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ABSTRACT

A total of 26 commercial LWR fuel tests have been conducted at ORNL
to investigate fission product release and behavior under accident con-
ditions. About 30 supplementary tests have used fission product tracers
to obtain additional information. This report presents the results of
two recent control tests using radioactively tagged fission product
specles and compares these results with the behavior of the same species
in previous fuel tests.

The purpose of these control tests was to study the behavior of Csi,
CsOH, and Te metal in the collection system — a thermal gradient tube and
a filter package — used in current fuel tests. The deposition profiles
of these species were obtained in both platinum and stainless steel tubes
with thermal gradients varying from 850°C at the inlet to 150°C at the
outlet; the test atmospheres were mixtures of helium, steam, and hydro-
gen, In good agreement with fuel tests, the Csl deposition peak cccurred
at ~450°C in both tubes, and there was little evidence of decomposition.
Cesium hydroxide was observed to be very reactive with the Zr0, furnace
liner in the temperature range 800 to 1000°C. Also, evidence of a
CsOH/Te reaction to form CsTe was found in the platinum thermal gradient
tube. The materials that passed through the thermal gradient tubes were
collected on the filters.

The tests of irradiated fuel (Zircaloy-clad UOy) were conducted at
temperatures of 500 to 2000°C in three different atmospheres. In steam—
helium tests, cesium and iodine behaved like Cs0H and CsI; in dry air,
like Cs50 and I5; and in purified helium, like Cs,0 and CsI. Most of the
cesium in steam-helium (apparently CsOH) was highly reactive with appara-
tus materials: with quartz at <1000°C, with ZrOy at 800 to 1200°C, and
with stainless steel at 600 to 900°C. In one recent test, a large frac-
tion (~50%) of the tellurium was released; analyses indicated that it was
collected as a telluride.
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FOREWORD

This document is the sixth 1in a series of reports describing the
conduct and results of fission product release testing of commercial LWR
fuel. The other reports are:

1, M. F. Osborne, R. A. Lorenz, J. R. Travis, and C. S. Webster, Data
Summary Report for Fission Product Release Test HI-1, NUREG/CR-2928
(ORNL/TM-8500), December 1982.

2, M. F, Osborne, R. A. Lorenz, J. R, Travis, C. S. Webster, and
K. 5. Norwood, Data Summary Report for Fission Product Release Test
HI-2, NUREG/CR-3171 (ORNL/TM-8667), February 1984,

3. M. F. Osborne, R. A. Lorenz, K. S. Norwood, J. R. Travis, and
C. S. Webster, Data Summary Report for Fisslon Product Release Test
HI-3, NUREG/CR-3335 (ORNL/TM-8793), April 1984,

4, M. F. Osborne, J. L. Collins, R. A. Lorenz, K, S. Norwood, J. R.
Travis, and C. S. Webster, Data Summary Report for Fission Product
Release Test HI~-4, NUREG/CR-3600 (ORNL/TM-9011), June 1984.

5. M. F. Osborne, J. L. Collins, R, A. Lorenz, J. R, Travis, and C. S.
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Fission Product Collection System, NUREG/CR-3715 (ORNL/TM-9135), in
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OBSERVED BEHAVIOR OF CESIUM, IODINE, AND TELLURIUM IN THE ORNL
FISSION PRODUCT RELFASE PROGRAM

J., L, Collins K. S. Norwood
M., F, Oshorne J. R. Travis
R. A. Lorenz C. S. Webster

1., EXECUTIVE SUMMARY

The purpose of this report is twofold, to document and discuss two
control tests (C-7 and C-8) that were conducted to examine the collection
behavior of CsOH, CsI, and Te (collectively) in the experimental appara—
tus and to compare, analyze, and draw conclusions about the behavior of
cesium, iodine, and tellurium that has been observed in present and past
fission product release tests at ORNL. A total of 26 commercial LWR fuel
tests (fuels with burnups ranging from 1- to 40~-MWd/kg U) and about 30
supplementary tests, which made use of simulated fission products that
were traced, have been conducted.

