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Abstract
.

Fission product release data from the ORNL 111 test Two improved fission product release models are
series and VI test series are summarized in this repon proposed: The CORSOR-O model, a fractional release
and compared with release results from similar tests rate model that is similar to CORSOR and CORSOR-M,
perf:rmed in France (the HEVA test series). The ORNL and the ORNL-Booth model, which is similar to the
test results are also compared with four in-reactor tests. CORSOR-BOOTH model. Release rate coefficients and
the SNL ST-1 and ST-2 tests, and the INEL SFD l-3 and diffusion coefficients for 21 different isotopes and
SFD l-4' bundle tests. Test atmospheres range from elements are given.
steam to hydrogen, and the temperature range is 1675 to

[2700 K.
.
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Executive Summary
5

This report presents a summary of the fission product be used in any single-atom solid state diffusion equa-tion.
release tests performed at Oak Ridge National Labo- A set of recommended diffusion equations is presented
ratory (ORNL) between 1975 and 1993. Comparisons that are referred to as the ORNI-Booth Model. This

- are made with several similar tests performed at name results from our choice of the Booth diffusion
3

.

Orenoble France (HEVA), with in-reactor tests per- equations, although the recommended diffusion
j formed at Sandia National Laboratories (ST-1 and ST-2) coefficients can be used with any valid diffusion model.

and Idaho National Engineering Laboratories (PBF-3 and
PBF-4), and with releases at Three Mile Island Unit 2. The ORNL-Booth Diffusioti Model is designed so that

,

'.

3

the diffusion coefficients are compatible with the
i Release results for 17 isotopes or elements are pre-sented CORSOR-BOOTH Model. CORSOR-BOOTH is a ;

as percentage of original fuel inventory. The results for diffusion-based model made available by the Nuclear '
,

>
the ORNL and other data sets are also presented as Regulatory Commission. A set of scale factors is given

i fractional release rates (release rate coefficients, min ) as in this report so that CORSOR-BOOTH can be easily
4 '

] used in NUREO4772 and the CORSOR release model. modified to make use of the information in this report.
!

A set of release rate coefficients or model called
1 CORSOR-O ("O" for "ORNL") is presented that can be The ORNI< Booth Model is preferred over the somewhat
j used as a stand-alone model or can be substituted for the simpler CORSOR-O model. This is because the
1 release rate coefficients in existing CORSOR and diffusion equations follow experiment-derived releases ji

CORSOR-M models. Some of the CORSOR-O release much better as a function of time. The fractional release
i coefficients differ greatly from previous ones.. For rate models (NUREO-0772, CORSOR, and CORSOR-M)
; example, the CORSOR-O release rate for ruthenium at overestimate releases for long time periods and large
] 2000 K is 361,000 times greater than the CORSOR-M fractional releases. It is imponant to keep in mind that
i release rate. CORSOR-O provides a simple two-level the diffusion coefficients calculated from the experimental

burnup dependency and atmospheric release effects not results are the best fit for releases that occur by several
included in CORSOR-M. different mechanisms. Releases calculated for times

greater than 30 min at constant temperature will probably'

The release results for the ORNL and other tests are also be overestimates,

j expressed as diffusion coefficients (cm /s) that can2

!
I

i-
i

$ |

! |
:.

!

i

1

!
1

a

4

| |
4

.
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Introduction

1 Introduction

A program to study the release rate, chemical form, and temperature range 775-1475 K in steam atmosphere (two
transport behavior of fission products released from in dry air). In most tests, the fuel rod segments were
commercial high-bumup pressurized water reactor (PWR) ballooned and ruptured using internal gas pressure.
and boiling water reactor (BWR) fuel was begun at Oak These tests showed good agreement with the simulant
Ridge National Laboratory (ORNL) in 1975. As a tests, and the combined results were used to formulate
prelude to investigations with the radioactive fission the LOCA Source Term Release Model.5' This model

. products, tests were made with nonradioactive fission predicts the release of cesium, iodine, and fission gas for
product simulants to study their behavior in the apparatus moderate-temperature accidents, such as fuel-handling
proposed for the real fuel testing. The species 1, CII 1, accidents, shipping accidents, and controlled loss-of-2 3

Cs 0, and Csl were studied.8 The CH 1 decomposed coolant accidents. The initial amounts of these fission2 3

rapidly in steam at 875 K (~8%/s), which demonstrated products in the pellet-to-cladding gap space must be
that methyl iodide could not exist in significant amounts estimated using any good in-reactor fission gas release
in the reactor core or heated primary system. The model. The gap inventories of cesium and iodine should
importance of CsOH was discovered during these tests. be assumed to be equal to the gas release on a percentage
Previous chemical tests and thermodynamic calculations basis. In previous sample calculations," we had
had not included this species. A low-pressure cascade assumed that cesium and iodine gas inventories were
impactor was used to measure the size of particles. The larger than the in-reactor gas release. j

,

mass median diameter of cesiun-containing particles '

ranged from 0.03 to 0.4 pm, assuming a density of 3.6. A series of four scoping tests was performed with H. B.
Approximately 30% of the Csl was decomposed at 975 K Robinson fuel in steam using direct induction coupling
in steam. with the cladding to heat the fuel to the 1575-1885 K

temperature range (the HT series).' These tests showed |
A short study of cesium-urania reactions was made using that at 1675 K ard higher, there was significant release |
a Knudsen cell and mass spectrometer.' The partial of cesium and iobe from the UO matrix in only a few I

2

pressure of Cs2CO was reduced by a factor of 10 when minutes. Tests a lower temperatures released only the3

in contact with UO . The combination CsOli + UO cesium and iodine that had already accumulated in the2 2

produced the same vapor pressure as Cs2CO + UO - Pellet-cladding gap space. In these tests, most of the3 2

Thermodynamic calculations showed that cesium uranates released cesium formed CsOH, which immediately
may have been formed. reacted with the quartz (silica) tube that surrounded the

fuel segment. Some of the released cesium formed Csl
A series of 1I tests were performed in which radio- that condensed in the thermal gradient tubes (TGTs).
actively traced CsOH, Csi, and TeO were coated on From the HT and HBU tests, we concluded that as much2

unitradiated UO pellets to simulate fission products as 99% of the iodine behaved like Csl and only ~0.5%2

released to the fuel-cladding gap space.' In most tests, as volatile forms of iodine."
the Zircaloy-clad fuel was heated and ruptured from
internal pressure. The releases of cesium and iodine The BWR series consisted of four tests with fuel from
were much less than expected from the vapor pressures the Peach Bottom-2 boiling water reactor.'* This fuel

. of pure Csl and CsOH. This work provided the basis for had released -10% of the fission gas, cesium, and
a release model and proved that the apparatus would iodine to the pellet-cladding gap space while in the
provide the information needed with highly irradiated reactor. The results of these tests confirmed the validity
fuel,

of the LOCA Source Term Model." These tests also
confirmed the earlier observation that the amount of

1.1 Early Tests with High-Burnup volatile iodine produced is < 1% of the iodine released
g whenever total iodine release is > 1 % of the total

inventory. Tests BWR-4'* and HBU-12' were tests in

A series of 11 tests (HBU series) was performed with which the pellet-to-cladding gap space was purged with I,

fully irradiated fuel from the IL B. Robinson reactor * purified helium at temperatures up to 1475 K. These

Fission product release tests were conducted in the tests showed that the gap inventories of cesium and

1 NUREG/CR-6261
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iodine were equal to the in-reactor gas release on a chemical form was discussed in the data reports" 8' and

percentage basis. in additional reports.2"2 A summary of the HI tests has '

been published.23

1.2 The HI Series Tests
1.3 HS Tests

In 1981 the Nuclear Regulatory Commission (NRC)
began sponsorship of the horizontal induction-heated (HI) The HS tests (horizontal-simulant)2" provided an

test series."'' The horizontal geometry was retained opportunity to compare releaw rates obtained in the

because of the case of loading, unloading, and direct SASCHA tests performed at Karlsruhe, Germany, with

viewing of the fuel after the test. These tests were those obtained in our fuel rod geometry. Four tests were
'

conducted in the temperature range 1675-2200 K, as run here using unirradiated UO containing simulant2

detailed in Tables 1.1 and 1.2. The results continued to fission products that were fabricated at Karlsruhe. The

show that only small amounts of volatile forms of iodine results showed good agreement with the SASCHA data

were formed in the first second after release from the when compared on the basis of fraction released per

fuel. lodine deposition profiles in the TGTs indicated the minute. These tests also provided an opportunity to test

condensation of Cal as had occurred in the HT and BWR
thoria ceramics which were needed for the 2675 K target

test series. Tests HI 3,4, and 5 were run with the steam temperature,

flow restricted so that unoxidized Zircaloy could melt and
1.4 The VI Series Testsreact with the UO and fission products. The Zr-UO2 2

reaction was first suggested as a possible mechanism for
fission product release enhancement when the President's In 1985 the apparatus was changed to the vertical furnace
Commission on the TMI-2 accident met at ORNL in orientation for the VI (vertical induction-heated) test
early June 1979. The reaction had been studied only at series. Additional improvements were made that are
lower temperatures as a pellet-cladding interaction described in Section 2. A summary of VI tests 1-6 has
problem. The reaction was later called " liquefaction" been published.26 Tests were made with atmospheres of
because the melted Zircaloy penetrated the UO grain steam, hydrogen, hydrogen followed by steam, and an2

boundaries, thereby weakening the pellet structure." air-steam mixture.2n2 The higher test temperatures in
Tests HI-3,4, and 5 showed that this reaction did not the VI series and the use of the three sequentially
enhance the release of fission gas, cesium, or iodine. operated fission product collection systems made it
The melted cladding reacted with the UO , but the possible to obtain release rates for less-volatile species,2

cladding did not run off. It appeared to be glued to the such as Ba, Sr. Mo, Eu, Ru, Ce, and Pu. Test operating
UO , thus restricting release pathways. Fission product conditions are listed in Tables 1.1 and 1.2.2

NUREG/CR-6261 2
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; Table 1.1 Test temperatures and heatup rates '

I
First temperature plateau Second temperature plateau

Test
No. Atmosphere Heatup Temperature Time at Heatup Temperature Time at Cooldown

rate (K) plateau rate (K) plateau rate
(K/s) (min) (K/s) (min) (K/s)

HI-1 Steam 1.2 1675 30 0.6
HI-2 Steam 1.3- 2000 20 1.5

'

HI-3 Lim. steam 2.1 2275 20 1.4

HI-4 Lim. steam 2.3 2200 20 1.6
HI-5 Lim. steam 1.1 2025 20 1.2
HI 6 Steam 2.3 2250' 1 1.5-

1

VI-l Steam 1.0 2020 20 0.6 2300 20 0.8
VI-2 Steam 0.8 2300 60 0.5
VI-3 - Steam 0.3 2000 20 0.3 2700 20 0.5
VI-4 liydrogen 0.7 660 23 1.1 2440 20 0.6

VI-5 Hydrogen 0.25 2000 20 1.2 2720 20 1.1 i
VI-6 . II / steam 0.83 2310 60 0.6 )2

VI-7 Air / steam 0.48 2000 20 0.48 2000 20 0.7

:
' Peak temperature.

,

,

.|
i

I

|

!

l
!
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Table 1.2 Gas flow rates

Flow to fuel segment Flow to susceptor Total H h unTest 2
,

generated' (MPa)No. .

Gas Flow' Gas Flow" (L). Gas Flow'
(L/ min) (L/ min) (L/ min)

111-1 Ar 0.30 11 0 1.0 Ar. 0.20 12.2 - 0.099
2

111-2 Ar 0.30 11 0 1.0 Ar 0.15 16.2* ~0.099
2

111-3 lie 0.15 11 0 0.30 lie 0.15 4.9 0.100
2

111-4 lie 0.15 ' 11 0 0.32 Ile 0.15 13.7 0.100
2

111-5 lie 0.25 1I 0 0.41 lie 0.15 11.0 0.099
2

111-6 lie 0.28 11 0 3.0 lie 0.14 11.0 0.097
2

~ VI-l lie 0.40 11 0 1.54 lie 0.40 16.4* 0.098
2

- VI-2 Ile 0.30 11 0 1.54 Ile 0.20 11.2* 0.101
2

VI-3 lie 0.40 11 0 1.60 lie 0.20 11.2* ~ 0.099
2

VI-4 lie 0.405 II, 0.405 lie + 11 0.10 0 0.099
2

VI-5 lie 0.40 11 0.40 Ile + If 0.10 0 0.099
2 2

VI-6A Ile 0.40 11 0.40 lie + 11 0.2 0 0.099
2 2

VI-6B lie ~0.05 11 0 - 0.15 lie 0.2 0.099
2

VI-6C, Ile ~ 0.05 11 0 - 0.15 lie 0.2 0.099
2

VI-6C lie 0.30 11 0 1.00 lie 0.2 11.3' O.099
2 2

VI-7 Air 1.0 11 0 0.95 lie 0.5 27.8 0.099
2

' Volume at 20*C and 1 bar.
' Cladding 100% oxidized. '

' Total at end of test; cladding 100% oxidized.

,

f

.

