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ABSTRACT

Studies of fission product release from commercial LWR fuel at tem-

peratures up to 2000°C in steam have shown that >50% of the Kr, I, and Cs

may be released within 20 min. These data are in fairly good agreement with

the results of a previous NRC review, but the Influences of specific test/

accident conditions other than temperature (which is the most Important

variable) on the behavior of these and other fission products are apparent.

In particular, chemical effects related to the extent of cladding oxidation

may dominate, as in the case of tellurium.

INTRODUCTION

Experimental studies of fission product release from light water reac-

tor (LWR) fuel have been sponsored by the USNRC and conducted at the Oak

Ridge National Laboratory (ORNL) for many years.1-l* The objectives of this

work have been to determine the release rates and the chemical forms of the

released material as functions of temperature, time, and test atmosphere,

and to relate these data to behavior in a reactor accident. The results

hava been utilized as input to computer programs which predict the con-

sequencas of hypothetical accident sequences, which are an important con-

sideration in assessing the safety of LWRs. Although these tests have

emphasized the use of specimens cut from commercial fuel rods, complimentary



tests using unirradiated fuel with simulated fission products have heen con-

ducted also.5*6

The most recent test series used an induction furnace7 to heat fuel

specimens at 1400 to 2000°0 for times ol 1 to 30 min. The specimen, were

15 to 20-cm-long sections of commercial fuel of 10 to 40 MWd/kg burnup, and

the test atmosphere was a mixture of steam and helium (or argon). The

released material was deposited in a collection train composed of a platinum

lined thermal gradient tube, a series of glass-fiber filters, heated char-

coal, a steam condenser, and cooled charcoal. The test apparatus is

illustrated in Fig. 1. Specimen temperature was monitored and controlled by

thermocouples and a two-color optical pyrometer.

Test data were obtained before, during, and after each test; gamma

spectrometry was the most valuable analytical tool, but it was supplepanted

by neutron activation analysis, spark-source mass spectrometry, and energy-

dispersive x-ray analysis. On-line gamma spectrometry provided dcta on the

accumulation of cesium on the thermel gradient tube and the filters and of

krypton in the cooled charcoal. The temperature and fission product release

history from a typical test is shown in Fig. 2. Following the test all com-

ponents were examined for the quantity and form of collected material. The

fuel specimens were cut into sections for examination of the fuel and clad-

ding microstructures and to determine the extent of any fuel-cladding inter-

actions. The posttest appearance of a fuel specimen and the radial

sections, shown in Fig, 3, illustrate the effects of severe cladding oxida-

tion in the high temperature steam. Detailed studies of such microstruc-

tures were conducted at Argonne National Laboratory (ANL), and have been

reported previously.8
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SPECIMEN HI-5

Fig. 3. Fuel specimen from test HI-5, showing sewre cladding degradation and successive radial

sections through the tested specimen.



RESULTS AND DISCUSSION

The fractional releases of Kr, I, and Cs were similar in all tests and

varied between ~2% at 14OO°C and ~60% at 2000°C, as shown in Table 1. Small

releases of fission product Br, Rb, Mo, Ru, Ag, Cd, Sb, Te, Ce, and Eu were

detected in some of the tests; because the fractional releases of these ele-

ments were generally much lower and more variable, we will concentrate on

the behavior of Kr, I, and Cs in this discussion. On the basis of released

radioactivity, cesium (the isotopes 134 and 137) dominated and interfered

with the analyses for other elements. In addition to the fission products,

several structural and impurity elements (Zr, Sn, Mg, Ca, S, and Cl) were

released from the furnace and were collected along with the fission products.

Although some of these elements may have reacted with fission products in

our tests, only Zr and Sn (froia the cladding) are likely to be present in

significant amounts in a reactor cooling system.

As reported earlier,9 the chemical forms of several fission products

were deduced from their deposition behavior within the platinum-lined ther-

mal gradient (TG) tube or on the filters and charcoal collectors. Cesium

was present in the greatest mass, and always occurred in two or more forms.

Some cesium deposited in the furnace at temperatures of 1000—1200°C,

apparently forming a zirconate on ZrO2 furnace ceramics. Large amounts of

cesium were found in the TG tube where Csl mixed with other cesium compounds

deposited at 50O-800°C. All evidence indicated that iodine existed pri-

marily as Csl, which was deposited on the TG tube or on the filters after

having deposited on aerosol particles, no more than 0.5% of the released

iodine was transported to the charcoal as molecular iodine or other

penetrating froms. Antimony deposited rapidly and irreversibly onto the

platinum TG tube liner; its behavior suggested the formation of PtSb2 as a



Table 1. Data from fission product release tests

Test
No.