In control test C-7, reported in Sect. 5, the traced CsI, CsOH, and
Te species were vaporized and transported by a steam-helium-hydrogen
carrier gas through a zirconia liner (maximum 800°C) to the collection
system. There was little tendency for the CsI to be decomposed; it was
primarily found in a peak deposit in the platinum thermal gradient tube
(TGT)., Only ~0.067% was found as molecular iodine on the 1lmpregnated
charcoal. A large fraction (~80%) of the tellurium reacted with CsOH in
the gas phase and was found In a peak deposit In the TGT at 700°C., The
mol ratio of cesium to tellurium Iin the peak was 1:1,

Test C-8 (Sect. 6) differed in two ways: (1) a stainless steel
rather than a platinum TGT was used, and (2) the hot zone in the zirconia
liner was maintained at ~1000°C rather than ~800°C. (A 5-cm~long section
of the TGT at the inlet end was actually made of Inconel 600.) As in test
C-7, there was little CsI decomposition; only 0.003% of the lodine asso-
ciated with the vaporized Csl was found on the charcoal as molecular
iodine. The largest portion of the CsOH reacted with and was retained by
the hot zirconia liner, probably as cesium zirconate (Cs,Zr03). Most of
the tellurium that transported to the collection train was found to be
retained by the Inconel at the hot (inlet) end of the TGT, probably as
NiTe.

The most important behavioral results 1n these two tests were that
CsI remained stable, that CsOH reacted with tellurium in the gas phase to
form CsTe, and that CsOH rapidly reacted with and was retained by zir-
conla at temperatures >800°C.

The conclusions discussed in Sect. 7 were based upon all test
results.



1. 1In the gap purge tests of high-buroup fuel in purified helium, the
cesium and iodine behaved as cesium oxide (CSzo) and CsI, rather
than as the elements.

2. TIn dry air tests of similar fuel seckions heated at 500 and 700°C,
iodine and cesium were collected as molecular iodine and Cs,0,.

3. 1In steamthelium tests where significant masses of iodine were
released (517 pg), the iodine collection behavior was that of CsI.
Collectively, where ~43 mg of iodine has been released in all the
steam tests, only ~0.38%Z of this iodine was determined to be molecu-—
lar iodipe.

4. In the steam tests, released cesium behaved as CsQH. It veacted
vigorously with and was retalned by quartz surfaces at temperatures
<1000°C, probably forming cesium silicate. It reacted with and was
retained by zirconia ceramics at temperatures between 800 and 1200°C.
It also reacted with oxidizad stainless steel at temperatures »>600,

5. Our vesults indicate that tellurium is retained by the Zircaloy
cladding. Significant tellurium release was measured (by SSMS) in
only one test. In that test, uwnlike the other steam tests, the
cladding was totally oxidized, and the fractional release of tellu-
rium was estimated fo have been similar to that of Kr, Cs, and L.
Its collection behavior was that of telluride vather than elemental
tellurium. Interestingly, significant quantities of tin (a compo-
nent of the Zircaloy cladding) were also found associated with the
deposited tellurium throughout the collection system, possibly hav-
ing tvansported there as SnTe.

2. INTRODUCTION

The cobjectives of the current Fission Product Release from LWR Fuel
Project at Oak Ridge National Laboratory (ORNL) are to measure and
characterize the material released from specimens of commercial, high-
burnup fuel under accident conditions. Six tests of irradiated fuel have
been conducted at temperatures of 1400 to 2000°C, and the results have
been reported elsewhere.l™ 1In addition, tests of simulated high-burnup
fuel and of unirradiated fuel with radioactively traced structural mate-
rial have been carried out fo provide supplementary release data.

This report discusses the results of two tests, designated C-7 and
C~8, which were performed to aid in the interpretation of data from fuel
tests; the deposition behavior of specific fission product forms in the
therwmal gradient tube (TGT) was of particular interest. Therefore, tests
C-7 and C-8 were designed to clarify the deposition behavior of three
known species — CsI, CsOH, and Te (elemental) — inm both platinum and
stainless steel TGT liners. The elements Cs, I, and Te are high-yield
fission products of relatively high wvolatility, and other experiments



have indicated that the forms CsI, CsOH, and Te; should predominate in
steam atmosphere of the fission product release tests with LWR fuel.®>"7
Because of its chemical inertness, platinum has been used as the TGT
liner in most of the release tests. Stainless steel, the most common
surface in LWR coolant systems, has been used as the TGT liner in a few
tests to provide data for this more typical (and more reactive) material.
As a simplification, fuel specimens were not used in these tests,
Instead, pure Csl, CsOH, and metallic tellurium, appropriately traced
with l3'+Cs, 1311, 137¢g, and 129MTe, were injected by vaporization intec a
flow steamhelium-hydrogen at the furnace inlet. The results of these
two control tests are presented independently. These results, as well as
results obtained in present and past fission product release programs,
were compared and analyzed and are described in Sect. 7 of this report.