!
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2 Apparatus for HI and VI Series Tests

The furnaces for heating the fuel specimens in the HI and Three cartridges containing impregnated charcoal were
VI tests are shown in Figures 2.1 and 2.2. In both located immediately behind the filters. Triethylene-
designs, a zirconia cylinder or furnace tube surrounded diamine (TEDA) impregnant was used to capture all of
the fuel rod (thoria cylinder in tests VI 3 and VI-5).33" the volatile forms of iodine (1, HI, CH 1). The filters,2 3

A graphite cylinder outside of the furnace tube was impregnated charcoal, and lines to and from the filter
heated by an induction coil so that heat flowed through assembly were heated to 400 to 420 K to prevent
the furnace tube to the fuel specimen. The induction coil condensation of steam and volatilization of the charcoal
was spaced to make up for heat loss at the ends and to impregnant.
preheat the gas that flowed past the fuel rod and carried
released fission products into the fission product Steam was condensed at 273 K and additional moisture
collection systems, removed in a freeze trap maintained at 195 K. Fission

gases were collected in two large charcoal traps
maintained at 195 K. Three Nal gamma detectors were

Each collection system consisted of a thermal gradient used to monitor '"Cs and 8"Cs deposited in the top of
tube (TGT) in which the temperature dropped from the furnace and in the TGTs, '"Cs and "Cs collected on
~1200 to ~400 K. The inner surface of the TGT was the filters, and a5Kr collected in the large charcoal traps.
usually lined with a platinum insert. The insert was
removed and examined for deposits at the end of the test. Beginning with Test VI-4, additional radiaticn monitors
Platinum was chosen to decrease the chance of were used that were directed to the top and bottom of the
chemically altering the fission product species. Pre- fuel rod. They were used to monitor total radioactivity
oxidized stainless steel liners were used in some steam- remaining in the fuel and to watch for collapse of the fuel
atmosphere tests, and clean stainless steel was used in rod.
some hydrogen-atmosphere tests. The dimensions of the
TGT liners and other collection system components are Fuel temperatures were monitored with two-color
given in Table 2.1 Summaries of TGT results have automatic optical pyrometers." A thermocouple was
been published."'' The layout of equipment is shown in placed close to the fuel to measure temperatures lower
Fig.2.3. than the pyrometers could detect. Beginning with the VI

series tests, one or two manually operated disappearing
filament optical pyrometers were used to look directly at

The filters consisted of two holders with compressed the outside of the ceramic furnace tube through small
quartz wool followed by two layers of IIEPA-type filters. viewing ports. Beginning with Test VI-1, a hydrogen
The filters and TGTs were weighed before and after each measurement system was used to measure the rate of the
test in order to measure the mass of the deposits. steam-Zircaloy reaction.38
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Table 2.1 Collection system dimensions

Thermal gradient tube Tube from TGT to filters Filter.
,

Test
No. Material Length Inside Material Length Inside Number Diameter

(mm) diameter (cm) diameter of hends" (mm)

(mm) - (mm)

111-1 Pt 305 4.0 Teflon 7.6 3.2 2 30

-111-2 Pt + Au 356 4.0 Teflon 7.6 3.2 2 30

111-3- Pt' 356 4.0 St. steet 19 4.6 2 51

111-4 Pt - 356 4.0 St. steel 19 4.6 2 51

111-5 Pt 356 4.0 St. steel 19 4.6 2 51

Hi-6 St. steel 370 4.25 St. steel 19 4.6 2 51

VI-1 A Pt 359 7.3 St. steel 57 8.0 3 89

VI-1B Pt 359 7.3 St. steel 73 8.0 3 89

VI-IC Pt 359 7.3 St. steel 89 8.0 3 89

VI-2A Pt 359 7.3 St. steel 57 8.0 3 89

VI-2B Pt 359 7.3 St. steel 73 8.0 3 89

VI-2C Pt 359 7.3 St. steel ~ 89 8.0 3 89

VI3A 304 St. steel 359 7.3 St. steel 78 8.0 3 89

VI-3B Pt 359 7.3 St. steel 60 8.0 3 89

VI-3C Pt 359 7.3 St. steel 47 8.0 3 89

VI-4A Pt 359 7.3 Copper 78 8.0 2 89

VI-4B Pt 359 7.3 Copper 60 8.0 - 2 89

VI-4C Pt 359 7.3 Copper 47 8.0 2 89

VI-5A 304 St. steel 359 7.3 Copper 78 8.0 2 89

VI-5B Pt 359 7.3 Copper 60 8.0 2 89

VI-5C Pt 359 7.3 Copper 47 8.0 2 89

VI-6A 304 St. steel 359 7.3 Copper 78 8.0 2 89

VI-6B 304 St. steel 359 7.3 Copper 60 8.0 2 89

VI-6C 304 St. steel 359 7.3 Copper 47 8.0 2 89

VI7A Pt 359 7.3 Copper 78 8.0 2 89

VI-7B Pt 359 7.3 Copper 60 8.0 2 89

VI-7C Pt 359 7.3 - Copper 47 8.0 2 89

' Bend radii 2.54 cm x 60* for Teflon. 5 cm x 30* for III stainless steel. 2.54 cm x 90* for VI stainless steel, and 15 cm x 90* for copper.

NUREG/CR-6261 8
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Fuel Characteristics

3 Fuel Characteristics

The characteristics of the fuel used in the ORNL tests run under near-identical atmosphere and temperature

have been reported in the individual test data reports, conditions. No significant difference in fission product

Rese characteristics are summarized in Table 3.1. Most release was observed between the hot cell Test VI-4 and
of the fuel came from commercial PWR and BWR the in-reac'or Test ST-1. Also, no significant difference
reactors irradiated at moderate linear heat rating typical between BR3 fuel releases and commercial fuel releases
of modern reactor design. Fission gas release while in was detected.

the reactor was ss5%. An exception was the Peach
Bottom-2 fuel that had ~10% fission gas release in- Fission product and actinide inventories are listed in

reactor. Tables 1.2 and 3.3, respectively. Rese were calculated
using ORIGEN.2." The inventories of Tests VI-l and

The BR3 fuel came from the Belgian research reactor 111-6 are typical of commercial PWRs and BWRs. The

BR3. Fuel from this reactor was used in several in- BR3 fuel had unusually high initial 235U enrichment,

reactor tests because of its higher-than-average espe-cially the VI-4 fuel. The production of plutonium,

enrichment. The BR3 fuel was used in two PBF SFD americium, and curium is favored by low enrichment.

tests," four TREAT STEP tests,'' and two SNL tests Some published inventories for BR3 fuel differ from

conducted in the ACRR.42.82 BR3 fuel was used in five these, especially for americium and curium. Inventories

ORNL tests to provide a comparison with in-reactor test affect the determination of both release rate coefficients

data. ORNL Test VI-4 and SNL Test ST-1 were and diffusion coefficients.

Table 3.1 Fuel rod characteristics

Grain' Fission gas Fuel Ciad* UO Zircaloy2

Test Reactor Burnup diameter release in-reactor length 0.D. mass mass

No. (mwd /kg U) (pm) (%) (mm) (mm) (g) (g)

111-1 li.B. Robinson 28.1 3.4 0.3 203 10.7 137.3 30.7

111-2 II.B. Robinson 28.1 3.9 0.3 203 10.7 135.3 30.7

111-2 II.B. Robinson 25.2 4.3 0.3 203 10.7 136.2 30.7

111-4 Peach Bottom 2 10.1 6.6 10.2 203 14.3 254.6 51.4

111-5 Oconee 38.3 8.9 4.1 152 10.8 107.5 25.6

111-6 Monticello 40.3 8.0 2.0 152 12.4 126.0 44.2

VI-l Oconce 40 9.2 0.7 152 10.8 109.2 31.2'

VI-2 BR3 44 12 ~2 152 9.5 82.0 21.3

VI-3 BR3 44 12 ~2 152 9.5 81.1 21.2

VI-4 BR3 47 12 ~5 152 9.5 78.2 21.1

VI-5 BR3 42 12 ~2 152 9.5 80.8 21.2

VI-6 BR3 42 12 ~2 152 9.5 81.5 21.5

VI 7 Monticello 40.3 8.0 2.0 152 12.4 126.0 52.7'

Diameter at end of test for 111 tests, start of test for VI tests.
*All cladding Zircaloy-2 except 111-5 (Zr-4).
' Included two end caps on bottom end, second end cap with mounting pin.

NUREG/CR-6261 10
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Table 3.2 Fission product and plutonium inventories in HI and VI tests

Amount in fuel (mg)*
Test
No. Kr Sr Mo Sb Te . I* Cs Ba Eu Pu

HI-l 36 79 341 2.3 51 21.7 252 168 14 1038
Hl.2 35 78 337 2.3 50 21.4 249 166 14 1023
HI-3 32 71 305 2.1 46 19.4 226 150 13 927
HI-4 26 59 268 2.3 39 17.3 206 116 9 1401
HI-5 39 90 364- 2.9 53 22.5 287 166 18 927
HI-6 46 106 454 3.4 67 20.4 371 210 23 1123

VI-1 41 94 386 3.1 57 23.9 304 177 19 962
VI 2 39 88 327 1.6 43 17.2 244 162 12 608
VI-3 37 - 84 309 1.5 40 16.1 232 152 11 583
VI-4 242 97 337 1.4 41 16.1 257 159 10 491
VI-5 37 83 308 1.5 40 16.0 231 152 11 581
VI-6 37 84 310 1.5 40 16.2 233 153 11 599

VI 7 46 106 454 3.4 67 28.2 371 210 23 1123

' Calculated by ORIGEN-2, Reference 44. Mass of "'I reduced to 0.82 times ORIGEN-2 value.

Table 3.3 Additional fuel inventory

Amount in fuel (mg)'

Test No. Ru Ce La Np Pu Am Cm

HI-6 321 322 164 64 1123 53 8.48

VI-l 267 277 140 57 962 32 5.70

VI 2 195 236 120 49 608 26 0.79

VI-3 192 223 119' 48 601 26 0.78

VI-4 186 243 125 41 491 16 0.19

VI 5 - 181 222 114 44 581 23 0.59

Vl-7 321 322 164 64 1123 63 8.48

'Calculried with ORIGEN-2, Reference 44.

1I NUREG/CR-6261
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Release Amounts

4 Release Amounts and Analysis Techniques

.4.1 Release Amounts Users of the data given in this report should keep in mind
that the amounts, rates, and diffusion coefficients given
in this report are for release from fuel. The rapid

The amounts of fission products, uranium, plutonium,
deposition of many species that occurred in our testzirconium, and tin (from cladding) released in the 111 and
apparatus means that similar behavior can occur in real

VI tests are listed in Tables 4.1 and 4.2. Release accident situations. In most cases, release from the core
amounts for other tests are given in Appendix A.

of a reactor will be much less than release from the fuel
f r the less volatile species.

For the VI series tests, the release amounts are given for
three time periods corresponding to the use of collection Tests VI-4, ST-1, and ST-2 experienced an unusually
systems A, B, and C. Except for krypton and iodine, a large deposition in the upper furnace region for released
significant amount of every released species deposited in species. This resulted from the very large axial
the outlet end of the furnace before the effluent gas

temperature gradient that occurred in ST-1 and ST-2 andstream was divided to form the A, B, and C collection
that was deliberately imposed in Test VI-4. In

systems. A calculation was used to divide the furnace- Test VI-4,48% of the released cesium, 86% of the
deposited material into the A, B, and C time periods rele sed antimony, and almost 97% of the released
according to the amounts of each species actually found europium deposited in the cool upper furnace region,

-

in the A, B, and C co!!ection systems. The time of
L rge deposits in the common furnace region decrease

release of vapor and aerosol forms was calculated the accuracy of measurement of time of release. The
separately. Material deposited in the furnace on the unusually low gas velocity in Test ST-2 further decreased

'

upper furnace tube and the outlet end ceramic spacers the amount of released species that reached the
were assumed to be vapor forms that had condensed at

sequentially operated collection systems.
these locations. Species deposited in the thermal gradient
tubes were also assumed to be vapor forms. All other
deposits on the collection system components were
assumed to be aerosols. Small deposits occurred on 4.2 Analysis Techniques
insulating material at the top of the furnace. These were
assumed to be mixed vapor and aerosol forms resulting
from leaks between ceramic components in the furnace. Our most accurate method for measuring fission product

The ratio of vapor-to-aerosol at this location was assumed release is the radiation counting of gamma-emitting

to be the same as that for the total collected in the three isotopes. The releases of ''74 'i'4 '25% '83% '5dk
collection systems. The vapor and aerosol amounts on '"Ce, and "Kr were measured by this method.

the furnace insulating materials were then partitioned Beginning with Test HI-3, most of these isotopes were

among the A, B, and C collection trains according to the measured in the fuel before and after the test in order to

amounts of vapor and aerosol deposits in each train, obtain a direct measurement of isotope release. The
isotope "Kr could not be detected in the fuel; hence, it

Relatively large amounts of the less-volatile released was necessary to use an ORIGEN-2" calculation for the

species were usually found in the upper parts of the original "Kr fuel inventory. The isotope *Ag could be
furnace before the exit gas stream was divided into the measured with the fresher fuel. As fuel aged, ""'A and3

A, B, and C collection systems. This was especially '"Ce could not be reliably measured.

noticed for ruthenium and europium. Slightly less than
half of the released Ba, Sr, Mo, U, and Pu were lodine release was measured by neutron activation of 8"L

typically found in the furnace above the fuel rod. The original fuel inventory for '"I was obtained from

Twenty-five percent or more of the released antimony ORIGEN-2 calculations that were reduced to 0.82 of the

was also found in the upper furnace parts. As stated calculation. This decrease in calculated '"I inventory

above, we believe that these deposits resulted primarily was based on a review of 18 different comparisons

from the condensation of vapor species. The deposition between ORIGEN-2 calculations and actual measurements

velocity for aerosol particles is low enough that they of "I in various fuel samples.*' A report from the

would be carried on into the collection systems. United Kingdom also suggested that the true inventory of
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Table 4.1 Release during HI and VI tests

Effective Amount released (% of Inventory)
Test Temperature time
No. (K) (min) ** Kr *Cs '2'I Te 22sSb Sn (clad) "*"' Ag

(appx.) (appx.) (appx.)

HI-l 1675 '33.19 2.83 1.75 2.48 - 0.25 >0.02 - 0.3
HI2 2000 20.23 51.5 50.50 65.6 ~ 0.5 1.55 2.9
HI-3 2275 21.80 59.0 58.80 43.2 - 0.3 >0.001 ~ 1.7 >0.015

Hi-4 2200 19.91 21.1 31.70 30.1 <0.4 >0.009 ~ 1.1 > 0.094
HI-5, 2025 23.05 15.8 20.30 27.3 > 0.33 - 0.5 18.0
HI-6 2100 9.33 29.6 33.10 30.1 0.068 6.0

VI-1 A 2000 24.67 28.62 23.2 0.I4 14.0
VI 1B 2240 14.00 17.44 11.4 10.68 15.8' |

VI.lC 2300 16.15 17.17 10.6 22.34 53.7
Total 2300 27.37 46.0 63.23 45.3 33.16 83.5

VI-2A 2150 9.76 31.24 20.6 0.09 11.0
VI-2B 2298 18.01 26.20 15.9 49.0 60.0
VI-2C 2302 41.82 9.71 3.5 19.0 23.0
Total 67.15 40.0 68.1 94.0

- VI-3A 2000 24.12 26.2 22.10 24.2 1.7 ~ 0.1 6.1
VI-3B 2530 19.53 66.2 65.74 50.8 68.8 80.6 49.3
VI-3C 2704 22.86 7.03 12.03 4.0 28.3 18.6 21.1
Total 2700 31.22 99.5 99.87 79.0 98.8 99.2 76.5

VI-4A 2290 8.06 85.2 59.03 45.2 1.46 0.5
VI-4B 2431 8.01 6.5 26.19 13.9 3.26 0.05
VI-4C 2445 13.66 2.7 10.65 27.7 1.64 0.08
Total 2440 24.64 94.4 95.87 86.8 6.36 0.63

VI-5A 2005 23.23 31.4 30.85 33.5 3.2 0.18
VI-5B 2515 7.20 57.8 59.68 34.0 25.0 9.84
VI-5C 2720 21.38 10.8 9.43 2.7 53.3 8.04
Total 2700 26.46 100, 99.96 70.2 81.5 17.88

0

VI-6A 2150 13.22 42.0 47.0 30.] 5.0 0
VI-6B 2311 18.01 16.9 17.1 7,3 4.0 0.6
VI-6C 2314 43.03 16.4 21.1 39.5 54.4 63.5
Total 75.3 80.2 76.7 63.4 63.5

VI7A 2000 28.3 39 40.8 23 0
VI-7B 2300 10.1 14 11.8 8 5.0

- VI-7C 2300 23.6 12- 18.8 11 47.0
Total 2300 30.9 69 71.4 42 52.0

_
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1 ri ~t Table 4.2. Release during HI and VI seats 1 N
. E- >O '

Wil Amount Released (% ofInwntary).g .

