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- tions, identify thelr chemical and physic11 forms, and 1nterpret the -

M
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results for use as input to computer wodels of posLu]ated spent fuel

transportat1on acc1dents (SFTAS) and loss-of-coolant acc1dents (LOCAs)

The purpose of thls :epete 1s to summarlze the source term models which
have been developed for ces1um and 1od1ne by this program, and to demon—
strate the appllcation of the source term models to the ana1y31s of cesium

and iodine release during-a»PressurizedﬂWater'Reactor (PWB) 'LOCA.

conducted over the temperature range 500 to 1200°C. One s¥les of tests,"

tﬁe*Implant Test_Series,1 employed simulated fission products (CsI, CSOH,

vandeeOZ) which were coated on unirradiated UO !fuel‘pellets' a second
series, the T.ow Burnup ‘Fuel ?est Series,2 used fuel capsules irradiated
to 1000 MWH/MT at high heat-rating (560 to,660 W/cm), and a third series

of experiments, the ngh ‘Burnup Test Sex'uéj::s,:a-7 used fuel;irradlated to

/

30,000 MWdlMT in the H. B. Robinson reaﬁtor at low heat-ratlng (175 to
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A summary of the test data is given. 1n Table 1. In half of the tesrs,

ewith inert~gas andAruptured at e1ther~700 0T

the fuel rod ~was-pressurized

900 ‘and _was:allowed.additional time for release of fission productsifr n

fi the rupture opening rangedﬁfrom?0:052'to?C{Bﬁcf_‘

ito 0 04 cm2 range. The other tests were*deeigned?f6r+

'surized rod by dr1111ng a 0 159-cm—diam ‘hole through the cladding.

Test"-w

an exceptiodmin thnt the previously ruptured fuel rod segment

1-rélease

from test HBU-7 was employed in a higher-temperature diffusiona

‘test.

2.0 GAP INVENTORIES

During the course of the experimental work it'became apparent that ~

the concentratlonsof cesium and 1od1ne in the gas vented w1th rupture, and

the mass dlffu31onal release ratee,were dependent upon the amount of each

~ species- in the gap space.t In;the:lmplant7ieetrseries~rtheﬁ no ts;off' T

to the plenum and void spaces durlng reactor ope H_ion, and wevrecently

" measured the cesium andulodlne.gap.inventorles o£~theserfue1~rods to be d
approximate1y~0;3%.7~ These low release values are‘belleVed‘to»beabrig,
narily‘the result of knockout, the release of atoms from the pellet surface
region-bypthe'actiOn of fission fragment recoil. |

Fuel irradiated at higher heat rating*(higherwtenperatures)fwould,befn»udﬁ

- expected to release additional quantities of fission gas, cesium, and iodine
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" to the gap space by diffusion or’other‘mechahiSms at rates which could

In our modeling calculatiOns,.we:assuﬁédfthatukﬁoéﬁout rélease

?in—reactorﬁfrom’the~surface3'of the fuel’wasw052577for all isotOpes‘ofﬁ-

frenon;mcesium, and iodine;> For fuel rods with fission gas release in-

| vrop‘e‘r’a,ti’ou will be less than those for stable isotopes. Although our model

equatlons (Sect. 3 0) indlcate equal fractlonal escape from -the 8aps regard—

less of half-l1fe, the overall release based on total fuel rod 1nventory

will accordlngly be less for the 1sotopes w1th shorter half—lives.

3.0 THE SOURGE TE MODEL

- sufficient results have been ohtaime& tofpermit thegformulation of .

Prelimiuafy“empirical“models for‘the*releaseﬁof cesium:aﬂﬁilodlnevin“

- steamq The models assume ‘that the release is’ the sum of two components.

burst. release {that - carried out with escaping plenum ‘gas’ when the rod -

ruptures),’and d1ffu51onal release (that’ dlffu51ng from the gap space
—'after the - plenum gas has vented),
The mass ofvcesium~which“escapes as "burst release" was found to be.

equal to the volume of plenum gas vented, multiplied by the concentration




e

of cesium in vapor form, 0051um concentratlon in the vented gas has beeni

determined to be atfunctlon_of!abwn‘ﬁteﬂ

inven

tory of cesium in the gap space. In the temperature range 700 to

mass of cesium released~inpthe.bﬁt9t g Cs,

gas vented cm3 at 0°C and system pressure,,

w»;—F
o

-1
i
H

"volv.u"fa of plenum

1nventory of ceq1um (total of all isotopes) in the pellet-

claddlpg gap per Lnlt area of cladding, ug Cslcm . and

T

tempe;ature at rupture locat;on, K.