3. SUMMARY AND CONCLUSIONS

In each control test, Csl proved to be very stable; there was little
evidence of decomposition. On the other hand, CsOH and Te were observed
to be very reactive with regard to surfaces 1n the apparatus and each
other, Cesium hydroxide was found to react with zirconia components in
the furnace tube in the temperature range »800 and <1000°C, probably
forming cesium metazirconate (Cs,Zr03). In test C-7, a fraction of the
Cs0H reacted with the quartz furnace tube and the quartz TGCT housing tube
to form a compound that was less volatile, probably cesium gilicate.
There was also evidence in test C-8 that some of the CsOH reacted with
the surface of the stainless steel TGT which was heated in the tempera-
ture range 700 to 600°C., A large fraction of the tellurium in test C-7
reacted with CsOH in the gas phase to form the telluride, CsTe, which
deposited by condensation at ~700°C in the platinum TGT. Tellurium that
did not form tellurides with cesium in each of the tests was gettered by
nickel and platinum surfaces in the apparatus, probably forming nickel
and platinum tellurides,

In each of the tests, most of the lodine (predominantly as CsI) that
entered the TGT deposited by vapor condensation In the temperature range
600 to 300°C. (This deposition behavior was also characteristic of
iodine in the TGT in the recently conducted HI tests as well as in all
the previously conducted irradiated fuel tests.) Cesium hydroxide was
also found deposited in the same general region as the Csl, between 550
and 300°C. The species CsI and CsOH:H,0 were identified by x-ray dif~-
fraction as the only constituents present in samples taken from the peak
deposits.

In the HI test series and other series of tests conducted with irra-
diated fuel segments, the iodine (122I) that was released had to be quan-
tified by neutron activation analyses of leach samples. 1In each of those
tests, components were leached with basic and acid leaches to remove the
iodine. In this study, sections of the TGTs from test C-7 and C-8 were
also leached in the same manner. The results are given in the text,



3.1 COMPARISON WITH PREVIOUS RESULTS (SECTION 7)

The chemical behavior of a fission product in LWR fuel rods under
accident conditions depends on its chemical form. The chemical form is
important because it dictates whether or not the fission product will
interact with the fuel, cladding, other fission products, and materials
outside the fuel rods. More importantly, it dictates the extent of the
release. In Sect. 7 a detailed discussion is given of the observed beha-
vior of Cs, I, and Te in the fission product release tests conducied at
ORNL. The following conclusions were indicated by the experimental
results:

1. In the purified helium tests, iodine and cesium were released from
both BWR and PWR fuel segments as cesium lodide and cesium oxide
(probably Cs,0). The segments were heated to a maxiwum temperature
of 1200°C, and the releases were primarily the pellet-cladding gap
inventories of cesium and iodine. In the BWR test, the "gap”
releases were significant — ~12% of the total segment inventories.

2. In dry air atmosphere tests (maximum temperature was 700°C), cesium
was released as cesium oxide, and iodine as molecular iodine.

3. 1In the steam-helium atmosphere tests, iodine was released primarily
as Csl in tests where the mass released was >17 pg. Considering all
the tests conducted in steam, only 0.38% of the total iodine
released was collected as molecular iodine. This included a test
where ~53% of the fuel rod segment inventory of iodine was released.

4, The release behavior of cesium (excluding CsI) in steam was that of
CsOH,

5. A significant telease of tellurium was measured in only one test (in
steam). Its collection behavior was that of telluride. Because of
a paucity of data, the release form of tellurium in steam is not
certain.

6. Tellurium, like cesium and iodine, is a very reactive element. TIn
test C-7, it reacted with CsOH in the gas phase (at ~800°C) and
formed cesium telluride (CsTe). In both control tests C-7 and C-8,
it was also observed to be very reactive with nickel, platinum,
Inconel-600, and 304-stainless steel surfaces.

7. Cesium released from the irradiated fuel significantly reacted with
zirconia ceramics at temperatures between 800 and 1200°C, probably
forming cesium metazirconate (Cs,Zr03). By comparison, in control
test C-8, CsOH was also observed to rapidly react with zirconia at
temperatures »800°C (maximum temperature was 1000°C).