& Test No. Ha~ Sr "*Eu "Ru - Mo UO, Pu ''*Ce Zr(cleo) '. ~ La
(appt) (appx) (app () - (appt) (appt)

_

1Il-1 -O 008 <0.002 <0 00002 ' 0.006 -4,6-

III-2 ~5.9 -0.002
1 11- 3

1 11- 4 . 4 04 4 005 <0.6 <>00004 .
-000008 -.<0 0002

IG-5 - -0.08 -0 021 -4 0016 J
1 11- 6 :

. VI-I A 13.2 0 0001
VI-1B 62 -00076
VI-lC 23 6 0 0013
Total - 43.0 0 0089

VI-2A .1.89 4.6 . 000092 0.0003
VI-2B 14 09 55 6 0.00720 0 0012 '
VI-2C 2.% 25.4 0.023 0 0016
Total 18.94 85.6 0 0311 0 0031-.-

."
VI-3A 3.2 0.7 0 7.6 0 0016
VI-3B 16.1 1.3 0.13 53 1 0548
VI-3C 10 4 0.7 4.88 16.3 0.784
Total - 29.7 2.7 4 01 5 01- 77.0 1.334 0.005 <0.2

VI-4A 7.2 18.26 - 0.8
VI-4B ' i1.4 0.28 5.1
VI-4C 8.2 0 09 1.0
Total 26 8 18 63 0 6.9 0.09

VI-5A 10.1 58 0 85 0.51 0.0015
VI-5B 28 4 14.1 35 03 0.23 0 0034
VI-5C 37.2 13.8 21.47 1.53 0.0098
Total 75.7 33.7 57.35 0 2.26 0.0147 2.0

VI-6A - 10 5 1.57 24 0 46 0 0003
VI-6B 7.9 1.14 0.1 0.24 0 0002
VI-6C 14.0 3 II 11.2 I l.91 0.0005
Total 32.4 5.82 13.7 12.61 0.0010

! VI-7A 1.5 0.3
VI-7B 08 0.2
VI-7C - 1.8 0.6
Total 41 1.2 0 045 <2.8

. - . -
_.



Release Amounts

"I was only ~80% of that calculated by O_RIGEN." surfaces. The acid teaches were analyzed for U, Mo,
This correction to ORIGEN-2 inventories has not beer. Te, Ba, Sr, and Pu. For Tests HI-I through VI-4,
used previously in our iodine release calculations. surface smears of the TGTs and filters were taken before

teaching for analysis by spark source mass spectrometry
Components of the test apparatus received two leaches (SSMS). The accuracy of the SSMS technique is
with fresh strong basic solutions for ~2 h each for the reported to be +100%/-50%. Beginning with
iodine analyses. Two similar teaches with nitric acid Test VI-3, most of the above elements were analyzed by
were used to teach other materials from the apparatus the inductively coupled plasma (ICP) technique.

.
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5- Release Rate and Diffusion Coefficient Models

There are two types of simple fission product release coefficients calculated for fission gases, cesium, and
models used for severe accident release modeling. The iodine by this method are essentially the same as those
first type can be described as " fractional release rate" calculated by the NUREG-0772 curves and by CORSOR.
models. In these models, the release rate coefficient, k, The values of the release rate coefficient, k, for the less-
has the units (1/ time). For low release rates, k is volatile species in CORSOR-M were changed
essentially equal to fraction released per unit time, where significantly from those in CORSOR and the
" fraction" refers to the inventory at the time in question, NUREG-0772 report.
which is not necessarily the initial fission product
inventory. The time unit " minute" is usually used in addition to being easy to understand and easy to use

because it is easily related to the time scale of both (see below), fractional release rate coefficients are usable

fission product release tests and severe accidents. The with any geometry. Geometries, such as large molten

model is easily understood when the value of k, min , is pools ' or large debris beds," can affect fission productd 5

equated with the fraction released per minute. Details of release rates. Major geometry differences should be

this type of model are given in Section 5.1. accommodated. Recommendations for fuel, structural
material, and control rod material releases that may be

The second type of simple release model is the diffusion controlled by gas flow rate (vaporization) were made in a
model. This model uses tie classical single-atom review of the CORSOR model,

diffusion equations and diffusion coefficient that were in
use long before nuclear fission was discovered. The A weakness of the fractional release rate models
diffusion model was commonly used to correlate fission (NUREG-0772, CORSOR, and CORSOR-M) is that they

gas release from trace-irradiated and low-burnup fuel at do not account for the effect of fuel morphology on

moderate temperatures." An ANSI standard was fission product release. Examples of possible importance ,

developed using this type model for in-reactor fission gas are burnup and grain size. A weakness suspected

release, including the release of short half-lived initially" is that the release calculated by this method

species.'8'" In 1985, we found that the diffusion overestimated release rates and releases for long heating

equations created an excellent fit of fission product times or large fractional releases. This was proven to be

release at serre accident temperatures. Take Nakamura, the case when ORNL Test VI-2 was performed.2s The

a visiting scientist at ORNL from JAERI, quantified the measured value of k for cesium release changed from

results of ORNL tests. This has been called the ORNL 0.056 min when 2300 K was first reached tod

Diffusion Release Model.2" Diffusion release models ~0.003 min 60 min later after 63% of the initiald

are often referred to as Booth models after the AECL cesium was released.

scientist who formulated simplified forms of diffusion
equations for fission product release modeling."

5.1.2 Using Fractional Release Rate Models

5.1 Release Rate Coefficients
in order to use a fractional release rate model, the first

5.1.1 Description of Fractional Release Rate step is to determine the value of the release rate
e efficient, k, for the fission product of interest.

Models CORSOR-M uses the correlation

As explained above, the fractional release type of model k . k, e g) (5*1)
uses release rate coefficients, k (min ), to express thel ,

release rates. The first models of this type were used by
Albrecht et al. (1978) and later by Wichner and Imrenz * #*
in NUREG-0772." A computerized version of this
model was called CORSOR." "Ihe most commonly used k = release rate coefficient, min ;d
version of this type of model is CORSOR-M.
CORSOR M uses a 1/T correlation to obtain values of k

7 k, = (min ) is obtained from Table 3 of Reference 53;d

as a function of temperature. The release rate
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Q = activation energy, kcal/mol, from Table 3 of at 2000 K. The product kat at 1500 K is !
. Reference 53; (1.01 x 104)(100) = 0.0101, and the product kat at |

~

2000 K is (0.02132) (10) = 0.2132. . The sum of the
R = universal gas constant, 0.001987 kcal/mol K; products is 0.2233. Substituting this " sum of products"

for kt in Equation (5.2), a value of 0.200 is obtained for
T = temperature, K. F. This is the total fraction of original cesium expected

to be released at the end of 110 min of heating, as
CORSOR release rate coefficients can also be obtained described above. If time steps of 1 min are used
frotn Reference 53, and the NUREG-0772 release rate throughout, a minute-by-minute release prediction would I

coefficients are shown in Figure 4.3 of Reference 52. be obtained. At the end of 1 min, the product kat would
be 0.000101, at 2 min the sum of the products kAt would

5.1.2,1 " Sum of Products" Method be 0.000202, etc. At the end of 110 min, the sum of the
products would be 0.2233. At each minute, the new

The next step in using fractional release rate models is to " sum of products" would be used in Equation (5.2) to
' calculate the fraction of inventory released using calculate the fraction of original inventory expected to be

' ' #' * "# '

F-1-c*, (5.2)

5.1.2.2 " Inventory Reduction" Method
'

where

In this method, Equation (5.2) is used without summing
F = the fraction of original inventory released in time the "kt" products. We will rewrite it as f = 1 - e*,

t; where f = fraction of current inventory. At each time
step, the value of kat for that time step alone is used in )t = time, min; Equation (5.3). The inventory must then be reduced by
the amount released in the time step, since f refers to the

k = release rate coefficient, min-', obtained as current inventory and not the original inventory,
described above.

As an example, we consider the heating of UO at2

1500 K with CORSOR-M release rate for cesium of
This equation assumes that k is constant, which happens 1.01 x 104 min-'. This method is easier to follow if the
only when the temperature is constant. In all pracGral inventory is traced by mass or g-atoms so that the

.

applications, the temperature changes with time and, fraction of original inventory and fraction of current
therefore, the value of k changes with time. For this inventory are not confused. Assume that the initial
situation, Equation (5.2) can be used if the sum of the inventory is 100 mg Cs and that each time step is 1 min.
products k At is substituted for (kt) in Equation (5.2). At the end of 1 min at 1500 K (the first time step), kt (or
The time interval At = 1 min is satisfactory for most kat) = 1.0 x 10 , f = 1.00995 x 104, and the mass of4

applications, but At would be the time-step value in most cesium released would be 1.00995 x 10-2 mg. The
computer calculations. inventory remaining (or current inventory) becomes

99.9899 mg. The second time step would have identical i

As an example, suppose one wants to use CORSOR-M to values of kt (or kat) and f. The mass of cesium released
predict the total release of cesium from UO fuel heated is (1.00995 x 10'2 x 99.9899) = 0.01009848 mg, so2

for 100 min at 1500 K and 10 min at 2000 K. For that the remaining inventory (or current inventory)
simplicity, the heatup and cooldown periods are becomes 99.9798 mg. The procedure would be
neglected. From Reference 52 and Equation (5.1), we continued with each time step requiring a new calculation
find that k = 1.01 x 104 at 1500 K and k = 0.002132 of the current inventory.

17 NUREG/CR-6261
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5.1.3 Obtaining "k" from Test Data For a case like this, one must assume that the effect of
temperature on k is known. Equation (5.1) with

The value of k, the release rate coefficient, can be Q = 63,800 cal /mol is used at ORNL for all species.
obtained reasonably accurately from a variation of
Equation (5.1) if heatup and cooldown times were short The following is a description of the calculation

in comparison to the time at a constant temperature: Procedure. A computer worksheet or spreadsheet
program is used to list the input and perform the
calculations.

k . -In(1 - F) (5.4),

t 1. Assume a value for Q in Equation (5.1). A value
of Q = 63,800 cal /mol has been used at ORNL for

where k, F, and t are as defined for Equation (5.2). this type of calculation. The results of this report
(Section 5.2) show that a value of

In most tests, we are able to measure the releases of Q = 55,000 cal /mol would be preferable for future

cesium and krypton every minute by on-line gamma calculations of this type. The selected value of Q

counting. Release rate coefficients can be calculated must remain constant throughout the procedure.

from this type of data using the following equation:
2. Select a starting value for k, of Equation (5.1).

k . -In[I - 7 - F )/(1 - F)]/(t -t) This will be changed by trial and error until a2 i 2 i

satisfactory fit with test results is achieved,

where

F = fraction of original inventory released at start of 3. List the measured fuel temperatures with time.
i

time period,

F = fraction of original inventory released at end of 4. For each time step (time between temperature
2

time period, measurements), calculate the average temperature,
at, k, the product kAt, and the sum of the products

ti = time corresponding to F , kAt from the start of the test.
i

t2 = time corresponding to F . 5. Calculate F at each time step using Equation (5.2),
2

and substitute the sum of products kat for "kt" in

The time interval (ta - t ) is usually 1 min if the gamma Equation (5.2).
i

counting statistics are good. The fractional release data
must be smoothed in order to avoid a large scatter in k 6. Continue this calculation to the end of the test.

values. F , F , t , and t and the temperature all musti 2 i 2

correspond to tin midpoint of the counting period when
on-line gamma counting data are used. Equation (5.5) is 7. If the final calculated F does not agree with the

valid for any time period as long as F, and F are known. measured F, try different values of k, until satis-
2

For example. Equation (5.5) could be used to calculate factory agreement is obtained. 'lliis calculation is

the overall release rate coefficient for a particular Performed with the fractional release of cesium
temperature plateau. (rather than "Kr) since our measurements for

cesium are usually more accurate.

If the temperature changes much during a time period,
Equation (5.5) is not very helpful because it does not 8. Using the best-fit k,, the Q assumed in step 1, and

provide the temperature that corresponds to the calculated Equation (5.1), k is calculated for the temperature

k. An example is when our fission product collection most characteristic of the test. This temperature is

system B is used during the temperature ramp between a usually the average temperature of the test plateau.

Iow and a high-temperature plateau. If there is not a well-defined temperature plateau in
the test, the temperature for the midpoint of cesium
release is used. That is, half of the cesium release
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occurred below this temperature and half occurred A+B+C effective time. The individual t,n values
above this temperature. These values of T appear cannot be added because they refer to different
in Table 4.1, temperatures and use different k, values. To obtain

the correct overall effective time and k value, steps
9. It is helpful to calculate an ' effective time' for each 1-7 must be repeated clear to the end of the test using

test that corresponds to the F T, and k of steps 7 the same k, all the way through. The overall t,n can
and 8. To do this, a variation of Equations (5.2) then be calculated using Equation (5.5).
and (5.3) is used:

t., -In(l[ F) (5.5) 5.2 CORSOR-O (Recommended
Fractional Release Rate Model)

Note that both k and t,n depend on the characteristic
or reference temperature, T. CORSOR-O (-O for "ORNL") consists of a set of release

rate coefficients to be used with the ' fractional release
10. The effective time, t,,, from Equation (5.5) can be rate model" described in Section 5.1. CORSOR-O uses a

used to calculate the value of k for any other single-temperature activation energy (55,000 cal /mol) that
element or isotope. Simply substitute t,n for t in is used for every species. The values for K, are different
Equation (5.4) and use the total fraction released and sometimes depend on the extent of cladding oxidation
for the species of interest. Note that t,n was or the gas atmosphere. This concept was first suggested
calculated with the value of Q in step 1. A in a review of CORSOR in 1985.56
moderate change in Q usually produces only a
small change in t, . At ORNL, a value for The K, value for Kr and Cs in CORSOR-O is
Q = 63,800 cal /mol has been used for this type of 12,000 min . Every other species has a release rated

calculation. Based on the results of this summary multiplier, C , so that the k, for each fission product may
report (Section 5.2), a value of be derived from data given in Table 5.1. The values of
Q = $5,000 cal / mot is preferable. The values for C, were chosen to provide a good fit to the experimental
effective time listed in Table 4.1 were obtained results given in Section 6.
using the diffusion equations described in Section
5.3.2. The two methods for calculating effective
times give similar results. 5.3 Diffusion Coefficients

11. The VI series tests used sequentially operated
collection systems A, B, and C. Steps 1-7 above 5.3.1 Description of Diffusion Release
describe the procedure for the system A results. Models
For the system B, the same steps are repeated, but
the final k, for system A is kept constant and the k, Two diffusion release models are featured in this report,
for B is changed by trial and error. The sum of the ORNL-Booth, new with this report, replaces the ORNL
products kat is continued so that F at each time Diffusion Release Model.2'3 ORNL-Booth includes
step is the total release from the start of the test. diffusion coefficients for a wide range of fission
The calculation for system C is performed in the products, whereas the ORNL Diffusion Release Model
same way. The k, values for A and B are fixed, was structured only for the volatile fission products.
and the k, value for C is changed until a ORNL-Booth also includes diffusion coefficients for
satisfactory agreenient with F m. obtained. structural components (Zr, Sn in the cladding, Fe, Cr,

Mn, UO ) whose releases are obviously not controlled by2

12. The effective time, t,,, for systems A and C are the grain size of the fuel. For these species, the grain
calculated in the same method as for system A. In radius is assumed to be 6 m.
many cases, it is desired to know the overall
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Table 5.1 Relative release rates and diffusion coefficients

Element ORNL.
CORSOR-O Booth CORSOR-BOOTH
relative rate relative "D" scale factorInitial fuel Reduced fuel Oxidized fuel or

(R ) (R) (SFACT)*condition cladding

Kr,Cs Kr,Cs Kr,Cs 1.0 1.0 2.0 -

1 1 1, Te (oc)* 0.8 0.64 1.6

Sb (oc) 0.5 0.25 1.0

Ag' Ag Ag, Sn-clad (oc) 0.4 0.16 0.8

Mo 0.25 0.0625 0.5

Ba 0.2 0.04 0.4

Sr.Eu Mn' - 0.1 0.01 0.2

Ba, Te, Sb, Sn-clad Te, Sb, Sn-clad Ba, Ru, Fe,' O.02 4.0 x led 0.04 ,

Cr,' Co,'
d

Sr, Mo Mo Sr 0.01 1.0 x 10 0.02

Ce 0.002 4.0 x 10-6 0.004

UOf UO 0 0006 3.6 x 10 ' O.0012
2

Zr-clad,' Ce, La Zr-clad, La Zr-clad, Ce, La 0.0002 4.0 x 10 8 0.0004

Eu UO Eu 0.00006 3.6 x 10* 0.00012
2

Ru Ru 0.00004 1.6 x 10* 0.00008

Pu Pu Pu 0.00002 4.0 x 10* 0.00004

"This is the " scale factor" (SFACT) in CORSOR-BOOTH where D = 0.0025 c(-91,100/1.99/T) for the cesium high-

burnup range.
*oc = oxidized cladding.
'Use 0.0006 cm for " grain radius" for all non-fission-product diffusion coefficient calculations. Use high-burnup

correlation regardless of fuel burnup.

