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ABSTRACT

Samples of commercial LWR fuel have been heated under simulated acci-
dent conditions to determine the extent and the chemical forms of
fission product release. This project was sponsored by the USNRC
under a broad program of reactor safety studies. Of the five tests
discussed, the fractional releases of Kr, I, and Cs varied from ~2% at
1400°C to >50% at 2000°C; much smaller fractions of Ru, Ag, Sb, and Te
were measured in some tests. The major chemical forms in the effluent
appeared to include Csl, CsOF, Sb, Te, and Ag.

INTRODUCTION

Accurate information about the quantities and chemical forms of fission
products released from light-water reactors (LWRs) during overheating incidents
is required for the reliable assessment of potential hazards. For several
years, the U.S. Nuclear Regulatory Commission (USNRC) has sponsored experimen-
tal studies of these phenomena at Oak Ridge National Laboratory (ORNL).1"3 In
all these tests, small segments of commercial LWR fuel rods were heated under
simulated accident conditions, and the released material was collected and ana-
lyzed. The most recent test series used a new furnace design which permitted
testing at temperatures up to 2000°C. The primary objectives of the study were:
to determine the release rates and the chemical forms of the most significant
fission products, to relate these results to changes in the fuel micrcstructure,
and to compare these data with results from other experimental work. With the
exception of detailed studies of the fuel and cladding microstructure, which was
conducted at Argonne National Laboratory (ANL), all of this work was carried out
at ORNL. The results will be used by the USNRC in computer modeling studies of
various accident scenarios to evaluate the resulting consequences.
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EXPERIMENTAL APPARATUS AND TECHNIQUES

In the recent test series, the fuel specimens (15 to 20-cm-long segments of
LWR rods of 10 to 40 MWd/kg burnup) were heated in an induction furnace (Fig. 1)
at 1400 to 2000°C for 20 min.1*"7 An atmosphere of steam and helium at 0.1 MPa
pressure flowed across the heated specimens, oxidizing the Zircaloy cladding and
transporting released material to the collection system, comprised of a thermal
gradient tube lined with platinum, an aerosol sampler, a series of glass-fit.ar
filters, heated charcoal, and cooled charcoal. The temperature in the thermal
gradient tube varied from about 850°C at the inlet to 150°C at the outlet. The
other collector components were maintained at ~150°C to preveat steam conden-
sation.
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Fig. 1. Fission product release and collection system.

Data were obtained before, during, and after each test. The principal
methods for analysis were (1) gamma spectrometry (GS) for the radionuclides,
(2) neutron activation analysis (NA) for 1 2 9 I , (3) spark-source mass spectrom-
etry (SSMS), and (4) energy-dispersive x-ray analysis (EDX) via scanning elec-
tron microscopy for all except the lighter elements. All four methods have been
valuable in studying fission product release and transport, and, in addition,
the SSMS and EDX analyses have provided data on the behavior of structural and
impurity elements that influence fission product behavior. Fission product
inventories in the fuel were determined by ORIGEN calculations, based on the
reactor operating histories and on mass spectrometric analysis of the irradiated
fuel. The accumulations of IS'tcg and 137Cs o n the thermal gradient tube and the
filters and of 85Kr on the cooled charcoal were measured during the tests by
gamma spectrometry. Posttest examinations included GS analysis of the entire
fuel specimen and all apparatus components, as well as optical microscopy and
scanning electron microscopy of selected areas (especially the fuel/cladding
interfaces and areas of melting and/or reaction).

RESULTS AND INTERPRETATION

The principal test parameters and the fractional release data for the five
tests in this series are summarized in Table I. Significant releases of fission



Test
No.

HI-1
HI-2
HI-3
HI-4
HI-5

Table I.

Temperature
<°C)

1400
1700
2000
1850
1700

Fission product release

Time
(min)

30
20
20
20
20

Steam flow
rate

(L/min)

1.0
1.0
0.30
0.32
0.41

B

3
51
59
31
19

.13

.8

.3

.3

.8

data from tests of LWR

Fraction of inventory

0 137C8

1.75
50.5
58.8
31.7
20.8

129j

2.04
53.0
35.4
24.7
22.9

12

0.
1.
0.
0.
0.

fuel

found

018
55
001
009^
315d

(%)

110

0
3.
0.
0.
18.

13
015
094

?Based on ORIGEN calculation.
Includes Kr released during irradiation.
^Measurable only after Cs removal; values represent minima only.
About 99% of released Sb and Ag remained in the furnace.

product Kr, I, and Cs occurred in all tests; smaller and more variable fractions
of Mo, Ru, Ag, Cd. Sb, Te, Ce, and Eu were detected also. The very high levels
of radiocesium interfered with GS analyses for the less abundant gamma emitters,
such as 106Ru, 1 1 O mAg, and 125Sb. The release fractions for rubidium and bro-
mine were similar to those for cesium and iodine, their chemical analogs. The
release and transport of Ag, Sb, and Te appeared to be influenced by the extent
of cladding oxidation by the steam.