8, 1In steam tests where quartz furnace tube liners were used, the
released cesium (excluding Csl) reacted quickly and vigorously with
the quartz surface at temperatures <1000°C. This behavior was simi-
lar to that observed for the CsOH quartz reaction in control tests.



9. There was no evidence of CsI reaction in steam with zirconla in
either irradiated fuel or contiol tests. Also, in the control tests,
CsI remained stable when exposed to Inconel-500 and 304-stalnless
steel,

4, EXPERIMENTAL APPARATUS

A schematic diagram of the experimental apparatus that was used in
tests C-7 and C-8 is shown in Fig. 1. The apparatus was composed of a
furnace assembly and a collection train.

Two independently controlled resistance heaters were usad to heat
the furnace assembly, one to vaporize the simulant fission product speci-
mens (Csl, CsOH, and Te), and the other to provide a hot zone for the
gaseous specles to pass through before entering the collection train.
Since CsI and CsOH were known to react with quartz, and Te with Pt and
Ni, they had to be isolated in the vaporization chamber. As is shown in
Fig. 1, the CsOH and CsI specimens were put into separate platinum boats
that were placed in a nickel tube, and the tellurium specimen was put
into a quartz boat that was placed Inside a zirconia tube. These tubes
were positioned parallel to each other within a zirconia liper which was
housed in a quartz furnace vessel. To minimize contact of the specles
with the quartz furnace vessel, a zirconia "collimator”™ was used at the
outlet end of the zirconia liner to channel the gaseous specles into the
collection train. Neither Zircaloy nor U0, were used in these tests.,

The collection train was composed of a TGT and a filter package.
The TGT used in these tests was actually a liner that was placed in a
quartz tube which was connected te the end of the quartz vessel. For
the remainder of the text, the TGT liper will be referred to as the TGT.
In tests C~7 and C-8, they were made of platinum and stainless steel,
respectively, 1In test C-7, the platinum TGT was inserted into the colli-
mator opening. This could not be done with the stainless steel TGT in
test C-8 because the diameter was too large. (Thermal gradient tube
dimensions are given in Sects, 4.1 and 5.1.) During a test, vaporized
species were transported from the furnace to the TIGT by a flowing carrier
gas mixture of steam and helium; the helium contained 92.6% hydrogen. The
TGT was heated to provide a temperature gradient from ~850°C at the inlet
to ~150°C at the outlet. Temperature was measured along the TGT with
calibrated chromel vs alumel thermocouples. A specie entering the TGT
elther condensed (if the dew point was »150°C), reacted, or was carried
on through to the filter package.

The filter package contained a glass wool prefilter, two HEPA
filters, and cartridges containing impregnated charcoal to collect the
more volatile and penetrating species (e.g., elemental iodine, methyl
iodide, and hydrogen ilodide).

An ice-bath—cooled condenser and a dry-ice-coonled freeze trap
(-78°C), located further downstream, Were used to remove the steam for
measurement .



— HELIUM=-9.6% HYDROGEN

A INLET
i1 IROTAMETER
— Te IN QUARTZ BOAT
CsOH IN Pt BOAT
STEAM CsI IN Py BOAY
GENERATOR
{96°C) NICKEL TUBE
ZrOz TUBE
QUARTYZ FURNACE VESSEL

Zy02 LINER

210z COLLIMATOR
/_mr LINER (STAINLESS

/_$STE£§. CR PT)
.

HEPA FILTERS {(2)—

HEATERS CHARCOAL CARTRIDGES {4)

‘Figo i,

(~600°0) % A 500-1000°c) (890 TO 150°C)
GLASS WOOL PREFILTER-
RESISTANCE

ORNL OWG 84- 295

RETURN
TO
HOT CELL

A

MASS Y
FLOWMETER [ 14

FILTER
PACKAGE
{150°C}

CONDENSER DRYER
{0°C) {-78°C)

Diasgram of experimental apparatus.



During a test, the radloactively tagged specles that deposited in the
TGT and filter package were continuously monitored by NaI(TL) detectors
which were connected to multichannel analyzers., A data acquisition system
was used to record the data at 1 min intervals., Several individual chart
recorders were used to continucusly record temperature and flow rvates,

5. PREPARATICN OF TEST SPECIMENS

The quantities of Cs, I, and Te used in tests C-7 and C~8 were simi-
lar to the calculated inventories for these elements that were contained
in segments of highly irradiated IWR fuel that were used in the fission
product release experiments in the HI test series.!™ These data, along
with mass ratios of these elements and the masses of the chemical forms
used, are given in Table 1.