The second diffusion model is CORSOR-BOOTH. difference is that the diffusion coefficient cannot be

ORNL-Booth is structured so that scale factors for the directly linked with a quantitative release rate

two models can be exchanged easily. Additional infor- (fraction / min) as can be done with release rate
mation about CORSOR BOOTH is given in Section 5.5. coefficients.

5.3.2 Using Diffusion Release Models The first step in using diffusion release models is to
calculate the diffusion coefficient. All diffusion models
use a 1/T correlation similar to that in Equation (5.1) for

The diffusion release models are almost as easy to use as
release rate coefficients. ;

.

the fractional release rate models. One main
I
1
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Release Rate

For higher release fractions where Dt/a' >0.1547, the
f Ilowing equation is used.D D, c' ,

- nhwhere p,i 6,_, ,xp
2 2 (5.3)n a

2D = diffusion coefficient, cm /s;

2D, =. multiplier, cm /s;
Equations (5.7) and (5.8) approach each other but do not' |

2Q'= activation energy, cal /mol; become identical The closest point is when Dt/a ,
0.1547, where Equation (5.7) = 0.8673, and Equation

R = universal gas constant,1.987, cal /mol K; (5.8) = 0.8679.

T = temperature, K.
When the temperature changes during a test or accident

The values of D, and Q for the ORNL Diffusion Release sequence, the value of D changes as from Equation (5.6).
Model are given in References 26 and 50. This model is This can be accounted for by summing the product Dat'
being replaced by the ORNL-Booth model described in for each time step and substituting the sum of the
Section 5.4, products in Equations (5.7) and (5.8) in a manner rimilar

to that for release rates in Section 5.1.2.1. In the
'The next step is to calculate the fraction released. Any literature, the symbol D' is often used for the quantity

2valid mathematical expression for single-atom diffusion D/a .
can be used. The Booth approximations are convenient
to use.5i . This requires two equations to cover the entire
release range. 5.3.3 Obtaining "D" from Test Data

2For small fractional releases, when Dt/a s;0.1547, The procedure used at ORNL to calculate diffusion
coefficients is very similar to the procedure for calcu-

F.6 _ 3E, lating "k" that is described in Section 5.1.2.3. A valueDt
2 2 (5.7) of Q (or Q/R) is selected to use in Equation (5.6). A$ na a

value of Q/R = 45,779.is recommended, which is the
value for Q/R used in CORSOR-BOOTil. Slightly

chere different values of Q/R are used in the FORTRAN
provided with CORSOR-BOOTil and in CORSOR.

F = fraction released; BOOTil used in MELCOR. D, is varied by trial and
error until Equation (5.7) [or (5.8)] results in a value of

2D = diffusion coefficient from Equation (5.6), cm /s; F that is equal to the test value. The sum of products
Dat must be substituted for Dt in these equations. This

t = time, s; is the procedure used at ORNL to determine the best
values of D for cesium for the A, B, and C time periods.

a = measured initial grain radius, cm. The effective times, t n, for periods A, B, and C areo

.

calculated by dividing the best-fit D into the sum Dt for
At ORNL, the initial grain radius, a, is used throughout each time period. j
the calculations even though the grain size will actually
grow at high temperature. We assume that the values of The diffusion coefficients for other released species are
D, and Q in Equation (5.6) include the grain growth determined by first calculating the values of Dt/a at the2

effect, just as the values of D, and Q must include the ends of A, B, and C operation for each species ;
effects of other release mechanisms. using the following equations:

I
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Release Rate

ORNL-Booth shares the release rate scale factors with
CORSOR-O except that it is necessary to square the

Dt/ a2 2_[-2 J. !- rar r e ns (5.9) " linear" CORSOR-O scale factors for ORNL-Booth in
* 3 \ "' 3"

order to obtain the same relative releases. Releases
calculated by the two models are not always proportional
because release with time is calculated differently by the i

2
or two models. The D. for ORNI Booth is 0.01 cm /s, Q

is 91,100 cal /mol, and R = 1.99 cal / mol K. We use ;

the same value of Q and R as used in the CORSOR-in o . r>ix/ a2 i for r >o.s5 ,
, (5.10) BOOTH model. Using these numbers in Equation (5.6)7n

and adding the relative diffusion coefficient multiplier for
each element, R from Table 5.1, the ORNL-Booth i

where f is the total release from the start of the test Model becomes

measured at the end of time periods A, B, and C.
D . 0.01 R e H2*Do

To calculate D for ,ime period A, divide the value for
Dt/a calculated from Equation (5.9) or (5.10) by the 5.5 CORSOR-BOOTH2

quantity t,,/a , where t,y is the effective time as2 ;

Icalculated above for time period A. To calculate D for The teale factors determined for CORSOR-O can be used
2time period B, the value of Dt/a for time period A must to modify the CORSOR-BOOTH computer program. L

'

be subtracted from Dt/a calculated from Equation (5.9) CORSOR-BOOTH is one of the optional fission product2

or (5.10) using the total fraction released at the end of release models in the MELCOR Radioi uclide (RN)
2time period B. Then divide this difference in Dt/a by package of MELCOR Version 1.8.2. It has also been ,

t,,/a , where t,y is the effective time calculated previously g ven a separate limited distri-bution." CORSOR-2

for time period B. To calculate D for time period C, use BOOTH is a diffusion release model that uses a single-
the same procedure but subtract Dt/a for the end of time temperature activation energy with scaling factors

2

period B (f = combined releases during A+B operation) (release rate multipliers) for each fission product and
from Dt/a,' calcuhted, where f = total release for the UO-2

2 2test. Divide the difference in Dt/a by t,n/a , where t,y is
the effective time for period C operation. CORSOR-BOOTH can be modified using the corre-

lations given in this report. The COR3OR-O scale

. 5.4 ORNL-Booth (Reconunended factors (column 2 of Table 5.1) can be substituted

Diffusion Release Rate Model) directly for the scale factors in CORSOR BOOTH if the
D in CORSOR-BOOTH is changed from 0.0025 to 0.01.
if it is desired to keep the D, value of 0.0025 in

The ORNL-Booth model is a refinement and expansion
CORSOR-BOOTH, the scale factors in column 6 of

of the earlier ORNL Diffusion Release model.28 The Table 5.1 should be used. Either of these changes will
temperature (1/T) activation energy is the same as used

make CORSOR-BOOTH give tne same results as ORNL-
in the CORSOR-BOOTH fission product release model

Booth,
(see Section 5.5). CORSOR-BOOTH used an
approximate average of the 1/T activation energies used
for the high- and low-burnup correlations in the old
ORNL Diffusion Release Model, The new ORNL-Booth
model uses the CORSOR-BOOTH 1/T slope for all

*M. Ramamurthi and M. R. Kuhlman. ' Refinement of CORSOR - An
fission products and other materials smce it appeared t Empirical In-Vessel Fission Product Kelease Model,' October 31,1990
be valid within the data error band. A possible exception (personal communication).

is the release of material by pure vaporization, such as
may occur with UO .2
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Release Rate

It is not easy to change the scale factors in CORSOR- The CORSOR-BOOTH scale factors are linear with
BOOTH because tnany of them are written into various fractional release rate as in CORSOR-O because the scale
computer program statements. Also, some additional factors are applied to a release rate that is calculated after
staternents must be added in order to include additional the diffusion release computation.
Wfes on atmosphere or cladding oxidstion.

i
,

1

1

1
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5Experimental

6 Experirnental Release Rate and Diffusion Coefficients

Experimental results are displayed graphically and dis- 6.2 Iodine
cussed in this section. The release rate coefficients and
diffusion coefficients calculated for the ORNL test are ne release rates and diffusion coefficients for iodine are
listed m, Tables 6.1-6.3. The results from PBF SFD 1-3, shown in Figures 6.7 and 6.8 for ORNL test data and in

5PBF SFD l 4, and TMI-2 are shown for reference Figures 6.9 and 6.10 for results from other tests, here
.

only. Their large temperature gradients and uncertain is more scatter in the iodine results than in the krypton
time at temperature (especially TMI-2) make it

,

and cesium results. This scatter undoubtedly is related to
imposs,ible for their results to contribute to selection of the method used to measure iodine release in the HI and
the best scale factor or release correlation time. We used VI tests. The '"I analysis requires that the apparatus
the method of Osetek to obtam release rates and diffusion surfaces must be leached thoroughly and the "I i

coefficients for these three events." lie used the time separated from Cs and other fission products inS

tbove 2200 K and the release from the bundic region preparation for neutron activation to form and measure
(PBF SFD) or core (TMI-2). *I. Two basic leaches (both ammonium hydroxide with

added hydrogen peroxide), usually 2 h each, were
combined for the '"I analysis. Early tests with this

The release rates from these three events should be leaching procedure showed that on the order of 95% of
comparable to release rates calculated for full-scale the "I was successfully removed from the apparatus
reactor accidents. The comparisons between small surfaces. No correction was made for the lack of
system test results and the PBF/TMI-2 results are useful complete dissolution of '"I.
in judging whether reducing atmospheres or oxidizing
atmospheres exerted more control of fission product Another possib!c error in the determination of '"I release
release in the large configuration events. s that we depend on ORIGEN-2'd to determine the

correct total inventory in the fuel. An investigation of
the accuracy of ORIGEN-2 compared with experimental

6.1 Krypton and Cesiurn results showed that for 18 such comparisons, the medium
result was that actual "I was 82% of that calculated by

Release rate and diffusion coefficients for ORNL tests ORIGEN-2.*5 Only one comparison resulted in

are shown in Figures 6.1 and 6.2 (Kr) and 6.3 and 6.4 ORIGEN-2 being lower than what was found. Scientists

(Cs). Results for cesium release from other tests are from the United Kingdom believed that ORIGEN-2 was

shown in Figures 6.5 and 6.6. At temperatures above using an "I yield that was too high." For this report8

1700 K, the krypton and cesium release rates are (but not for any earlier ORNL repon), we have reduced

essentially identical. At lower temperatures, the release the '"I initial inventory to 82% of the ORIGEN-2 value.

of krypton is faster than cesium, but this can be ignored
for severe accidents. The first reler.se of krypton is As illustrated in Figures 6.7 and 6.8, the iodine release

" plenum" gas released when the cladding first fails. A rates dropped precipitously at the highest temperatures.

slower low-temperature release is from gas believed to be Such behavior is not realistic and probably results from

shallowly embedded in fuel and cladding surfaces. incomplete leaching of all of the apparatus surfaces, loss

Typically, this release is 1 to 2% of the fuel inventory of iodine during the time prior to leaching, while the

and occurs in the temperature rai;c 500-900 K.* leach solutions were stored before analysis, or
inadequacies with the analytical procedure, long delays
occurred with the leaching and analysis for *I in Tests

The percent release of cesium is less than that of iodine VI-4, VI-5, and, especially, VI 3. This resulted from the

r~t temperatures below 1600 K. The lower release of nuclear reactor used for activation analysis being shut

cesium is usually attributed to the formation of cesium down for ~2 years and from priority schedules within

uranates in this temperature range.2^" our own NRC program and within the ORNL Analytical
Chemistry Division. We believe that we were not
completely successful in measuring all of the
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Table 61 Release rose coefficismes for RI and VI 8 eses

Release race coefficiums imuM) '
Test
No. : "Kr "Cs "I Te "Sh Se De Sr "To 98o "%s UO, "Ce . '"*Ag - -

(appu.) (ctm4) (appa.) Imppa.) (appuJ (appa.)
(appu.)