HI-1

HI-2

HI-5

HI-4

HI-6

HI-3

Average
test

temperature

1375

1700

1725

1900

1950

1975

Time at test
temperature

(min)

30

20

20

20

~1

20

Specimen
burnup

(MWd/kg U)

28

28

38

10

40

25

Steam
flow rate
(g/min)

0.81

0.76

0.30

0.29

1.70°

0.31

Inventory released

as**

3.13

51.8

19.9

31.3

31.6

59.3

129X

2.04

53.0

22.4

24.7

24.7

35.4

137Cs

1.75

50.5

20.3

31.7

33.1

58.8

a,

tions.

h

Based on operating data, radiochemical analyses, and ORIGEN calcula-

Includes Kr released during irradiation.

cAverage value; initial rate was 2.4 g/min, but decreased to
~0.24 g/min during test.
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solid solution in platinum, as discussed by Norwood et al.10 Silver, which

was uniformly distributed along the TG tube, was associated with the aero-

sol, and its solubility indicated the elemental form. Tellurium data from

commercial fuel are sparse, but the available data and tests with tracers

have indicated that it is retained by metallic zirconium in the cladding.

Following complete oxidation of the Zircaloy cladding, tellurium has been

released in large fraction as SnTe or CsTe, possibly as the element.

COMPARISON OF RELEASE DATA

Previous experimental studies have shown that fission product Kr, I,

and Cs may be released in similar and significant fractions (»1%) when

irradiated U02 is heated to temperatures >1600°C, as is likely to occur in

a loss-of-coolant accident in an LWR.2*11 In 1980, the USNRC sponsored a

review of all pertinent fission product release data,12 which has become an

accepted standard for comparison. This review used a fractional release

rate model. A similar model, proposed by Albrecht and Wild,*3 assumed that

the fractional release rate, k, was an exponential function of temperature:

F - 1 - e-
kt, and k - ~ In (1 - F)

where F is the total fractional release and t is time. The solid curve in

Fig. 4 shows the review values for Re, I, and Cs as a function of tem-

perature. The release rate coefficients, k, from our six tests of commer-

cial fuel are listed in Table 2, and plotted in Fig. A. It should be noted

that with the exception of the lowest temperature test (HI-1 at 1650 K) the

cesium release values are almost coincident with the krypton release values.

The more variable values for iodine (compared to Kr and Cs) may be related

to the fact that 129I cannot be measured directly, as 85Kr and 137Cs are;

the additional chemical treatment and neutron activation technique is
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Table 2. Fission product release rate values, k

Average
test

Test temperature
No. (K)

Effective
test timea

(min)

33.8

22.5

21.5

21.6

2.5

21.3

Nucllde

8 5KT

129];
1 3 7 G 8

8 5R,.
129 X

1 3 7 C s

8 5KJ.
129x
1 3 7 C s

85Kr
129x

137Cs

85Kr
129t

l37Cs

8 5Kr
129X
137C8

k
(min"1)

9.41E-4
6.10E-4
5.22E-4

3.24E-2
3.36E-2
3.13E-2

1.03E-2
1.18E-2
1.06E-2

1.74E-2
1.31E-2
1.77E-2

1.52E-1
1.13E-1
1.61E-1

4.22E-2
2.05E-2
4.16E-2

HI-1 1650 6.06

HI-2 1975 5.06

HI-5 2000 5.00

HI-4 2175 4.60

HI-6 2225 4.49

HI-3 2250 4.44

Includes corrections for contributions during heatup and cooldown.
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inherently less precise. In two tests (HI-2 and HI-6), the HI data agree

well with the NUREG-0772 curve. Data from the other four tests, however,

are about a factor of 3 lower. This difference in behavior is not clearly

understood, but is believed to be related to parameters other than tem-

perature.

An alternative way of examining these data, which we suggested pre-

viously9 and discussed was by Kelly et al.,*1* assumes that the fractional

release rate should follow the Arrhenius inverse temperature dependence.

Our data for the RI tests, and also the NUREG-0772 curve, are plotted in

this fashion in Fig. 5. Again, the two tests agree well with the transposed

NUREG curve; data from the other four tests, while exhibiting moderate

scatter, appear to follow the expected straight line dependence• The

sources of this scatter in the data have not been clearly identified, but at

least three other experimental parameters appear to be involved: time at

temperature, fuel irradiation history, and the extent of cladding disin-

tegration, which is a function of steam flow rate. Other possibly important

effects are heating/cooling rates and the extent of cladding-fuel inter-

action to form eutectic melts. Although under consideration, to date thdse

parameters have been only minimally investigated; further tests are needed

to define the specific effects on fission product release.

CONCLUSIONS

In tests conducted under LWR accident conditions (high temperature

steam), the fractional releases of Kr, I, and Cs compared reasonably well

with previous data. The chemical forms of several of the most hazardous

fission products were identified with reasonable confidence: cesium as a

mixture of Csl and one or more less volatile cesium compounds; iodine as
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Csl, antimony and silver as the elements, and tellurium as SnTe or the

element. For six tests of commercial fuel, the available release data for

Kr, I, and Cs indicate that a generally accepted standard is accurate (two

tests) or is conservative by a factor of 2 to 3 (four tests), and that the

fractional release rates follow inverse temperature depends ace. These data

are insufficient, however, to define the effect of other apparently impor-

tant parameters such as time at temperature and oxidizing conditions during

the test.
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