In this equation the term in theyfitsthbracket;is;ah;eﬁbirieaifeiﬁteSSion

of the effect of the gap inventoryuehﬁtbe;ceneenttatieniefbeeeieﬁ”inftﬁe

gas phase. The second bracket is a dimensional empirical expression for

- 'the concentration of cesium in the vented gas.
A 51mp1e depletlon equatlon is used to model cesium release by d1f—

fu51on 1n steam over the temperature range 500 to 1200°C

'Rt
-2
T -
'MD = Ma 1-e . ’ ' (2)
where ;
Mb = mass of cesium releaSed~by diffusion, ug Cs,
M0,= total calculated mass. of ce51um in1t1a11y in the gap, ug Cs,
= time at dlfquLon temperature, hr, and

R =

' inltldl 1ate of telease of ce51um by d1ffu31on, ug Cslhr.




 a8=

o Theeinitiaivrate'of release by{diffusion; Ro,'in turn, is given by

gap inventory of cesium following burst release, ug Cs/em

of cladding,

,width of radial gap' um

system pressure'

 Ta‘this equation the first two bracket

" sectional area ‘.antil’labsolnte':.p‘re’ssﬁre"*on- gas.-?'pi{aee‘ aifﬂ.‘seiaﬁ: T"i;e 1 t’hifa

'Q;bracket is an emp1r1cal expression for the effect of gap 1nventory on the

'jgas-phase concentratlon of the dlffu51ng specles. ‘The " fourt ~bracket 1s

fa dimensional empirical expression for the rate of escape by diffus1on.

-The equatlon is simplistic in that 1t does not account for the 1ncrease

1n length of diffusion path as release progressess

The model for release'of 1od1ne follows the same pattern as. for" ce91um..}f"

JY_The 1od1ne burst releas 1n the temperature Trange 700 to 900°C is: expressed "
| 3770"

ame, . C e 3P
T - @

T Go :8] (1 09 -
V ' :
MB 1.15,
M3The release of iodine by dlffu51on in the temperature range 500 to 1200°
‘is glven by Eq. (2); but R for iodlne is given by

o 14800,
R,]_[ ][o 101][ % 8] e(15 3 - =
R,=|700 1.5

T i

. (5)



-6

A me'asut.e' of the pf’ecj.sidn' o_fi the 'viiiodell ﬁaé”bbtain,edf by comparing

— the w6deY predictions with the experimental data




.0 APPLIC,A'TION OF THE MODEL TO A PWR LOCA -

e models were applled to the analysis of a PWR LOCA in which the

character1st1cs were assumed as follows.: 33 000 fuel rods, each

ing 2500 g of UO2 and operated so that equal numbers of rods had-

10, 000 20 ,000, and 30,000 MWd/MT. The fuel rods wer

gap 1nventor1es were based on peak burnups estlmated to be 10% h1gher than .

the above average burnups. It was further assumed that a11 fuel rods

‘”ruptured and experlenced a temperature tran51ent to 1200 C for an: effec—’m

“tive time of 10 min.:

‘hf;eCalculatiuns using the models are summarized iu Table 3.77Tota1;
~reactor inventories are 1.208 ¥ 10° g of ces1umand1 112 x 10% g of. .
j1od1ne' the releases of cesium and- iodine are equlvalent to 0. 025/ and
,0 053/ respectlvely, of these totals. The f1351on gas 1nit1a11y in the
zplenum and void spaces, 1 27% of the tetal inventory,.w111 also be. re1easedﬁ
Based on our tests w1th h1gh-burnup fuel we would expect an add1t10na1
f1s31on gas release during the heatup to. 1200°C equal to approx1mate1y
'71 5% of the total 1nventory. The total fis51on gas releasefwould there:

.a;;fore be approximately 2.77%. |
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5.0 COMPARISON WITH THE \LASH—MOO LOCA

ls interesting to;compare;thﬁﬁc release values with those used

fractions: The lower estimate for initial fission gas inventory in the.