HI-I 8.6-4 534 7.6-4 75-5 2.34 < 6.0-7 4.4-7 649 9.1-5
HI-2 3.6-2 3.5-2 5.3-2 3.4-2 7.74 3.0-3 - 1.4-3
HI-3 4. 5 -2 - 4.1-2 2.6-2 1.44 4.6-5 804 2.7-4 2.74 > 6.9-6

III-4 1.2-2 1.9-2 1.8-2 2.0-4 4.5-4 534 2.2-5 < 2.5-6 9.4-5 248 > 4.7-5
III-5 - 7.5-3 9.8-3 14-2 1.44 2.24 33-5 < 3.04 60-5 8.6-3

. III4 3.8-2 43-2 3.5-2 6.6-3 9.14 6.6-3

VI-I A I.42 1.1-2 5.7-5 5.73 4.1-8 6.1-3 '
VI-1B 2.42 1.1 -2 8. I-3 53-3 5.44 1.4-2
VI IC 2.4-2 1.1-2 1.8-2 2.1-2 7.4-7 9.0-2
VI-I ABC 23-2

VI-2A 3.9-2 2.4-2 9.2-5 1.2-2 2.0-3 4.5-3 9.4-7
VI-28 2.7-2 1.2-2 3.7-2 63-2 8.6-3 4.9-2 4.06
VI-2C 6.2-3 1.4-3 1.1-2 3.7-2 8.64 2.4-2 5.54

Yl-3A 1.3-2 1.0-2 1.2-2 7.1-4 4.1 -5 2.6-3 13-3 2.94 33-3 6.6-79
un ' VI-3B 1.2-1 9.5-2 5.7-2 6.2-2 8.4-2 3.8-2 93-3 6.7-4 4.4-2 6.7-5 2.84

VI-3C 1.2-1 2.01 7.7-3 1.4-1 1.4-1 2.5-2 6.0-3 334 23-2 2.2-3 3.5-4
VI-3ABC 3.24 < 6.4-5

Vl4A 2.4-1 1.1 -1 7.5-2 1.8-3 6.24 93-3 2.5-2 9.84
VI48 7.22 1.3-1 3.7-2 4.2-3 6.3-5 1.6-2 43-4 6.7-3
VI4C 2.9-2 9.3-2 8.3-2 1.3-3 5.9-5 7.7-3 8.1-5 7.54

VI-5A 1.6-2 1.6-2 1.8-2 43-4 7.8-5 4.5-3 2.6-3 3.74 2.2-4 6.5-7
VI-58 251 2.8-1 99-2 1.4-3 1.4-2 53-3 23-2 6.1-2 3.24 4.74
VI-5C 33-1 2.6-1 4.1-3 1.8-1 4.4-3 4.3-2 8.8-3 1.9-2 7.24 456
VI-5ABC 7.64

V14A 4.1-2 4.8-2 2.7-2 3.9-3 <334 8.5-3 1.2-3 1.9-3 3.5 -4 2.3-7
VI4B 1.9-2 1.4-2 5.9-3 2.4-3 33-4 5.1-3 6.54 5.7-5 134 1.1-7
VM l .7-2 23-2 2.3-2 4.4-3 7.6-4 2.8-3 3A3 1.2-7
VI4Cl 3.6-3 0'

VI4C2 1.8-2 352

VI-7A I .7-2 1.9-2 9.2-3 5.24 1.14 2.8-5
VI-7B 2.6-2 2.2-2 1.1-2 4.9-3 2.34 2.7-4 1.24
VI-7C l .8-2 2.1.2 7.2-3 2.9-2 1.8-3 2.44 2.23

-- VI-7ABC l .5-5

@ " Assumes emire C-phase release occurred during high steam flow perind.
O .]
se 3.
A 3
M B
- -*

..

i
'
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ITable 6.2 Diffusion coefficients from HI and VI tests

Diffusion coefficient (cm'/s) ;

Test
'

No. "Kr '"Cs 2'I Te SSb Sn (clad)
(appx.) (appx.)

111-1 -1.03-15 3.91-16 7.9-16 .

III-2 1.03-12 9.81-13 1.9-12 6.6-16

111-3 1.64 12 1.63-12 7.6-13 3.1-18 7.3-15

HI-4 4.00-13 9.68-13 8.6-13 6.5-16 2.9-15 i

Hi-5 3.41 13 5.78-13 1.1-12 1.3-16 5.8-16 |
'

111-6 2.61-12 3.35-12 2.7-12 9.3-14

VI-I A 1.21 12 7.7-13 2.5-17

VI-1B 4.18-12 1.9-12 2.7-13

VI-lC 6.72-12 2.4-12 2.3-12

fVI-1 ABC 3.22-12

VI2A 6.51-12 2.6-12 4.4 17 7.2-13

VI-2B 1.11-11 3.5-12 9.7-12 2.5-11

VI-2C 3.29-12 4.9-13 5.7-12 2.3 11

VI-3A 1.74-12 1.20-12 1.5-12 6.3-15 < 2.2-17 8.4 14 ;
'

VI-3B 6.29-11 4.86-1I 2.6-11 2.3-11 3.6-11 1.2-11 -

VI-3C 7.21-11 1.20-10 4.7-12 8.5-11 8.6-11 1.5-11 ,

'

VI-4A 1.07-10 3.46-11 1.8-11 1.4-14 1.6 15

VI-4B 4.39-11 7.25-11 1.7-11 1,4-13 3.4-16

VI-4C 1.75-11 5.67-11 4.8-11 7.3-14 3.6-16

VI-5A 2.69-12 2.58-12 3.1-12 2.3-15 < 7.3- 17 i

VI-5B 1.37-10 1.49-10 4.6-11 2.2-14 7.4-13

VI-SC 1.99-10 1.55-10 2.3-12 9.7-11 6.2-13
'

VI-6A 9.14 12 1.19-11 4.3-12 1.0-13 < l .1-15

VI-6B 8.68-12 6.72-12 1.9-12 2.5-13 < l .1-15

VI-6C 9.30-12 1.2-11 7.8-12 7.9-12

VI-6C 1.86-12 0' 0'
3

VI-6C 1.12-11 1.3-11 1,4-11
2

VI7A 1.60-12 1.77-12 4.9-13

VI-7B 4.84-12 4.17-12 1.2-12 5.5-14

VI7C 4.07-12 5.00-12 1.1-12 3.7-12

'

' Assumes that entire C-phase release occurred during high steam flow period.

.
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Table 6.3 Additional diffnulon coefficients frone HI'and VI tests

Diffusion coefficient (can'/s)
Test . Ba Sr "Eu
No. (appx.) (appx.) Mo "Ru UO, Pu '"Ce 8""Ag Zr La

(appx.) ' (appx.) (appx.) (appx.)
.

HI I 7.6-21 5.122 2.7-22 5.1 26 1.1 17 4.6-21 6.7-20
HI 2 9.8-15 2.3 15 6.1-21 ,

111-3 1.1 16 1.1 16 6.9-20 9.0-24
,

HI4. 1.5-18 2.0 20 2.8-17 1.3-24 7.0-18 < 3.1 23 I
111-5 7.2 18 2.4-17 4.5-13 3.4 21

' ill-6 9.2-14

VI-1B 2.3 13 1.2-23 2.6-13
VI-1B 5.1-13 1.3-19 1.9-12
VI IC 3.9-12 3.8-20 2.7-11

VI 2A 1.9 14 1.2 13 4.5-21 4.8-21
VI 28 8.0-13 1.6-11 1.9-19 6.3-21
VI-2C 1.5 13 1.4-11 1.1-18 9.2-21 )

,

VI3A 2.3-14 1.0-15 1.3-13 5.6-21
VI-3B 1.1 12 9.5-15 1.5 11 4.5-17 8.1 16
VI-3C 1.5 12 8.0-15 1.3-11 5.9-14 3.4 15
VI-3ABC < l 719 < 6.7-17

VI-4A 3.6-13 2.4 12 4.1 15 '

VI-4B 2.2 12 7.9-14 2.3 13
VI-4C 1.8-12 1.5 14 5.0-14

VI-5A 2.4 13 7.8.14 1.6 15 5.9 16 5.1-21
VI-5B 1.3-11 3.0-12 1.2 11 4.0-15 1.6 19
VI 5C 2.2 11 2.3 12 8.2-12 1.1 14 4.7 19
VI-5ABC 8.0 15

VI-6A 4.7-13 9.8-15 2.4 14 8.4 16 3.6-22
iVI-6B 7.5 13 1.4-14 1.5 15 8.1-16 4.7-22 '

VI-6C 1.1 12 3.4 14 2.4-13 2.1 13 9.1 22
V16-C, 3.6-13

i

1VI-7A 1.8 15 8.4-17 5.3-18
;

VI7B 7.115 5.7 16 9.2-17
iVI7C- 1.1 13 9.9 16 2.9-14 |

VI7ABC 3.4 18

1

!
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ORNL DWC 95A-270

KRYPTON RELEASE RATE COEFFICIENTS, ORNL TESTS
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Figure 6.1 Release rate coefficients for krypton, ORNL tests

KRYPTON DIFFUSION COEFFICIENTS
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Figure 6.2 Diffusion coefficients for krypton, ORNL tests
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QRNL DWC 95A-271

CESIUM RELEASE RATE COEFFICIENTS, ORNL TESTS
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Figure 6.3 Release rate coefficients for cesium, ORNL tests

CESIUM DIFFUUON COEFFICIENTS, HI & VI TESTS
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Figure 6.4 Diffusion coefficients for cesium, ORNL tests
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Figure 6.9 Release rate coefficients for iodine, other tests
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"'I that was released in Tests VI-3,4, and 5, and that is tellurium deposited in the TGT at a TGT temperature of
the reason for what appear to be low release rates in 875 K. Equal molar quantities of Sn and Te were found
these tests. The possibility does exist that iodine release in the peak, suggesting that the chemical form was SnTe.
rates are actually somewhat lower than those for krypton Operating conditions for Test C-9 are given in Appendix
and cesium at very high temperatures. For CORSOR-O A. Another very convincing (and even more realistic)
and ORNL-Booth, we have selected the C, multiplier of test was HEVA 4,* a test at Grenoble France, in which
0.8 for iodine at all temperatures. high-burnup fuel was heated after a reitradiation so that

*I and n2Te could be measured continuously. The test

6.3 Tellurium, Antimony, and Tin showed that iodine and cesium began to be released
immediately. but the release of tellurium was delayed'

6.3.1 Tellurium ~12 min until the cladding was completely exidized.
Other laboratories have also confirmed the trapping of
'' 1"'i"* *

ln 1983, a serious disagreement existed among the
various researchers and users of fission product releas The reason for reviewing the background of tellurium
rates concerning the true release rate for tellurium. The

behavior is to show that it is well established. Tne HI
NUREG-0772 release rates shov ed lower rates for and VI data for tellurium release are not highly precise
tellurium than for cesium, iodme, and the fission gases.

because af our dependency on SSMS results and, for
Some experiments showed that tellurium was released at

recent tests, inductively coupled plasma (ICP) analyses.
the same rate as the other volatiles. The NRC asked

The latter have not given satisfactory results for
ORNL to investigate tellurium behavior in more detail.

tellurium, probably because of required dilution of
,

The result was the finding that tellurium releases were
samples to reduce radiation exposure to the analysts.

lower in those tests in which Zircaloy cladding was
The H1 and VI results are only of a qualitative nature, as

used.'' An investigation of the chemical behavior of
seen in Figures 6.11 and 6.12. In spite of the scatter of )tellurium showed that tellurium could form several
results, it is clear that the previously estelished tellurium

chemical species with zirconium or tin (1.5% in
behavior prevails m recent expenments,

Zircaloy) that would significantly reduce the vapor
pressure of tellurium. A simple model was proposed in
which the release rate of tellurium would be 1/40 that of 6.3.2 Antimony ,

,

iodine until the Zircaloy cladding was 90% oxidized and
then would be changed to be equal to the iodine release The release of antimony in the HI and VI tests was

rate.'s btained by gamma counting for SSb. The decay rate
|for SSb is low, especially for the older fuel used in

An early demonstration of the trapping of tellurium by Tests HI-1,2,3, and 4. In recent tests, we have used

Zircaloy cladding was in Implant Test 3 in which I ng counting times in order to obtain better data for

radiotraced TcO coated on the dished ends of unirra- Sb. The results shown in Figures 6.13 and 6.14 |2

diated UO pellets was found to be deposited on the demonstrate that antimony behaves much like tellurium i
2

inside of the Zircaloy cladding.2 The transport half-time except that the release rates are slightly different.

was ~30 min at 1173 K and ~4 min at 1573 K.
ZrO was identified in the deposit. Separate testsTe3 3

with Zr and TeO or Te showed that Te and ZrTe could 6.3.3 Tin (from Cladding) ;2

also be formed easily. I

Approximately 1.5% of Zircaloy is tin, an element that
A dramatic demonstration of the trapping ability of can be an important aerosol component. Tin was
Zircaloy cladding occurred in Test C-9 at ORNL, a test measured in the H1 and VI tests by SSMS, a technique
with radiotraced telluritun placed in an unirradiated that gives only semiquantitative results. Figures 6.15 and
Zircalcy-clad UO fuel capsule that contained a drilled 6.16 shcw tin release rates, and it is easy to see that tin2

hole defect.'' Tellurium was released at a very low rate from the cladding behaves in the same manner as fission
tt 1975 K until the Zircaloy was essentially completely Products tellurium and antimony [i.e., tin release rates
oxidized (see Figures 6.11 and 6.12 for the C-9, HI, VI, are much higher (~10x) after the Zircaloy cladding has
and other test results). In Test C-9, most of the released been oxidized].
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Figure 6.11 Release rate coefficients for tellurium
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ANTIMONY RELEASE RATE COEFFICIENTS
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Figure 6.13 Release rate coemcients for antimony
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Figure 6.15 Release rate coefficients for tin (cladding)
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ne release of tin from the cladding does not depend on 6.5 Europium and Cerium
the characteristics of the UO fuel pellets, but calculation2

cf diffusion coefficients requires that a " grain size' be 6.5.1 Europium
used. We chose 6 pm for the grain radius for the release
cf tin for all tests regardless of the UO grain size. Th2 e release of europium is dramatically increased when |ORNL-Booth diffusion coefficients for all non fission

melted Zircaloy reacts with the fuel and some of the |
products (UO , Zr, Sn, Fe, Mn, Co, Ag-In, Cd) were

fission products. This is demonstrated in Figures 6.23 |2

determined using an arbitrarily chosen " grain" radius of
and 6.24.- The gradual decrease in release rate exhibited

6 pm. His value of the grain radius must be used for
by Tests V14,5, and 6 can be interpreted as the result

these species in the diffusion equations regardless of the
of the melted Zircaloy losing its reducing power. Fission i

actual UO grain size.
product oxides, and especially oxygen from UO , will |2

.

2

gradually satisfy the zirconium's need for oxygen.

6,4 Barium and Strontium Released europium behaves mostly as a vapor, with more j
than 90% of it condensing where the temperature begins - |
to decrease. In Tests VI-4 and VI-5, we estimate that |

The release rates for barium are shown in Figures 6.17 this deposition temperature was ~ 1800-2200 K. It is,
and 6.18 for ORNL test results and Figures 6.19 and therefore, not certain that the small fraction reaching the |

,

6.20 for results from other tests. Results for strontium sequentially operated collection systems is directly ;
are shown in Figures 6.21 and 6.22. Fission products proportional to the amount released from the fuel. This i

barium and strontium behave similarly as expected from is especially true of Test VI-4 because of the steep axial
their chemical characteristics. The release of barium is temperature gradient imposed on the test.,

slightly greater than strontium for a wide variety of
experimental conditions. Their reduced atomic forms are Europium is measured by gamma counting '"Eu. It is
more volatile than their oxides, whereas the oxides are important to know that the initial inventory of '"Eu
the forms normally found in the UO fuel. The higher calculated by ORIGEN-2 is almost twice what is actually2

volatility of the reduced forms of barium and strontium present. The ST-1 and ST-2 calculations used the
was first measured in 1962 when Zircaloy cladding was ORIGEN-2 inventory. Therefore, we increased the ST-1
used on trace-irradiated UO pellets electrically heated by and ST-2 amounts deposited in their filter collection2

a tungsten resistor rod running lengthwise through the systems by a factor of 1.77, the ratio of
pellets." The releases of barium and strontium were ORIGEN-2/ gamma count that we measured for the VI-4
several times greater than when stainless steel cladding or fuel sample.
no cladding was used. These same tests were the' first to
show that the release of Te was reduced by a factor of 6.5.2 Cerium
~40 when unoxidized Zircaloy cladding was present.