Table 1, Data showing the masses of test speclmens used in tests C-7
and C-8 as compared with fission product equivalents in the
segments used in tests HI~1 and HI-4

Mass avallable

Test C~7 Test C-8 Peach Bottom—2% H. B. Robinsonb
(mg) (mg) (mg) (mg)

Element

Cs 225.5 286.6 205.8 252.5

T 19.6 21.3 20.0 25,2

Te 37.9 38.3 39.0 50.9
Chemical form

CsOH 231.2 298.1

Csl 40.1 41,1

Te 37.9 38.3
Mass ratio

Cs/I 11.5 13.5 10.3 10,0

Cs/Te 5.9 7.5 5.3 5.0

Te/I 1.9 1.8 2,0 2.0

aSegment used in test HI~4 (calculated inventories).
Segment used in test HI-1 (calculated inventories).

One or both of two methods were employved to radioactively tag the
test specimens: neutron activation and radicactive isotope addition. Im
the preparation of the tellurium specimens, two metallic samples that
were enriched to 98.27 in the isotope 128T¢ were encapsulated in quartz
ampuls and irradiated in the High Flux Isotope Reactor (HFIR). The



tellurium isotope 12%WTe, which has a half-life of 33.6 d, was produced.
Upon being removed from the reactor, it was discovered that a large por-
tion of the tellurium had fused to the walls of each of the ampuls
(apparently by vapor deposition or reaction). Since there was nof enough
vunaffected tellurium to do the tests, the ampuls were broken Into smaller
pleces and also placed in the test boats.

The CsOH specimens were prepared by adding predetermined amounts of
137¢sC1 to solutions containing known amounts of CsOH and evaporating
them to dryness in platinum boats. Only about 3-ppm chlorine was intro-
duced as a contaminant by the 137¢sC1 addition. Since CsOH is kaown to
react rapidly with €O, to form cesium carbonate {(Cs,C03), the preparation
was done in a glove box under a flowing helium atmosphere.

Cesium iodide specimens were first tagged with 13%Cs by neutron acti-
vation in the Oak Ridge Research Reactor (ORR), and subsequently tagged
with 1311 by addition of Nal3li, To obtain good isotopic mixing of the
iodine, each irradiated Csl specimen was dissolved and thoroughly wmixed
ia a small volume of water that contained the Nal3!i, fterward, the
solutions were evaporated to dryness in platinum boats.

In each of the preparations, emphasis was given to minimizing intro-
duction of contaminant materials and to obtaining accurate weights and
activity measurements. The calculated specific activities for the ele-
mental species are given in Table 2.

Table 2. Specific activities rcalculated for the elements
used in tests C-7 and C-8

Specific activities
uCi (tracer)/mg (element)

Chemical = gb

Element Tracer Half life form Test C-7 Test C~8
Cs 134¢g 2.06 y Csl 5.44 5.50
I 131y 8.04 a Csl 408.6 156.7

Cs 137¢g 30,17 y CsOH 0.92 0.85
Te 12%mtq 33.6 d Te 1407.5 864.6

%September 19, 1983, at 8:00 am.
October 11, 1983, at 8:00 am.

6. TESYT C-7
6.1 GENERAL RESULTS AND TEST DESCRIPTION
In this test, the specimens were heated as shown in Fig. 2. The

vaporized specles were carried to the collection system by a flowing
steam (0,156 L/min at STP) and helium-9.6% hydrogen (0.147 L/min at STP)
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atmosphere. Before entering the plationum TGT, the gaseous species had to
pass through a hot zone in the zirconia liner that was maintalined at
~800°C duriug the test (see Fig. 1). There were three reasons for having
the hot zone: (1) to keep the specles from condensing, (2) to supply a
preheated reaction zone for the species prior to their eatering the TGT,
and (3) to help determline the temperaiure range where CsOH reacts with
zivconla to form cesium metazirconate (C922r03). The latter reason is of
interest hecause large percentages of the relesased cesium (25-50%) in the
HI series tests were retained, by the zirconia ceramic components at the
outlet end of the furnace, which were heated in the temperatire range
~300 to ~1800°C (see Sect. 6.1).