In addition to these fission products, a number of structural elements (Zr,
Sn, Mg, Ca) and impurities (S, Cl, Pb, Bi) were identified by SSMS and EDX.
These structural and impurity elements were significant contributors to the
masses of aerosol deposited on the thermal gradient tubes and filters. Since
some of these elements are not present in LWRs, however, their behavior in our
tests is not relevant to safety considerations.

The mass distributions of fission product Cs, I, Sb, and Ag in the platinum
thermal gradient tube varied significantly. This is illustrated in Fig. 2.8«9

In all tests, the iodine was deposited in a single broad peak at temperatures
ranging between 400 and 600°C. These resultp indicate the existence of a single
form of iodine, apparently Csl, in association with some other form of cesium.
The iodine form was somewhat less volatile than pure Csl.9 Based on our knowl-
edge of the materials present and on their thermochemical properties,10 we
believe the Csl forms a solid solution with a less volatile cesium compound.
Very little elemental or organic iodine was present, as evidenced by the small
fractions of released iodine (0.4% maximum) found on the charcoal.

The behavior of antimony was markedly different; as shown in Fig. 2, the
surface concentration decreased exponentially with distance along the platinum
tube. Our data indicate that antimony was released in elemental form, and that
gas-phase diffusion was the limiting step in deposition onto the platinum. The
antimony reacted rapidly and irreversibly with the platinum, probably forming a
solid solution of PtSb2 in platinum.11 In addition, the antimony release
exceeded 1% only in test HI-2, indicating a correlation with cladding oxidation.
Although our data for tellurium release are limited, the release of this element
appeared to be strongly dependent on the extent of cladding oxidation, as
reported by Albrecht and Wild12, and by Lorenz et al.13 Only in tests where
cladding oxidation was nearly complete, was tellurium release appreciable.
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Fig. 2. Mass distribution of fission products in
thermal gradient tube after test HI-2.

Cesium profiles in the thermal gradient tube have usually been complex,
indicating two or more chemical forms. In our tests, only ~30% of the released
cesium deposited in the thermal gradient tubes; the remainder either deposited
on the ZrO2 at the outlet end of the furnace or was collected on the filters.
Although a large fraction of the released cesium may have existed as CsOH, the
deposition profiles indicated the presence of other, less volatile forms.
Spark-source mass spectrometry data have revealed sufficient masses of other
elements to form less volatile mixed oxides of cesium; the major possibilities
are zirconium (from the cladding), molybdenum (fission product), and sulphur
(from furnoce ceramics).

In the most recent test (HI-5), a miniature deposition sampler was used to
collect aerosol samples continuously in a form convenient for posttest examina-
tion. A small graphite rod, driven by a screw, traveled across the effluent
stream prior to the filters, collecting material in a spiral path on its sur-
face. After the test, the rod was analyzed by GS, then examined by scanning
electron microscopy with EDX analysis. Particle sizes ranging from ~1 to
100 nm were measured. A number of apparently crystalline particles with Cs/I
ratios of ~1.7 were observed with a general background of cesium, suggesting
that the particles were primarily Csl. Other elements identified by EDX
included Cd, Zr, Fe, Si, S, and Cu, listed in order of declining concentrations.

Gamma spectrometric analysis of the fuel specimen provided supplementary
data about fission product release and test temperature. The ratios of 1 3 4



(1365 keV) to 15<fEu (1274 keV) for four sets of measurements are plotted in
Fig. 3. Europium was chosen for comparison because it should behave like the
U0 2 fuel and be relatively immobile, while the cesium should be released in
large quantities during the test. In order to minimize attenuation effects in
the fuel, similar gamma ray energies for 131+Cs and 15l*Eu were measured both
before and after testing. Measurements were made on both the entire specimen
(through a 3.8-cm-thick lead plate) and on 1-cm-long sections (unshielded, as
through a collimator). Cesium release values obtained by this method and by the
conventional "summation of components" method are shown in Table II for the last
three tests of the series.
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Fig. 3. Cesium-134 content of the fuel before
after test HI-4.

Table II. Cesium release values found by GS analysis
and by summation of components

Test No.

HI-3
HI-4
HI-5

Reactor

Robinson
Peach Bottom
Oconee

Cesium released

Component
analysis/ORIGEN

58.8
31.7
20.8

from the fuel (%)

Gamma spectrometrlc
pre- and post-

test fuel analysis

60.2
35.9
24.5



These data show that (1) the two independent techniques for determining
cesium release agree reasonably well for three types of fuel with a burnup range
of 10 to 40 MWd/kg; (2) the slightly higher cesium release indicated for the
inlet end of the specimen is in good agreement with the predicted temperature
profile in the furnace; and (3) results from the two types of measurement of
fission products in the fuel (short sections unshielded vs total specimen with
lead attenuation) are consistent and comparable. The absence of appropriate
gamma ray energies and the generally lower release rates of elements other than
cesium, however, limits the usefulness of this technique in determining the
release of other fission products.