In the HI and VI tests, cefium is detected by gamma
The 111 and VI release rates for barium and strontium are counting '"Ce, which has a half-life of 284 d. The count
scattered because of our dependency on SSMS and the rate for '"Ce is low in old fuel, and the release rate is
ICP analysis of very dilute solutions. The closeness of very low. The only detected release of cerium was in
barium and strontium release rates and the higher release Test VI-5 in which it was found in small fractions at two
in the presence of melted Zircaloy is evident. The locations. Companion steam Test VI-3 was examined for
results from Test VI-3 suggest that the percentage release the detection limit, and that value, along with the VI-5
of barium was 10 times that of strontium. This is release rate, is shown in Figures 6.25 and 6.26. With
counter to the normal behavior, which is that the these few data, we have selected cerium C values for

i
.

percentage release of barium is on the order cf twice that
CORSOR-O. The oxidizing release rate is backed up bycf strontium,
data from older tests with reirradiated or trace-irradiated

I
|

|
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BARIUM RELEASE RATE COEFFICIENTS, ORNL TESTS
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Figure 6.17 Release rate coefficients for barium, ORNL tests

BARIUM DlFFUSION COEFFICIENTS, ORNL TESTS
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Figure 6.18 Diffusion rate coefficients for barium, ORNL tests
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BARIUM RELEASE RATE COEFFICIENTS, OTHER TESTS
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Figure 6.19 Release rate coefficients for barium, other tests
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Figure 6.20 Diffusion coefficients for barium, other tests
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STRONTIUM RELEASE RATE COEFFICENTS
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Figure 6.21 Release rate coefficients for strontium
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Figure 6.22 Diffusion rate coefficients for strontium
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EUROPIUM RELEASE RATE COEFFICIENTS
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Figure 6.23 Release rate coefficients for europium
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Figure 6.25 Release rate coefficients for cerium
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fuel with which a cerium gamma was easily measured.5' greater than when the total fuel inventory was used as the
The rate for reducing conditions is speculative, initial inventory.

6.6 Molybdenum and Ruthenium ne ORNL fission product release program did not
include releases or effects of control rod materials and
structural materials. Using the information in Reference6.6.1 Molybdenum

; 56 as a guideline, we have determined that the following

"N " * * * ""** "*"'* **** #*'** "" "
Figures 6.27 and 6.28 show that oxidizing atmospheres .um, same as cema um, same as amWca
cause higher release rates for molybdenum. He data for

and silver, same as tin.
the HI and VI tests were obtained by SSMS or ICP
analyses. The HEVA data were obtained by direct

For the diffusion coefficients, a grain radius of 6 pm
grmma counting for "Mo since the fuel was reirradiated

' "* '*E *** ** "#' E'** *
,

for the HEVA tests."
Re release of control rod materials is undoubtedly
mainly a vaporization process, so some allowance should

6.6.2 Ruthen.iurn be used for situations in which the gas flow rate is
unusually high or low. Some suggestions for adopting

Ruthenium forms a volatile oxide in oxidizing atmo- simple models to vaporization situations are given in
spheres. In steam-helium tests, release rates for Reference 56.
ruthenium are much lower than for molybdenum and
have been detected only in ORNL Tests VI-3 and tw Some older t.ccident computer codes did not allow melted
simulant tests, HS-2 and HS-4. Figures 6.29 and 6.30 material to flow toward cooler regions at the bottom of
show the measured release rates. Ruthenium release was the core where they could solidify. Some adjustment of
also measured in PBF 1-3 and 1-4 and at TMI-2. "k" and "D" values should be made for cases like this in

order to prevent unrealistically high releases of molten
ne effect of steam on the release rate of ruthenium materials.
occurs slowly with clad fuel. The difference can be seen
between the CORSOR-O steam curve (upper curve) and
the rate of release measured from pieces of unclad UO

2 The effect of air on unciad pieces of UO fuel was2
heated in steam." The rate of release of ruthenium from measured at UKAEA and AECL."" The release rates
fuel with cladding undoubtedly depends on the extent of from pieces of fuel are much higher because of the more
the defects in the cladding and the length of time exposed rapid fuel oxidation. In a special test described in
to the steam. Reference 4, RuO was heated in 0 at 775 and 975 K.

3 2

Ruthenium was transported, probably as RuO,, and
A further release rate increase is obsetved when the fuel condensed at lower temperatures, probably as RuO -2'

rod segments or unciad pieces are exposed to air.8
Figures 6.29 and 6.30 show the ruthenium release rates.

for irradiated H. B. Robinson reactor fuel segments 6*7 UO and PuOheated in air at 775 and 975 K in Tests HBU-5 and 2 2

HBU-6. The other tests in the HBU series were run with
st;am atmospheres, and no ruthenium release was 6.7.1 UO2

detected at test temperatures up to 1475 K. These
higher-temperature tests were heated for only 20 min. In The UO release occurs almost certainly by vaporization
Tcsts HBU-5 and HBU-6, a 1.6-mm-diam hole was and is, therefore, dependent on the gas flow rate and the
drilled in each fuel segment before the test. He amount of O'Or. Older tests, which used milligram
cladding defects did not increase during the test so that amounts of fuel on U-shaped tungsten filaments,
all of the fuel oxidation and fission product release vaporized UO so rapidly at high temperature that the
occurred near these holes. The release rates for these release rate of volatile fission products was only the
tests in Figures 6.29 and 6.30 have been extended by order of 10 times that of the low-volatility fission
factors of 10 and 100 to indicate that release rates from Products. The less-volatile fission products were released
the amount of fuct actually affected by the air were much by the congruent vaporization of the UO .2
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Figure 6.27 Release rate coefficients for molybdenum
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Figure 6.29 Release rate coefficients for ruthenium
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it is, therefore, difficult (really impossible) to specify a high rate of vaporization of UO might have influenced2

release rate or diffusion coefficient that applies to all test these results. The BR3 fuel was more reducing than
or accident conditions. Fortunately, most experiments other fuels tested by Alexander. The predominant
used gas flow ratu that are in the accident range for the chemical forms released were PuO and CeO.
amount of fuel used. We have, therefore, presented the ,

test results directly without any flow adjustment. 6.8 Structural Materials: Zirconium
The data shown in Figures 6.31 and 6.32 suggest that and Stainless Steel
there is an atmospheric difference for UO release2

(vaporization). Alexander found that zirconium represses Release rate coefficients and diffusion coefficients for the
the U-species partial pressures,* which results in lower structural materials are shown in Figures 6.35 and 6.36.
partial pressures above 2000 K for the ZrO -UO In order to calculate diffusion coefficients for these2 2

mixture. materials, it is necessary to assume a grain size. We
have selected a grain radius of 6 m, the same as for the
UO grain radius in many of the ORNL tests." Thein calculating the diffusion coefficier:s for UO2 2

" release," we used a grain radius of 6 m regardless of " release" of structural materials is undoubtedly primarily
the measured grain size. This was done because we a vaporization process. We have not made any
believe that UO release is primarily a vaporization adjustment for airflow. The high burnup correlation2

process that is not dependent on grain size. Use the high should be used for structural materials regardless of the

burnup correlations regardless of actual fuel burnup. fuel burnup.

6.7.2 Plutonium The release rates for fission product zirconium were
measured in older tests. They are similar to those of Ce

Very little data are available for plutonium release. We and UO ." The release rate coefficients and diffusion2

; have selected a plutonium C, value for CORSOR-O coefficients for Zr-clad can be used, but burnup and

slightly below the value for UO , as shown in grain size correlations should be used for fission product
2

Figures 6.33 and 6.34. The plutonium release for zirconium.

| Test VI-4 is somewhat uncertain because the uranium
releases for that test did not appear to be realistic. Use 6.9 Control Rod Materials: Ag, In, Cd
the high burnup correlations and a grain radius of 6 pm.

Silver alloy control rods can become a significant source
'

Alexander heated a small piece of irradiated BR3 fuel in of aerosol matter in a severe accident. Such aerosols can
an evacuated Knudsen cell mass spectrometer participate in the transport of fission products by
combination.'"5 The rate of " volatilization" of reaction, sorption, or agglomeration. Silver stabilizes
plutonium (atoms /s) was slightly greater than that of iodine" by reaction, and cadmium stabilizes iodine 68 by
cerium. Since the inventory of plutonium in BR3 fuel is sorption and reaction at containment temperatures. The
~2.5 times that of cerium, the fractional release rate of high burnup correlations should be used for control rod
cerium was slightly greater than that of plutonium. The materials regardless of fuel burnup. A grain radius of

6 pm should be used.

*C. A. Alexander, U.S. NRC Panner's Meeting. Silver Spnng. MD.
Oct.12-23,1987, personal conununication.
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ORNL DWC 95A-265
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Figure 6.31 Release rate coefficients for uranium
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Figure 6.33 Release rate coefficients for plutonium
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Comparison

7 A Comparison of Release Models

Figure 7.1 compares the time release behavior of the two 7.1 CORSOR-O and CORSOR-M
fractional release rate models (CORSOR-O and
CORSOR-M) and the tivo diffusion release models The rate of COREOR-O release to the CORSOR-M
(ORNL-Booth and CORSOR-BOOTH). He comparison release rate for each element at two temperatures is given
is for cesium release from high-burnup fuel that is

n Table 7.1. It is obvious that there are important
instantaneously heated to 2000 K and held at 2000 K for

differences. For the less-volatile species, the release
100 min. The diffusion models increase in total re: ease differences at 2000 K are not very significant because the
fcster initially but decrease more with longer times. This release rates are very low. Although the ruthenium
is characteristic of real fission product release and is the differences are the largest, the differences for strontium
reason that the diffusion models provide a better fit with and barium are probably of more significance in source
fission product release data, term calculations.

7.2 ORNL-Booth and CORSOR-The diffusion models include the effect of grain size. It

| is not clear from our test results how much this improves BOOTH
the fit of the data. His is because much of the fission
product release occurs by mechanisms that are not The ratio of amounts released for small fractional
controlled by atomic diffusion within the grains, and the releases is given in Table 7.1. These ratios are much
diffusion coefficients that we calculate from test data are closer to 1.0 than for the CORSOR models, but there are
an empirical fit that includes all release mechanisms. also some significant differences.
The initial grain size is used. Any grain growth effects
are accommodated by the empirical fit of the data. If the 7.3 ORNL-Booth and CORSOR-O
grain size is unknown, we recommend using a 6-pm
radius. The main difference between ORNL-Booth and

CORSOR-O is the release-with-time behavior. A sample
comparison is shown in Figure 7.1. For this

Comparisons of release rates between CORSOR-O and comparisen, we assume that a section of high-burnup fuel
CORSOR-M and between ORNL-Booth and CORSOR- w th grain radius = 6 pm is heated instantly to 2000 K
BOOTil are shown in Table 7.1 for temperatures of 2000 for 100 min. The diffusion equation (ORNL-Booth)
and 2700 K (CORSOR-O/ CORSOR-M). He diffusion allows a rapid initial release followed by a rapidly
model differences are the same at all temperatures decreasing release rate. This is characteristic of
because both models use the same value of Q. experimentally measured release behavior.
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Figure 7.1 Comparison of ORNI< Booth and CORSOR-O cesium release
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Comparison

Table 7.1 Release rate comparison

Ratio (CORSOR-O/CORSOR-M)

Element 2000 K 2700 K

Kr,Cs 0.55 0.31

Te 0.44 0.25

Ba (reducing atmosphere) 708 37

.Ba (oxidizing atmosphere) 71 3.7

Sr (reducing atmosphere) 16,300 285

Sr (oxidizing atmosphere) 1,630 28

Ru (oxidizing atmosphere) 361,000 612

: Ru (reducing atmosphere) 36,100 61
:

UO 349 1.1 1

2

Sn (cladding, oxidizing atmosphere) 32 11.5

Sn (cladding, reducing atmosphere) 2.2- 0.8

Zr (cladding) 24.100 97

i

.

|

!

,

I
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Fission Product

8 Fission Product Transport and Chemical Form
1

8.1 Transport Behavior (Vapor or 8.2 Chemical Form
Aerosol)

The physical form of released fission products affects The chemical form of fission products cesium, iodine,

their transport behavior. At the high temperatures of and tellurium in our tests has been summarized in journal
articles.nz2 The most important fission product chemicalsevere accidents, most fission products are released as

single atoms. They may remain as atoms, combine with f rm is tha. of iodine. Iodine is biologically an important

other fission products (e.g., Cs!), combine with species, and its behavior is very sensitive to its environs.

vaporized structural or control rod materials (e.g.,
SnTe), nucleate to form pure Csl aerosols, or become in our tests, the fission products are collected within i s

attached to other solid (or liquid) particles. Fission f release from the fuel. This is by design in order to

products that remain in the vapor form are very mobile learn fission product behavior and chemical form as close i

and will condense on fixed or aerosol surfaces at the first to the time of release as possible. The amount of volatile
i dine formed (1, III, or CH,I) is very important sinceopportunity Vapor species will also quickly locate any 2

fixed or aerosol surface and immediatelv react if the these forms can persist in the gas phase longer than less-

surface material is reactive with the spe"cies.
y latile forms."68 We measure the amount of " volatile
iodine" by collection on charcoal that is impregnated with
TEDA.Exar.iples of fission products that condense in our tests

and their condensation temperatures are Csl (~800 K),
Eu (~2200 K), and Sb (~ 1200 K). The latter two

We have found in our tests that for releases above theoccur in hydrogen atmosphere tests; their chemical forms
are uncertain, trace level (releases more thn -1% of total inventory),

the amount of volatile iodine is < 1% of the amount
released. This has been true for tests in which theThe atmosphere has a strong effect on the amount of
furnace tube has been silica, zirconia, or thoria; for TGTreleased cesium that is transported in the aerosol form.

With steam atmospheres, almost 70% of the released liners made of platinum, oxidized stainless steel, or clean

cesium is associated with aerosols. The remainder is in stainless stect; and for test atmospheres of hydrogen,

vapor forms that condense or react with fixed surfaces in restricted steam flow, or high steam flow. Exceptions

the upper furnace region or in the TGTs. In hydrogen were Tests VI-5 and VI-6, in which ~3% of the released

atmosphere tests, only ~30% of the released cesium is iodine was collected by the charcoal. With both of these

associated with aerosols. The aerosol / vapor relationship tests, there was a waiting period of 5 or 6 months during

is shown in Figure 8.1 as a function of atmosphere and which the charcoal cartridges remained seated up with the

fuel temperature. The total mass of aerosols and filter Papers in the original filter / charcoal package. We

deposited vapor species are greater in steam atmosphere believe that radiation decomposition over this time period

tests, as shown in Table 8.1. One of the reasons for the may have decomposed some of the n,odine species

larger mass of the deposits in steam atmosphere tests is associated with particulates and allowed volatile forms of

that the oxides and hydrates are formed. i dine to migrate slowly to the charcoal.

.
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ORNL DWG 95A-246

- CESIUM IN VAPOR FORM, VI-2,3,4,5
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Figure 8.1 Effect of atmosphere on amount of released cesium in aerosol and vapor form
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Fission Product ]
i

Table 8.1 Comparison of total deposits in steam and hydrogen at 7 14-

-

|

Weight of deposits (eg)

VI-3 (steam) VI-5 (hydrogen)

TGT-A 61 104
TGT B 380 50
TGT-C 241 30

Filter A - 308 47
Filter B 1094 273
Filter C 1084 177

.

