2.73%=108 95%RH
(6.25>10%) (2.78%10%)
0.01%
1075
(PFH)=100 { % % %}

=100 (0.01 0.083) 1075

50
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23.3 1000
2
23 2
DF 1.71><10°
0.058%
23 2 A
RDG  72HP
4 10
[Ba/cm®] DF DF
[Bg/cm?] [Bg/cm?]
8.83><102 | 1.91x10° | 4.62x10° | 2.64x=10° | 3.34><10° 47L/min
30
8.08>108 ND 1 1.71><10° 2 | 4.73%<10® | 1.71=103 95URH
1
2 10 DF
23 3 B
CA V3NRI
4 10
[Bg/cm?] DF DF
[Bg/cm?] [Bg/cm®]
8.84><1072 5.04><107 1.75><10° 3.03><10°° 2.92><10* 38L/min
9.89><108 N0 3.0><10° 2 N0 4.5%<10° 2 >
.89x<10"- 0> 5Ex
(3.3%10%) (2.2%10°%) 95MRH
1
2 DF
0.01
23
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24.

24.1

24.2

4551

W.G.N.Slinn

24 1

1.2cm/s
0.3cm/s
NUREG/CR-4551" 0.3cm/s

NUREG/CR-4551 0.5un  5pm

*2

0.1pm Spm

0.3cm/s
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Fig. 4 Dry deposition velocity as a function of particle size. Data were obtained from a number of
publications.'* = * The theoretical curve appropriate for a smooth sutface is shown for comparison.
Note that the theorctical curve is strongly dependent on the value for v« and that Eq. 22 does not
contain a pacameterization for surface roughness. For a preliminary study of the effect of surface
roughness and other (actors, see Rel. 5.
24 1 Nuclear Safety Vol.19%
1 J.L. Sprung Evaluation of severe accident risks: quantification of

major input parameters, NUREG/CR-4551 Vol.2 Rev.l Part 7, 1990

2 W.G.N. Slinn: Parameterizations for Resuspension and for Wet and Dry
Deposition of Particles and Gases for Use in Radiation Dose Calculations,
Nuclear Safety Vol.19 No.2, 1978
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(m)

0.5 5
( 24 2 )

LACE LA2 ‘!

NUREG/CR-5901 2

AECL 3 1

PBF-SFD 3 0-290-56 1
( 12

0.5 0.65 i
PHEBUS FP 3 ) ] PHEBUS FP

«( 12

J. H. Wilson and P. C. Arwood, Summary of Pretest Aerosol Code
Calculations for LWR Aerosol Containment Experiments (LACE) Test LA2

D. A. Powers and J. L. Sprung, NUREG/CR-5901, A Simplified Model of
Aerosol Scrubbing by a Water Pool Overlying Core Debris Interacting With
Concrete

STATE-OF-THE-ART REPORT ON NUCLEAR AEROSOLS, NEA/CSNI/R(2009)5
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1 1 NUREG/CR-5901

so-called "quench" temperature. At temperatures below this quench temperature the kinetics of
gas phase reactions among CO, CO,, H,, and H,O are too slow to maintain 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” 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 to be uniformly distributed over the range of 0 to 0.1.

(8) Density of Suspended Solids. Among the materials .that are expected to make up the
suspended solids are Ca(OH), (p = 2.2 g/cm®) or Si0, (p = 2.2 g/em?) from the concrete and
UOy(p = 10 g/em?) or ZrO, (p = 5.9 g/cm3) from the core debris or any of a variety of
aerosol materials. It is assumed here that the material density of the suspended solids is
uniformly distributed over the range of 2 to 6 g/cm®. 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 So(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:

ow) (1-S) for e <05
T {o(w) (1+5) fore > 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 to believe smaller particles 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
distributed over the range from In (0.25 um) = -1.39 to In (2.5 um) = 0.92.

(11) metri ndard Deviation of the Particle Size Distribution. The aerosols produced
during core debris-concrete interactions are assumed to have lognormal size distributions.
Experimentally determined geometric standard deviations for the distributions in cases with no
water present vary between 1.6 and 3.2. 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
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. It is unlikely
that data will ever be available to demonstrate this contention. The geometric standard deviation
of the size distribution is assumed to be uniformly distributed over the range of 1.6 to 3.2. Any
correlation of the geometric standard deviation with the mean size of the aerosol is neglected.