TS 11 IERTET. . - . e
- example PWR . is believed to be partly a result of the attainment and
5f?recognition”of-lower peak—ts-aVerage power ratios throughout the modern:

(reactor. On the other hand the h1gh gap escape fract1ons used in WASH—1400 R

iwere based upon est1mated volat111ties, since the ava11able exper1mental

'data we e both SParse and 1nconS1stent.n”"""“

D1ffus1on equatlons

9'y‘:predu:t thatitherfract1ona1 release of rad1o—

~active- 1sotopes'from the fue1 to the plenum and -void- spaces will be 1esss e

than for stable isotopes. For smallvfractlonal releases, typlcal of our.
7 example PWR (but not typ1ca1 of ‘the WASH-1400 PWR), the reduction is
‘1nverse1y proport1onal to the square root of the decay constant for 1sotopesrﬁr
N reach1ng productlon—decay equ111br1um. The magnltude of the reductlon
;‘also depends upon the 1rrad1at10n time, " but as 1nd1cated ear11er, release .
?by knockout is eSSentially independent of half—life.; For the example PWRTV'G”
131 133 e

Vdiscussed in thlS paper we would estJmate the release of l'and

/'*flto Lhe gap and plenum to be from 3 to 9 tlmes less than for stable isotopes

' ,of the same e1eman.;~‘
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6.0 CONCLUSIONS

The model is believed tO”satisfactbrily prediet "best estimate'

ts (approxinately 207 of “the

he method employed for the estim

‘tentatlve and has not been verifled by testing of 1rrad1ated fuel rods. o
'f”In correlatlng our test data and for the example PWR LOCA, we assumed

?ithat pressure—ruptured rods w1th expanded claddlng release cesium and

Fiodlne with an effective gap w1dth of 200 um. If greater expan31on is
;expeeted (along sufficlent ax1al length of a fuel rod to supply the i;,

calculated quantlties escaped) w1th a correspond1ngly large rupture open—

use a larger gap w1dth than 200 um for

1ng, 1t would beAapproprlate

d1f£u51onal release predlctlons. If pressure fluctuatlons dur1ng the

dlffu51onal release perlod are large enough to pump out additional flS—

“‘_s1on product vapors, this effect must . be added to the calculated d1ffusiona1

"release.,
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Table 1, Summary of fission product release tests
Volume of Radial Mass Mass 4 )
Temperature piffusion . released release

Rupturep Diffusion time gas vented wfggh gnitlal £ap invento;y . with rupture by diffusiona
Test No. °c) (°c) (hr) (cm3, 0°C, 1 atm) (um) (ug Cs/em” cladding) (g I/em” cladding) {(ug Cs) <(ug I) (ug Cs) (ug I)
Implzmt--lb 700 700 1.0 229 127 23.1 22,0 179.6 356 0.54 6.8
Implant~=. 700 700 1.5 229 127 0.4 0.45 2.45 4,9 0.036 0.41
Implant-3 900 900 2.0 172 200 87.1 8.66 290 64.6 291.7 96,9
Implant-4 - 1100 0.8 o 127 67.6 6.05 - - 1240 145
Implant=5 700 700 2.0 348 127 96.9 8.38 378 103 3.38 5.9
Implant-6 - 500 20.0 0 127 141.1 12.37 - - <43 5.8
Implant-8 900 1100 0.96 293 200 126.7 8.38 1918 240 1329 161
Implant-~10 - 700 5.0 0 127 97.2 9.07 - - 5.0 12
Implant-11 - 1300 0.25 0 127 . 113.9 7.97 - - 2320 26
Implant-12 900 200 2.0 172 200 14.6 0.69 217 23.3 60.2 6.9
LBU-1¢ - 700 5.0 0 126 68.8 1.47 - - 0.046 0.11
LBU-2 - 200 2.0 0 27 106.7 2.44 - - 19.4 20.0
HBU-1® - 700 5 o} 20 13.1 1.20 - - 0.123  0.93
HBU-2 - 200 2 0 20 12.7 1.17 - - 2.82 1.76
HBU-4 500 20 4] 20 13.1 1.20 . - - 0.017 0.105
HBU-7 900 900 0.02 26 200 12.7 1.17 130.4 11.1 0.22 0.018
H3U-8 200 200 1.0 97 200 12.7 1.17 26.6 9.1 13.0 G 44
H3U-9 900 100 0.14 96 200 13.1 1.20 24.1 14.2 18.2 2.74
HBU-10 900 1200 0.17 98 200 11.2 1.03 223.3 11.1 56,2 2.80
HBU-11 - 1200 0.17 0 200 11.3 1.05 - - 142.0 20,2