9
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Zr-UO,

9 The Zr-UO " Liquefaction" Reacticn2

The Zr-UO reaction was first suggested as a possible remain unoxidized, melt, and react with UO and fission
2 2

mechanism for enhancement of fission product release products. The release of fission products was actually
'

when the TMI-2 President's Commission visited ORNL lower than in high-steam-flow Test 111-2 The melted
in early June 1979. Fission product release in TMI-2 cladding in 111-3,4, and 5 remained " glued" to the fuel
was greater than could be explained by the temperature and appeared to act as a barrier to release.'$""
scenarios proffered by most of the thermal-hydraulic
specialists. Until this time, the Zr-UO reaction had been This was contrary to what many people expected. The

2

Zr-UO reaction was called " liquefaction" by some otherinvestigated only at moderate temperatures as a physical 2

fuel-cladding interaction problem. Fission product experimenters and modelers who believed that the liquid
release with Zircaloy cladding at higher temperatures had phase present during the reaction would enhance fission
not been investigated. product release. Tests VI-4,5, and 6(A) were performed

in hydrogen atmosphere in the vertical orientation. A
small enhancement of Kr and Cs releases is suggested by

Tests 111-3, ill-4, and 111-5 were run with low-steam- the data, but the collapse of the VI-4 fuel may have
flow rates so that some of the Zircaloy cladding would affected the release rates.
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10 Fuel Melt Progression

Fuel and cladding behavior under accident conditions has partially oxidized and melted cladding served as a barrier
been found to be strongly dependent on the atmosphere. to release.

10,1 Steam Atmosphere 10.3 Hydrogen Atmosphere

Three tests (VI 1, VI-2, and VI-3) were run in the Tests VI 4 (2440 K) and VI-5 (2700 K) were run with
vertical apparatus with high steam flow. Test VI-6 hydrogen atmospheres. The VI-4 fuel specimen col-
started with hydrogen gas and ended with high steam lapsed at ~2150 K, shortly after melting of the clad-
flow. The fuel segments remained standing, although ding. The VI-5 fuel specimen collapsed at a much higher
cracks in the cladding were discovered during posttest temperature, or possibly during cooldown. The VI-6 fuel
examinations of the fuel from Tests VI-1,2, and 3. Test specimen was heated in flowing hydrogen / helium to
111-2 was the only test run in the horizontal apparatus in 2300 K, at which point gas flow was then changed to
which the cladding was completely oxidized. A large helium with very low steam, and later to high steam
longitudinal crack was formed in the cladding. There is flow, it did not collapse.
a linear growth of ~ 10% when the Zircaloy is oxidized.
From these tests, we can see that steam atmosphere The SNL ST-1 and ST-2 4-rod fuel bundles expanded
cxidation results in a fuel rod segment that is strong into a foamlike structure while heated by internal fission
enough to remain standing (15-cm length) yet contains and gamma heating in the ACRR. The collapsed VI-4
cracks in the cladding. An X-ray of the VI-3 fuel fuel underwent the Zr-UO reaction, but only a small

2

| segment after the test showed that it was bowed, which amount showed bubble formation similar to the ST-1 and
demonstrates some high-temperature ductility. ST-2 fuel. Regardless of the details of the mechanism, it

is clear that the hydrogen atmosphere weakens the fuel

flydrogen was present during the early stages of all column more than a steam or restricted steam flow

steam tests as a result of the ll:0-Zr reaction. The rate atmosphere.

of hydrogen production was measured beginning with
Test VI-1. The results were published in References
27-29 and Reference 38. 10.4 Air Atmosphere

10,2 Restricted Steam Flow Test VI-7 was run in an air-steam-helium mixture. All
of the cladding, except for the upper 2 cm, was com-

Tests 111-3,111-4, and 111-5 were all run with the steam pletely oxidized while the fuel was at 2000 K. At the
flow rate low enough to prevent complete oxidation of time of this writing, only the krypton and cesium release
the cladding and to permit melting of the incompletely quantities are available. Their release rates are similar to
oxidized portion of the cladding. Postlest examination those in steam and hydrogen atmospheres. Gamma scans
revealed that some of the melted cladding had reacted of the fuel rod taken after the test show that significantly
with the UO . In all three tests (2025 to 2275 K), the more cesium was released from the bottom third of the2

runoff of cladding was low."" Partially oxidized fuel (gas inlet end) than from the remainder of the fuel.
cladding remained on the UO2 Pellets. Numerous
bubbles were formed in the cladding.

Tests llBU-5 and llBU-6 were run in dry air at 975 and
'lhe llEVA-6 test was performed with a short fuel 775 K. Fission product simulant test Implant-7 and
section in vertical orientation." The cladding was 67% Implant-9' were also run in dry air at the same
exidized at moderate temperature. ' The high-temperature temperatures. In all four tests, there was expansion of
portion of the test was then run at 2375 K in hydrogen the fuel and cladding caused by the air oxidation of the
atmosphere. The partially oxidized claddirig did not run UO . The released iodine in the simulant tests was2

cff, it appeared to be glued to the UO and contained collected mairJy on the first of a series of silver-plated2

bubbles in the cladding as with the three ORNL screens. The iodine released in the IIBU tests was
- horizontal tests. The release of cesium and iodine was collected mainly on the first charcoal cartridge (there
lower than in high steam flow tests, suggesting that the were no silver screens in the 11BU apparatus). This
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behavior indicates the presence of a volatile chemical form of released iodine (Implant-10 and HBU-1).* Low
form of iodine, probably 1. These tests were run for 5 release concentrations and long exposure times both2

and 20 h,and similar tests were run in steam. Similar promoted high proportions of released iodine in volatile
long-term tests in steam also produced mainly a volatile forms.

I

NUREG/CR-6261 58

.

..

. _ _ . .
.- ___



_ _ _ - _ _ _ _ _ __
.. . .

References

11~ References
.

1. 1erenz, R. A. et al., " Behavior of Iodine, Methyl . 9. lorenz, R. A., " Fission Product Source Terms,"
lodide, Cesium Oalde, and Cesium Iodide in Steam Environmental Decontamination; Proceedings of the
and Argon," ORNUNUREG/TM-25, Oak Ridge Workshop, Dec. 4-5, 1979, Oak Ridge, TN,
National Laboratory, July 1976. CONF-491234 (February 1981).

' 2. Collins, J. L. et al., "Knudsen Cell-Mass Spec- 10. Imrenz, R. A. et al., " Fission Product Release
trometer Studies of Cesium-Urania Interactions," from BWR Fuel Under LOCA Conditions,"
ORNUNUREG/TM-24, Oak Ridge National NUREG/CR-1773 (ORNUNUREG/TM-388), Oak
Laboratory, June 1976. Ridge National Laboratory, July 1981.

| 3. 1erenz, R. A., J. L. Collins, and S. R. Manning, 11. Osborne, M. F. et al., " Data Summary Report for
| " Fission Product Release from Simulated LWR Fission Product Release Test HI-1," NUREG/CR-

Fuel," NUREG/CR-0274 (ORNUNUREG/TM- 2928 (ORNUTM-8500), Oak Ridge National
154), Oak Ridge National Laboratory, October Laboratory, December 1982.
1978.

12. Osborne, M. F. et al., " Data Summary Report for
4. Lorenz, R. A. et al., " Fission Product Release Fission Product Release Test HI-2," NUREG/CR-

from Highly Irradiated LWR Fuel," NUREG/CR- 3171 (ORNUTM-8667), Oak Ridge National

! 0722 (ORNUNUREG/TM 287/R2), Oak Ridge Laboratory, February 1984.
National Laboratory, February 1980.'

13. Osborne, M. F. et al., " Data Summary Report for
;

Fission Product Release Test HI-3," NUREG/CR- ;
!5. Lorenz, R. A., J. L. Collins, and A. P. 3335 (ORNUTM-8793), Oak Ridge National

Malinauskas, " Fission Product Source Terms for Laboratory, April 1984.
the Light Water Reactor Loss-of-Coolant
Accident," Nucl. Technol. 46, 404-10 (1979). 14. Osborne, M. F. et al., " Data Summary Report for

Fission Product Release Test HI-4," NUREG/CR-

6. Lorenz, R. A., J. L. Collins, and A. P. 3600 (ORN1/rM-9001), Oak Ridge National
Malinauskas, " Fission Product Source Terms for Laboratory, June 1984.
the LWR less-of-Coolant Accident," NUREG/CR-
1288 (ORNUNUREG/TM-321), Oak Ridge 15. Osborne, M. F. et al., " Data Summary Report for
National Laboratory, August 1980. Fission Product Release Test HI-5," NUREG/CR-

4037 (ORNUTM-9437), Oak Ridge National I

7. 1erenz, R. A. et al., " Fission . Rclease Laboratory, June 1985.
from Highly Irradiated LWR Fuu deated to
1300-1600'C in Steam," NUREG/CR-1386 16. Osborne, M. F. et al., " Data Sununary Report for

- (ORNUNUREG/TM-346) Oak Ridge National Fission Product Release Test HI-6," NUREG/CR.
Laboratory, November 1980. 4043 (ORNUTM-9443), Oak Ridge National

..
Laboratory, September 1985.

8. 'lorenz, R. A. et al., " Fission Product Release
- from LWR Fuel Defected in Steam in the 17. Hofmann, P., D. Kerwin-Peck, and P.
Temperature Range 500 to 1600*C," Proceedings Nikolopoulos, " Physical and Chemical Phenomena
of the Specialists' Meeting on the Behavior of Associated with the Dissolution of Solid UO by2

Defected Zirconium Alloy Clad Ceramic Fuelin Molten 2ircaloy-4," Proceedings of 6th
' Water Cooled Reactors, Chalk River, Canada, international Conference on Zirconium in the
' Sept.17-21,1979, International Atomic Energy Nuclear Industry, Vancouver, Canada, June 28-
Agency, IWGFPT/6. July 1,1982.

59 NUREG/CR-6261

_._
.. . ..

.
. .. -- . . . . .

.
. - . . . .. - - - . - -



, ..
.

_ _ _ _ ____ _ _---____-____

References

18. Lorenz, R. A., E. C. Beahm, and R. P. Wichner, 25. Osborne, M. F., H. Albrecht, R. A. Lorenz, and
" Review of Tellurium Release Rates from LWR J. L. Collins, " Fission Product Release from
Fuel Elements Under Accident Conditions," Commercial vs Simulated Fuels in LWR Accident
pp. 4.41-9, in Proceedings of the International Studies," presented at the 1990 Annual Meeting of
Meeting on Light Water Reactor Severe Accident the American Nuclear Society, Nashville, TN, June
Evaluation, Cambridge, MA, Aug. 28-Sept.1, 10-14,1990; summary published in Trans.1990
1983, Vol.1, CONF-830dl6. ANS Ann't. Mig., Vol. 61. pp. 251-2, American

Nuclear Society (June 1990).

19. ' Collins, J. L. et al., " Observed Behavior of 26. Osborne, M. F. and R. A. Lorenz, "ORNL Studies
Cesium, Iodine, and Tellurium in the ORNL of Fission Product Release Under Severe LWR
Fission Product Release Program," NUREG/CR- Accident Conditions," Nuclear Safety 33-3, July-
3930 (ORNUTM-9316), Oak Ridge National Sept.1992 (May 1993).
Laboratory, February 1985.

20. Collins, J. L., M. F. Osborne, and R. A. Lorenz, 27. M. F. Osborne, J. L. Collins, R. A. Lorenz, J. R.
. Behavior of Fission Product Tellurium Under Travis, C. S. Webster, and T. Yamashita, " Data"

' Severe Accident Conditions," Proceedings of the Summary Report for Fission Product Release Test
interna.'ional ANS/ ENS Topical Meeting on Thermal Vl-1," NUREG/CR-5339 (ORNUTM-11104), Oak
Reactor Safety, San Diego, CA, Feb. 2-6,1986, Ridge National Laboratory, June 1989.

ANS Order No. 700106 (ISBN Order No. 0-89448-
121-5), February 1986. 28. Osborne, M. F. et al., " Data Summary Report for

Fission Product Release Test VI-2," NUREG/CR-

21. Collins, J. L., M. F. Osborne, and R. A. Lorenz, 5340 (ORNUTM-11105), Oak Ridge National

" Fission Product Tellurium Release Behavior Under Laboratory, September 1989.
Severe Light Water Reactor Accident Conditions,"

,

| Nucl. Technol. 77(1),18-31 (April 1987). 29. Osborne, M. F. et al., " Data Summary Report for
Fission Product Release Test VI 3," NUREG/CR-

22. Collins, J. L., M. F. Osborne, and R. A. Lorenz, 5480 (ORNUTM-ll399), Oak Ridge National
"The Influence of Environment on Release Beha- Laboratory, June 1990.

vior and Chemical Forms of Fission Products
Released Under LWR Accident Conditions," 30. Osborne. M. F. et al., " Data Summary Report for
Proceedings of Workshop on Chemical ReactiWty of Fission Product Release Test VI-4," NUREG/CR-

Oxide fuel and Fission Product Release, Berkeley, 5481 (ORNUTM-11400) Oak Ridge National
Gloucestershire, England, April 7-9,1987. Laboratory, January 1991.

23. Osborne, M. F., J. L. Collins, and R. A. Imrenz, 31. Osborne, M. F. et al., " Data Summary Report for
" Experimental Studies of Fission Product Release Fission Product Release Test VI-5," ORNUCR-

from Commercial LWR Fuel Under Accident 5668 (ORNUTM-Il743), Oak Ridge National
Conditions," Nucl. Technol. 78(2),157-69 (August Laboratory, October 1991,

1987).

24. Osborne, M. N., J. L. Collins, and R. A. Lorenz, 32. Osborne, M. F. et al., " Preliminary Results from
" Highlights Report for Fission Product Release ORNL Fission Product Release Test VI-6,"
Tests at Simulated LWR Fuel," ORNUNRC/ LTR- ORNUNRC/LTR 91/19, draft, Oak Ridge National
85/1, February 1985. Laboratory, September 1991.

NUREG/CR-6261 60



. . . .

References

33. Osborne, M. F. et al., " Design, Construction, and 42. Allen, M. D. et al., " Fission Product Release and
Testing of a 2000*C Furnace and Fission Product Fuel Behavior of Irradiated Light Water Reactor
Collection System," NUREG/CR 3715 (ORNL/ Fuel Under Severe Accident Conditions: The
TM-9135), Oak Ridge National Laboratory, ACRR ST-1 Experiment," Nucl. Technol. 92,
September 1984. 214-28, 1990.

34. Osborne, M. F. et al., " Design and Final Safety 43. Allen, M. D. et al., "ACRR Fission Product
Analysis Report for Vertical Furnace Fission Release Tests: . ST-1 and ST-2," Proceedings of the
Product Release Apparatus in Hot Cell B, Building International ENS /ANS Conference on Thermal
4501," NUREG/CR-4332 (ORNLfl'M-9270), Oak Reactor Safety, Avignon, France, October 2-7,
Ridge National Laboratory, March 1986. 1988, SAND 88-0597C, Vol. 5.

35. Norwood, K. S . "An Assessment of Thermal
Gradient Tube Results from the HI Series of 44. Croff, A. G., "ORIGEN 2 - A Revised and
Fission Product Release Tests," NUREG/CR-4105 Updated Version of the Oak Ridge isotope
(ORNL/TM-9506), Oak Ridge National Generation and Depletion Code, ORNL-5621, Oak
Laboratory, March 1985. Ridge National Laboratory, July 1980.