(12) Aerosol Material Density. Early in the course of core debris interactions with concrete,
UO, with a solid density of around 10 g/cm® is the predominant aerosol material. As the
interaction progresses, oxides of iron, manganese and chromium with densities of about
55 glcm3 and condensed products of concrete decomposition such as Na,0, K,0, Al,0; Si0,,
and CaO with densities of 1.3 to 4 g/cm>® become the dominant aerosol species. Condensation
and reaction of water with the species may alter the apparent material densities.
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 aerosol is considered
uncertain. The material density used in the calculation of aerosol trapping is taken to be an
uncertain parameter uniformly distributed over the range of 1.5 to 10.0 g/cm>.

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 aerosol particle size with
particle material density was taken to be too weak and insufficiently supported by experimental
evidence to be considered in the uncertainty analyses done here.

(13) Initial Bubble Size. The initial bubble size is caicu‘.lated from the Davidson-Schular
equation:

n V0.4
Db = E(E) .....'S..._ cm
T 80.2

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

D, = 00105 ¥[o, g(p;~p 1"

where the contact angle is assumed to be uniformly distributed over the range of 20 to 120°,
The maximum bubble size is 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

9.2.1 Aerosols in the RCS

9.2.1.1 | AECL

The experimenters conclude that spherical particles of around 0.1 to 0.3 pm formed (though their
composition was not established) then these agglomerated giving rise to a mixture of compact particles
bctweenin size at the point of measurement. The composition of the particles was found to
be dominated by Cs, Sn and U: while the Cs and Sn mass contributions remained constant 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.

9.2.1.2 | PBF-SFD

Further interesting measurements for purposes here were six isokinetic, sequential, filtered samples located
about 13 m from the bundle outlet. These were used to follow the evolution of the aerosol composition and
to examine particle size (SEM). Based on these analyses the authors state that particle geometrical-mean
diameter varied over the range(elimination of the first filter due to it being early with respect
to the main transient gives the range 0.32-0.56 um) while standard deviation fluctuated between 1.6 and
2.06. In the images of filter 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 | PHEBUS FP

The aerosol size distributions were fairly lognormal with an average size (AMMD) in FPTO of 2.4 um at
the end of the 5-hour bundle-degradation phase growing to 3.5 um before stabilizing at 3.35 pm; aerosol
size in FPT1 was slightly larger at between 3.5 and 4.0 um. Geometric-mean diameter (dso) of particles in
FPT1 was seen to be between| 0.5 and 0.65 pm;|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 cesium-rich. In terms 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 a clue as to
the potential forms of some of the elements. 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 containment when compared to their chemical form in the circuit.

CANDU
AECL

PBF-SFD

PHEBUS

PHEBUS FP
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26.
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NRPB-R322 ANNEX A 2.2 lodine

2.2.2 | Meadow grass and crops

Methyl iodide

There are fewer data for methyl iodide than for elemental iodine. but all the data indicate that
it is poorly absorbed by vegetation. such that surface resistance is by far the dominant resistance
component. The early data have been reviewed elsewhere (Underwood. 1988; Harper ef al, 1994) and
no substantial body of new data is available. The measured values range between 107° and 10¥ m 5™
approximately. Again. there are no strong reasons for taking r; fo be a function of windspeed. so it is

recommended that v, is taken to be a constant. Based on the limited data available. the ‘best judgement’

. =5 . i3 4 1 ; i i
value of v is taken as|10 " m s "|and the ‘conservative’ value as 10 " ms . Where there is uncertainty

2.2.3  Urban

Methyl iodide

There appear to be no data for the deposition of methyl iodide to building surfaces: the
deposition velocity will be limited by adsorption processes and chemical reactions (if any) at the
surface. for which specific data are required. No recommendations are given in this case. For vegetation
within the urban area (lawns and parks etc). it is recommended that the values for extended grass
surfaces be nsed.
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Response Functions for Gamma ray Skyshine Dose Analyses””, High Energy

Accelerator Research Organization(KEK),2008
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29 1 172

D/W W/w

(MeV)
(cm?® s (cm® s
0.01 3.9x<10’ 2.6><10’
0.025 2.6>10’ 2.3%10’
0.0375 3.9%<108 2.2><108
0.0575 2.3x<10° 2.8><10°
0.085 3.4>108 1.9><108
0.125 1.3><10° 2.3%<10°
0.225 3.2x<108 1.9><108
0.375 3.4>10’ 5.5>10’
0.575 1.4><108 2.1><108
0.85 5.8>=<10’ 9.9><10’
1.25 1.8><10’ 3.1>10’
1.75 2.7><10° 4.3><10°
2.25 1.6><10° 2.0><10°
2.75 2.8>10* 3.9><10*
3.5 5.4>10° 2.8>10!
5 1.0><10° 2.8%<10°
7 1.2><10 3.2x10°
9.5 1.4><107 3.8x<107
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D/W W/w