qror pressure-ruptured tests, the fraction released by diffusion was estimated using the diffusion test data as a guide,

Implaﬂt Test Series cladding 0.965 cm inside diam, 24 cm length of pellets coated with simulated fission products.
Clow Burnup Fuel Test Series cladding 1.27 cm inside diam, fuel length 15.24 cm, in~reactor fissicn gas release 11.67% (LBU-1)

" and 18.9% (LBU-2).

dThe unusually low resium and iodine release values suggest that the hole drilled through the c1add1qg might have been at a

location where the gap width was much less than the averzge value of 26 um.
€High Burnup Fuel Test Series cladding 0.948 cm inside diam, fuel length 30.48 cm, in-reactor fission gas release 0.25%.




Table 2. Assumed Characteristics of Fuel Rods in Example PUR

Rumber Fission Gas Initially Helium Rupture  Amount of Vented

‘ot “Plentm- Fill Gas Temj. . Gas

Rods (%) (cm®, STP)2  (cm®, STP)  (°C)  (em®, 0°C, 0.303 MPa)
390 8 163.3 750 830 391

2,760 & 81.6 750 855 264

5,970 2 40.6 750 860 251

10,350 1 20.4 750 860 244

7,920 0.5 10.2 750 860 240

5,610  0.25 501 750 860 239

aVoiumes listed correspond to rod average bLurnups of 30,000 MWd/MT.
For simplicity, a single rupture tempcrature and amount of ventced gas
was ‘'used for each group of rods.

Table 3. Summary of Calculated Fission Product Release from Ezanple PUR

Cesium and Todine Total Released

Number of Rods Fission Gas in Pleanum in Gap Space from Rod Group
in Group? (% of Total in Rod) (% of Total in Rod) (g Cs) (g 1)
390 8 19.63 1.80 0.38
2,760 4 9.63 7.52  1.48
5,970 2 4.63 8.90 1.73
10,350 1 2,13 8.10 1.59
7,920 a.5 0.88 3.01. 0,59
5,610 0.25. 0.25 0.78 0.15
Total 33,000 - - 30.11°  5.92°

a . . . .
An equal number of rods in each group has inventories corresponding
to average burnups of 10,000, 20,000, and 30,000 Mwd/MT.

bQQZ:relgqsgd at time of rupture; 20% releascd by diffusion. -

©72% released at time of rupture; 28% released by diffusiomn.

Table 4. Comparison of WASH-1400 and Model Calculations

Gap Inventorya Gap Escape Fraction Total Release
(% of Total Inventory) (% of Gap Inventory) (% of Totual Inventory)
Element WASH-1400 Model WASH-1400 Model WASH-1400 Model
X » . S b b
e and Kr 8 1.27 100 100 8 1,27
Cs 15 2.79 33 0.89 5 0.025
I 10 2.79 33 1.91 3.3 0.053

2Calculated for stable and long half-life isotopes. The gap inventory
and total release of *°'T and !33Xe would be 3 to 9 times lower.
b - .
An additional amount of fission gas, approximitely 1.57 of the total
inventory, would be released during heatup.
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