Posttest examination of the fuel specimens at ANL included optical and
scanning electron microscopy and scanning Auger microprobe analysis. Changes in
the fuel microstructure correlated reasonably well with the measured fission
product release values.1<+ Test-induced increases in U02 grain size varied from
~20£ at 1400°C to ~50Z at 2000°C. Fuel fractography showed the development of
bubbles, both on the grain faces and within grains, as shown in Fig. 4. The
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Fig. 4. Fractographs of intragranular fractures in the U02

in tests HI-1, HI-2, and HI-3, illustrating the development of
porosity both internal and on the surfaces of the grains.



observed increases in porosity, which resulted from bubble growth and inter-
linkage, correlated reasonably well with test temperatures and measured fission
gas releases. Energy-dispersive x-ray analysis determined that observed inter-
granular metallic beads consisted of the noble metal fission products Zr, Ru,
Rh, and Pd.

Examination of the Zircaloy cladding showed essentially complete oxidation
to ZrO2 for test HI-2 and less, but extensive, oxidation in the other tests.
Considerable chemical interaction between the fuel and cladding was observed in
the 2000°C test (HI-3); although local uranium concentrations were quite high in
some areas of the cladding, the average content was estimated to be <3 wt %.
Compared to the observations of Hofmann and Kerwin-Peck,15 our results indicate
that the oxidizing atmosphere (steam), reduced the extent of fuel—cladding
interaction and liquifaction by converting Zr to ZrO2.

A recent NRC-sponsored review of all applicable fission product release
work16 compared the data on the basis of fractional release rate, k, using a
model proposed by Albrecht and Wild17 of the form

F =, 1 - e-kt . (!)

This equation, where F is the total fractional release, t is time, and k is a
function of temperature, can be solved for k:

k - - | ln(l - F) . (2)

Because the release of fission products from U0 2 should be closely related to
the vapor pressures of the particular species, we chose to compare the data in
the Arrhenius fashion, as suggested by Andriesse and Tanke,18 rather than
directly vs temperature, as done previously.^ However, the comparison of total
release data from experiments of varying duration (20 to 30 min in this test
series vs 0.5 to 10 min in a previous series^) introduced a significant uncer-
tainty in the release rate, k. In an effort to compare all tests more equally,
we derived k's for Kr and Cs from the on-line release data, using results for
only a short period (generally 5 min) at the beginning of the maximum tempera-
ture phase of each test. These data, which are plotted in Fig. 5, show consis-
tent dependence on reciprocal absolute temperature, with curves from the two
types of tests exhibiting slightly different slopes. Experimental differences
that might contribute to the higher release rates found in the earlier HT tests^
are: (1) expanded cladding, which could reduce any cladding restraints on
release and increase the accessibility of steam to the U02, and (2) direct
induction heating of the cladding, which resulted in faster heatup rates. The
data points for test HI-2 appear high by all methods of comparison; the complete
oxidation and large fracture of the cladding may have resulted in some oxidation
of the U0 2, a potential cause of increased fission product release.

CONCLUSIONS

These tests of commercial LWR fuel have shown that ~50% of the fission
product cesium, iodine, and krypton may be released within a matter of minutes
at temperatures of 1700 to 2000cC. Smaller, but significant, fractions of the
Ru, Ag, Sb, and Te were released also. Rubidium and bromine release fractions
were similar to those for their respective chemical analogs, cesium and iodine.
Release rates calculated from these total release fractions compare reasonably
well with previous experimental values, and the release rates for cesium and
krypton correlate well with classical reciprocal temperature behavior. Observed
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Fig. 5. Krypton and cesium release rates based
on initial 5 tnin at test temperature.

changes in fuel microstructure, such as grain growth and the growth and inter-
linkage of bubbles, were consistent with test temperatures and fission product
releases. These results indicate that the kinetic processes controlling inert
gas release apply similarly to the behavior of the volatile fission products,
cesium and iodine.

The released iodine behaved in all cases like a mixture of Csl and a less-
volatile cesium compound; only very small fractions of iodine «0.4%) passed
through the filters as I2, HI, and/or organic iodides. Cesium, however, seemed
to exist in several different forms, and the dominant cesium species probably
depended on the availability of such elements as molybdenum, zirconium, and
sulphur, any of which may react with CsOH. Antimony, and probably silver and
tellurium, were released in elemental form. Apparently the release of these
elements was strongly inhibited in cases where metallic zirconium was present,
suggesting the formation of alloys with the cladding until most of the zirconium
had been converted to ZrO2.

A technique for the direct measurement of fission products in the fuel,
both before and after testing, was demonstrated to be reliable and produced
independent verification of fission product release and of temperature distri-
bution in the fuel specimen.
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