Table 3 summarizes the posttest distribution of Cs, I, and Te as
determined by gamma spectrometry. As shown, ~9.4% of the cesium and
~2.7% of the iodine were found on the surfaces of the zirconia liner and
collimator. Most of the iodine and an almost equal amount of 13%Cs (see
masses) were found in the cooler upstream half of the zivrconia liner;
this was probably condensed Csl. Counversely, the largest portion of the
cesium that was tagged with 137¢s (CsOH) was found on the hotter, down~
stream half of the liner and fairly uniformly deposited. This suggests
that there was some tendency for the CsOH to react with the zirconia
linery.

It can also be seen in Table 3 that all the CsI and 837 of the CsOH
were vaporized and tramsported from the nickel tube during the test, and
that 947 of the tellurium escaped from the smaller diameter zirconia tube.
0f the fractions vaporized, 88.2% of the CsT (based on 1311 only), 88% of
the tellurium, and 47% of the cesium that was tagged with 137Cs (mostly
Cz20H) were carried out of the furmare to the TGT and filter package.

Cesium fodide and CsOH were initially tagged with 13%Cs and 137Cs,
respectively (see Sect. 4). While being transported in the gaseous phase
gome isotopic exchange cccurred, but it wae not as extensive as was
expectad. For this reason, the results have been more meaningful. (In
Sect. 5.2.4, it is shown that Cel remained a stable specie duriug the
test.) Notice that 14.2 wmg iodine and 2.6 mg cesium, which was tagged
with 13%Cs, deposited in the TGT. 1If no isotopic exchange had occurred,
14.9 mg cesium tagged with 13%Cs would have deposited in the TGT, Of
course, in this case, the missing Csl cesium was tagged with 137¢g.
Therefore, it appears that ~36% of the cesium originally associated with
iedine as Csl exchanged with the CsOH cesium during the test.

The largest portions of the CsOH (137Cs tagged) that remained in the
furnace assembly was found on surfaces of the quartz furnace wvessel and
quartz TGT housing, mainly within ~4 cm of the TGT entrance. Most of the
iodine (8%Z) was found downstream in the quartz TGT housing at a tempera-
ture <500°C. The CsOH probably reacted with the quartz to form Cs,SiOg,
and the jodine as (sl passed down the gap between the platinum TGT liner
and the quartz TGT until it condensed at a characteristic temperature.

Only 2 trace amount of tellurium was found in the filter package.
In contrast to this, ~17% of the iodine deposited there; however, only a



Table 3, Posttest distribution of tellurium, cesium, and iodine in test C-7

Amount and percentage of Te, Cs, and I found in each location

12%m traced 137 traced 134 traced a 131 traced
Te Cs Cs Cs I
Temperature 5
Location (°c) (mg) %) {mg) (Z) (ng) (%) (mg) ¢9) (mg) (%)
Furnace components
Quartz furnace vessel 600800 0.927 2.32 55.78 23.98 4.65 23,25 60,43 23.92 1.61 8.06
Quartz spacer 600 0.072 0.18 0.028 0,01 9.0 0.0 .03 0.01 (1,084 0,42
Quartz holder 600800 0,003 0.01 5.37 2.31 0.757 3.79 6,13 2.43 0.001 0.005
Zirconia furnace tube liner 600800 2,18 5.44 14,85 6,38 0.771 3.85 15.61 65.18 0.516 2.58
Zirconla outlet plug . 785 0.053 0.13 7.46 3.21 0,581 2,91 8,04 3.18 0.018 0.09
Zirconia tube (Te specimen)” 600755 2.35 5.86 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nickel tube (Cs0B and Csl .
specimens) 625675 1,20 3,00 27,01 11.61 0.130 0.65 27.14 10,74 0.118 0.59
Platinum boat (CsOH) ~635 0.036 0.09 13,52 5,81 0.068 0.34 13.59 5.38 0.0 0.0
Platinum boat (CsI) ~650 0.003 0.01 0,133 .06 0.004 0,02 0.14 0.06 0.001 0.005
Total 6.824 17.04 124,15 53.37 6.961 34,81 131.11 51.90 2,35 11.76
Thermal gradient tube . 900-150 32.56 81.31 87.78 37.74 9.63 48,15 97.41 38,56 14,20 71.12
Filter pack components 180
Entrance tube 0.07 0.18 1.30 0.56 0.186 0,93 1,49 0.59 0,242 1.21
Entrance cone 0.001 0.002 0.024 0.01 0.003 0.015 0.03 0.01 0.031 0.1%
Glass wool prefilter 0.586 1,46 17,46 7.51 2.873 14,37 20,33 8.05 2.93 14,67
First HEPA filter 5x 1075 1 x 107% 1,86 0.80 0.346 1.73 L2.21 0.87 0.199 1,00
Second HEPA filter 0,002 0.005 0.0 0.0 0.0 0.0 0.0 0.0 3.2 x 1074 0,002
First charcoal 0.0 0.0 0.0 0.0¢ 0.0 0.0 G.0 0.0 C.015 0,07
Second charcoal 0.0 0.0 0.0 0.0 0.0 .0 0.0 0,0 ¢.001 0.005
Miscellaneous parts .0 0.0 .042 0.02 0.001 0.005 .04 0,02 1.2 x 10™% 0,001
Total 0.65 1.65 20.69 8.89 3.41 17,04 24,10 9,54 3.42 17,12
Condenser 0 0.0 0.0 0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0
Total all componentsd 40.04 100.0 232,862 106.0 20.00 106.0 252.62 100.0 19.97 100.0