36. Wisbey, S. K., " Preliminary Studies of the 45. Roddy, J. D. and J. C. Mailen, " Radiological
Morphology of Thermal Gradient Tube Deposits for Characteristics of Light-Water Rextor Spent Fuel:
Fission Product Release Experiments," A Literature Survey of Experimental Data,"
NUREG/CR-4778 (ORNL/TM-10273), Oak Ridge ORNL/TM-10105, Oak Ridge National Laboratory,
National Laboratory, March 1988. 1987.

37,. Webster, C. S. and M. F. Osborne, "The Use of i

Fiber Optics for Remote Temperature Measure- 46. Butland, A. T. D. et al., " Theoretical Studies of
ment in Fission Product Release Tests," ' Primary System Retention in PWR Severe
NUREG/CR-4721 (ORNL/TM 10366), Oak Ridge Accidents," pp. 28-3-28.4, in Proceedings of the
National Laboratory, April 1989. ANS Topical Meeting on Fission Product Behavior

and Source Term Research, Snowbird, UT, July
38. Yamashita, T., " Steam Oxidation of Zircaloy 1984.

Cladding in the ORNL Fission Product Release
Tests," NUREG/CR-4777 (ORNL/TM-10272), Oak 47. Matzke, H., " Gas Release Mechanism in UO - A2

Ridge National Laboratory, March 1988. Critical Review," Rad. Eff. 53, 219 (1980),

39. Martinson, Z. R. et al., "PBF Severe Fuel Damage 48. American Nuclear Society Working Group 5.4,
Test 1-3 Test Results Report," NUREG/CR-5354, " Background and Derivation of ANS-5.4 Standard
EGG-2565, U.S. Nuclear Regulatory Commission, Fission Product Release Model," NUREG/CR-
October 1989. 2507, January 1982.

'40. Petti, D. A. et al., " Power Burst Facility (PBF) 49. American Nuclear Society Standards Committee,
Severe Fuel Damage Test 1-4 Test Results Report," Working Group ANS-5.4, "American National
NUREG/CR-5163, EGG-2542, U.S. Nuclear Standard Method for Calculating the Fractional
Regulatory Commission, April 1989. Release of Volatile Fission Products from Oxide

Fuel," ANSI /ANS-5.4,1982.
41. Herceg, L E. et al., " TREAT Light Water Reactor

Source Term Experiments Program," Proceedings 50. Kress, T. S. et al., Fission Product Transport
of the ANS Topical Meeting on Fission Product Processes in Reactor Accidents, ed. J. T. Rogers,

' Behavior and Source Term Research, Snowbird. Hemisphere, New York,1990.
UT, July 1984,

61 NUREG/CR-6261

.

.. . . . . . . .. .. .. .-. . ..
.. .



.

References

51. Booth, A. H.,' "A Method for Calculating Fission 60. LeMarios, G. and R. Warlop, " Source Term
Gas Diffusion from UOi Fuel and its Applica-tion Experiment for Fission Product Transport
to the X-2-f Loop Test," AECL Report, AECL- Assessment: The HEVA Program," pp. 409-17 in |
'469, 1957. Proceedings of the International ENS /ANS i

Conference on thermal Reactor Safety, Oct. 2-7,
52. Wichner, R. P. and R. A.1erenz, " Technical 1988, Avignon, France, Vol.1.

Bases for Estimating Fission Product Behavior
- During LWR Accidents," NUREG-0772, 61. Parker, G. W. et al., "Out-of-Pile Studies of
June 1981. Fission-Product Release from Overheated Reactor

Fuels at ORNL,1955-l%5," ORNL-3981, Oak )
53. Kuhlman, M. R., D.J. lehmicke, and R. O. Ridge National Laboratory,~ July 1%7.

Meyer, "CORSOR User's Manual, NUREG/CR-
4173 (BMI-2122), Battelle Columbus Laboratories, 62, Iglesias, F. C. et al., " Ruthenium Release Kinetics
1985. from Uranium Oxides," Fission Product Transport

Processes in Reactor Accidents, ed. J. T. Rogers,
54. ' Lorenz, R. A., "'Ihe Vaporization of Structural Hemisphere, New York (Proceedings of the

Materials in Severe Accidents," Proceedings of the ICHMT Seminar, May 22-26,1989, Dubrovnic,
international Meeting on Thermal Nuclear Reactor Yagoslavia).
Safety, Chicago, IL, Aug. 29-Sept. 2,1982,
NUREG/CP-0027, Vol. 2, February 1983. 63. Williamson, R. and S. A. Beetham, " Fission

Product Rc! case During the Air 'Midation of
55. Wichner, R. P. et al., " Station Blackout as Browns Irradiated Uranium Dioxide," Fssion Product

Ferry Unit one - Iodine and Noble Gas Transport Processes in Reactor Accidents, ed. J. T.
Distribution and Release," NUREG/CR-2182, Vol. Rogers, Hemisphere, New York (Proceedings of
2, p. 36, August 1982. the ICHMT Seminar, Mrv 22-26, 1989,

Dubrovnic, Yugoslavia).
56. Imrenz, R. A., " Status of Validation of the

CORSOR Computer Code for the Accident Source 64. Alexander, C. A. et al., " Actinide Release from
Term Reassessment Study," in Review of the Status Irradiated Fuel at High Temperatures." Source
of Validation of the Computer Codes Used in the Term Evaluation for Accident Condhns, ,

Severe Accident Source Term Reassessment Study Proceedings of the ANS Topical Meenng on Fission
(RMI-2104), ORNLITM-8842, April 1985, Product and Source Term Research, Snowbird, UT,

July 1984.
57. Hobbins, R. R. et al., " Fission Product Release

from Fuel Under Severe Accident Conditions," 65. Alexander, C. A. et al., " Rare Earth and Actinide
Nucl. Technol. 101,270-80 (March 1993). Release Characteristics from Solid and Molten

Fuels," Fission Product Transport Processes in
Reactor Accidents, ed. J. T. Rogers, Hemisphere,

58. Osetek, D. J., " Low Volatile Fission Product New York (Proceedings of the ICHMT Seminar,
Release During Severe Reactor Accidents," Dubrovnic, Yugoslavia, May 22-26, 1989).
DOE /ID 13177-2, October 1992.

66. Strain, R. V., J. E. Sanecki, and M. F. Osborne,
" Fission Product Release from Irradiated LWR

59. Besmann, T. M. and T. B. Lindemer, " Chemical Fuel Under Accident Conditions," pp. 2-1 to 2-15
Thermodynamics of the System Cs-U-Zr-H-I-O in in Proceedings of the ANS Topical Meeting on
the Light Water Reactor Fuel-Cladding Gsp," Nucl. Fission Product and Source Term Research,

Technol. 40,297-305, October 1978. Snowbird, UT, July 1984.

NUREG/CR-6261 62

_ _ __ _ _ _ _ _ _ . __ - __



4

References

67. Beahm, E. C. et al., " Chemistry and Transport of 69. Dumas, J. M. et al., " Fuel Behavior and Fission
Iodine in Containment," NUREG/CR-4697, Oak Product Release Under Realistic 11ydrogen
Ridge National Laboratory, October 1986. Conditions with Comparisons Between lleva 06

Test Results and Vulcain Computations," in Fission
Product Transport Processes in Reactor Accidents,

60. Beahm, E. C. et al., " Adsorption of lodine on ed. J. T. Rogers, IIemisphere (Proceedings of the
Aerosols," ORNUM-1079, Oak Ridge Natior. ICilMT Seminar, Dubrovnic, Yugoslavia, May
Laboratory, December 1990. 22-26, 1989).

63 NUREG/CR-6261

- ' ' ~

, . . . . . . . _ - , . - -



2 , _ =.q.. _, ,

u
.t. g e.

3.

rt

..5('- s'

-

.I'

(
*. 4

J

p
'

(

; ..,E

4

i
s

i

, -

e

O

t

% ! . + L 0 f

a 4 I
s

.

.

}.-
,

_
'

.p. :41
<

-
.

|
'l '

1 _.. , ,

< :{j

.

4
>

,

7

s
#

T E

.

I h

> ' 1 . |
a

g..
-ej

I.
#

-

e

f

4.

n

N

$

f

d
i

f.

,

~ ,

,

b

n
..

P

e

h

t

-b

8 >

{-

t
5

11

' I
-

a

e

'l
_

d
'

i

y

8

r
4

j ' I

h,

T

J-

f 9
.*

~

,!

:
1

?

r
F

= r {. !N

^ c

d
,

2

# 1

t t

*
.'
(

- . . . .

"* W & 9> ' 0 'M -w_-ma--. .a- - - - - - - - - - - - - - - - - - . - - - - - - - , . - -



_ - - _ _ _ _ _ _ _ _ _ _ _ _ _ -

Appendix A

Appendix A. Results from Other Tests

The results from ORNL HI and VI tests can be compared There has also been an interest in the possible effect of
with the results from several other test series. The irradiation intensity on fission product release rate,
temperature and heatup rates for these tests are given in chemical form, or transport behavior. The tests in Table
Table A.I. The operating conditions for these tests are A.5 are listed in order of interval heat generation, which
given in Table A.2, and the release amounts are given in is approximately proportional to the pellet rr. dial
Tables A.3 and A.4. temperature gradient. The pellet centerline-to-surface

temperature difference in the TMI-2 accident was 10 K
or less. No effect of temperature gradient or radiation

A comparison of operating conditions for in-reactor and inte ..y was reported for any of the tests listed in Table
hot-cell tests is given in Table A.S. There has been a .s.5. The ANL DEH tests reported that many small
long-time interest in whether the fuel pellet centerline-to- cracks were formed in the UO in their tests that2

surface temperature difference created by radiation decay enhanced the release of fission gas.

heat would influence the fission product release rate.

|

|

!
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Table A.I Temperature and heatup rata in other tests -

First temperature plancas Second nesaperature plateau

Tcst No. Atw@c 11catop rate Temperature 11sne at plateau llcatop inte Temperature lisme at phasens Cooldoes rate
(*A) (K) (mia) (*A) (K) (mia) (*A)

IIS-1 Steam 1.1 1875 15 1.9 2175 30 1.7
IIS-2 Steam 1.6 2275 10 13 2675 to 1.6
IIS-3 Steam 1.1 2275 1 2275 20 13
IIS.4 Steam 13 2275 5 1.9 2675 15 1.5

( llT-1 Steam 6.0 1575 10 8
IIT-2 Steam 15.0 1720 7 12 *

IIT-3 Steam 7.4 1885 3 18
I IT.4 Steam 13.0 1675 03 7

IIBU-12 lie ~03 1375 260 -03 1475 50

liEVA-3 Steam 1.0 2075 30
IIEVA-4 Steam 1.0 2275 7 2.4

ST-1 11, 1.0 1600 20 1.2 2490 ~ 19 0.6 ,

ST-2 11, 1.0 1550 25 1.0 2410 20 0.5

|
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Tabic A.2 Operating conditions for other fissaos product trie==e ksts

Gas Dow through systema
Test
No. Gas Flow (1/ min) Gas Flow (IJunia) Prcasere (MPa) Burmop (mwd /kg) UO, (g)

115-1 Ile 0.50 11 0 1.45 ~ 0.1 40 simulated 90
2

IIS-2 Ile 0.49 H,0 134 - 0.1 40 simulated 90
I15 3 lie 0.50 11,0 135 ~0.1 40 simulated 90
IIS-4 lie 0.51 H0 130 - 0.1 40 simulated 901

HT-1 1Ic 0.92 Ii,O 0.76 0.1 31.4 210
> IIT-2 lie 0.92 H0 0.99 0.1 30.6 210

3
* HT3 lie 0.92 H,0 1.08 0.1 31.4 210

IIT-4 He 0.84 H,0 0.98 0.1 31.1 210

HBU-12 Ile 1.80 0.12 31.4 199

HEVA-3 II, 036 II 0 2.97 - 0.1 27.7 ~ 402

HEVA-4 II, 036 HO 2.40 -0.1 36.7 ~ 402

ST-1 Ar 1.8-4.4 H, 0.9-2.2 0.11--0.22 47.0 307
ST-2 Ar 3.16 H, 0.081 1.8 avg. 47.0 307

1
E >

%.n=
b $
2 >
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N "ps - Table A.3 Release during various fission product release tests i

k > ;

M i

~
Effective Amount released (% of inventory)

Test Temperature tiene
No. (K) (min) *'Kr '"Cs '"I Te Sb Sa Ba . Sr '''Eu j

i

HS-l* 2175' 35 100 92.9 51.7 100
HS-2 2671 15 0.01-
HS-3* 2275 25 100 97.4 89.8 92.3
HS-4 2675 20 0.13

-)IIT-1 1575 12 1.07 0.11 0.20 >

HT-2 1720 9 5.0 4.82 2.87
IIT-3 1885 5 8.25 10.95 15.4
IIT-4 1675 2 2.80 3.05 2.13 0.05

IIBU-12 1375 500 0.45 0.55 20.1

HEVA-3 2075 33 37.9 1.3
?' HEVA-4 2275 10 44.2 40.0 40 25 3.5* HEVA-6 2375 33 48.2 28.0 10 27

i

ST-IR* ~ 2500' 22 98.9 46
ST-I R* ~ 2300' 22 79.5 l
ST-l R* ~2100 22 23.8
ST-IR* 2000 - 2500 22 71 20

dST-IC 2000 - 2500 22 56 38 <0.2 8 5 11.28

ST-2R* 2410' 24 95 27
ST-2R* 2200 24 62

. ST-2R* 2100 - 2410 24 82 . 15
dST-2C 2100 - 2410 24 30 23 0.5 4 3 3.54,,

AH of the isosopes and elements shown were contained in unsmeered unirradiated UO, pelletr.
*

* Release froen heet Measured by genuna counung before and after test.
'Temperamue may have been ~150' higher.
#Amount collected in fission product collection systems.

~_ -_. _ _ _ _ . _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ .
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|

Appendix A |

Table A.5 Comparison of in-reactor and hot cell tests

Internal Fuel burnup Peak temp. Peak pres.
Test heat (mwd /kg U) (K) (MPa)

(W/g)

ORNL HBU, BWR, HT, HI, VI 0.001 10-47 2700 0.1

TMI-2 accident 0.5 3 ~ 3200 ~15.0

PNL FLHT ~ 1.0 30 ~ 2400 1.4

INEL PEP SFD l-4 2.0 40-47 ~3000 7.4

SNL ST-1 2.2-4.6 47 ~2500 0.2

SNL ST-2 ~3 47 ~2500 2.0

ANL TREAT STEP ~3 40-47 0.3

- ANL DEH (electric heat) ~ 12 30 ~3200 0.1

ORNL fuel rod bundle failure - 12 2.8 1590 0.1

INEL PBF RIA-ST 120 < 0.5 3500 -15.0

ORNL ORR UO melting 120 0.3-21 ~ 3400 0.12

ORNL Carroll " sweep gas" 270 18.0 1975 0.1

ORNL TREAT UO, melting 6000 0.02 ~3500 1.2-15.2 ,

|
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