(MeV)
(cm?® s (cm® s
0.01 2.9%x<10° 2.5%<10°
0.025 3.7>10° 2.7>=<10°
0.0375 9.7><108 7.1><108
0.0575 6.6><108 4.7>=<108
0.085 1.3><10° 1.2>10°
0.125 5.6><108 3.6><108
0.225 6.7><10° 5.3%<10°
0.375 3.4>10% 3.1>10%
0.575 1.2>10% 1.1><10%
0.85 6.0><10% 5.4><10%
1.25 1.9><10% 1.7>10%
1.75 2.7><10° 2.4><10°
2.25 1.0><10° 9.5%<108
2.75 2.1>10’ 1.9><10’
3.5 1.9><10° 2.6><10?
5 3.7x<1073 5.1><10*
7 4.3><10* 5.9>10°
9.5 4.9%<10° 6.8><10°
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32-1

[s/m®] [Gy/Bq]
SE,SSE,S,SSW,
5.1x<10™" 3.8x<10%8
SW, WSw
SSE, S, SSW, SW, WSw 4.7><10™" 3.7>=<1018
40.4m
WNW, NW, NNW, N,
8.5%<10™ 6.4>107%8
NNE,NE,ENE, E,ESE
W, WNW, NW, NNW,
9.8%<10™" 7.4><107%8
39.7m N,NNE,NE,ENE,E
SE,SSE, S,SSW,
9.5%10™" 3.8><107%®
SW, WSw
Om SSE,S,SSW,SW, WSw 9.1x<10" 3.7>=<10"®
WNW, NW, NNW, N,
1.7><103 6.3><10718

NNE,NE,ENE,E,ESE

W, WNW, NW, NNW,
Om 2.0x<1073 7.2><1078
N,NNE,NE,ENE,E

SE,SSE, S, SSW, SW, Wsw 5.1><10" 3.8x<1078

73m SSE,S,SSW, SW, wsw 4.8><10™ 3.7><1078

WNW, NW, NNW, N
NNE,NE,ENE,E,ESE

8.4>=<10™" 6.4>107%8

W, WNW, NW, NNW,
73m 9.8%<10™" 7.4>107%8
N,NNE,NE,ENE,E
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32-2 6

[%] [s/n’] [*] [Gy/Ba]
6
97.16 5.3><10" 97.07 4.0><10%®
97.07 5.1>10" 97.06 3.8><10%®
96.97 4.9>10™ 96.95 3.8%<10%®
6 97.16 1.0><10° 97.16 4.0><107®
97.06 9.5>10" 97.07 3.8><10**
96.80 9.3><10" 96.97 3.7><107
] 97.16 5.4>10" 97.07 4.0><10®
97.07 5.1><10" 97.06 3.8><10%®
96.97 4.9>10™ 96.95 3.8%<10%®
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32-3 7

[%] [s/n’] [*] [Gy/Ba]
7
98.84 9.6><10" 97.32 6.5>10®
97.32 8.5>10" 97.12 6.4><10"%®
96.94 8.0><10" 96.75 6.2>107®
7 97.22 1.7><107 97.22 6.8><107¢
97.02 1.7=<10° 97.02 6.3><10"**
96.64 1.7=<107 96.64 6.2>107®
, 98.81 9.5><10" 97.22 6.5>107¢
97.22 8.4><10" 97.02 6.4>10"%®
96.84 7.9%<10" 96.64 6.2>10®
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32-4 6

[%] [s/n’] [*] [Gy/Ba]
6
97.34 5.0><10" 97.27 3.9%<10%®
97.23 4.7>10™ 97.16 3.7><10%
96.99 4.6>10™ 96.92 3.6><10%®
6 97.23 9.1><10" 97.23 3.8>107%®
97.08 9.1>10" 97.16 3.7><10**
96.84 8.3><10" 96.92 3.5>107%®
] 97.34 5.1><10" 97.16 3.8%<107%®
97.23 4.8>10™ 97.15 3.7><10%
96.99 4.7>10™ 96.91 3.6><10%®
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32-5 7
[%] [s/n’] [*] [Gy/Ba]
100.00 1.0=107 100.00 7.6><107%®
98.41 9.8>10" 98.41 7.4><10%
96.47 8.5>10" 96.47 6.7><107®
100.00 2.1><10° 100.00 7.3%<107%®
98.61 2.0><10° 98.61 7.2>10%
96.82 1.9>=107 96.82 6.9><107®
100.00 1.0>=<107 100.00 7.6>107®
98.61 9.8><10" 98.61 7.4><10%
96.82 8.5>10" 96.82 6.8>107®
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