Sum of 137 traced Cs and 134 traced Cs.

o

Percentage of total mass found.

“Telluriva sample was about 530 & 50°C.
1

“The initial specimen weights were 19.6 mg iodine (1311 tagged), 37.9 ag teliurium {1?9%Te tagged), 205 mg cesium (137Cs tagged),
and 20.5 mg cesium {13%Cs tagged).

1T
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small fraction (0.07%) of the iodine was detected on the charcoal. (As
was pointed out previously, only the more velatile, or penetrating, forms
of iodine, like 1,, CH3I, and HI, should penetrate the filters and he
found on the charcoal.) The largest fraction of jodine {(14%) in the
filter package was on the glass wool prefilter. Interestingly, the same
amount of cesium that was tagged with 134Cs was also found thetre. About
9,.5% of the total cesium was found in the filter package.

Table 3 gives the initial masses of the specimens and the posttest
values for mass balance considerations. The values for 13%Cs and 1311
were within +3%, and the values for 129™Te and 137Cs were high by 5.7 and
13.4%7. Counsidering the uncertainties in counting statistics and in
attenuation factors, Iin both pretest and posttest measurements, we feel
that these values represent good agreement.

6.2 THERMAIL GRADIENT TUBE RESULTS

Posttest TGT deposition profiles for Cs, I, and Te are shown Iin
Fig. 3. The behavior of each specimen is discussed in the following sub-
sections.

The first two centiwmeters of the platinum TGT was positioned in the
zirconia collimator (Fig. 1) during the test. The TGT liner was 38.3 cm
long with an ID of 0.38 cm.

6.2.1 Leachability of Cesium, lodine, and Tellurium Deposits in the
Platinum Thermal Gradient Tube lLiner

The primary objective of the leaching study was to examine the leach
behavior of known simulant fission product species from platinum (test
C~7) and stainless steel (test C-8) TGT surfaces in hopes of better under~
standing the leach behavior of the fission products that were collected
in similar TGTs in the HI tests.

Sections 2, 4, 6, and 8 were cut from the four main peak regioms
(see Fig. 4) of the platinum TGT used in test C-7 for leaching purposes.
Adjoining sections 1, 3, 5, and 7 were alsc sampled for analyses (SSMS,
SEM/EDX, and x-ray diffraction).

The leaching method used was the same as was employed in the HI test
series. First, the sections were individually leached two or three itimes
(2 h each) with a basic solution composed of concentrated NH,OH and 30%
Hy0, (2:1), and finally, they were individually leached with an acid solu-
tion, 4 M HNO4 and 0.25 M HF, for half am hour.

The leach results are tabulated in Table 4. These data show that
all the cesium and iodine (»99%) were removed from each of the sectiouns
by the first basic leach. Analytical results (see Sect. 6.2.2) suggested
that the likely species of cesium and icdine that were collected in the
TGT were CsOH*H,0, CsI, CsTe, and Cs,S103 (see Sect. 6.2.2), all of which
are knowmn to be soluble in aqueous solutlons.
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Table

4, Effectiveness of basic and acidic leaches(2

15

in removing cesium,

iodine, and tellurium materials from selected sections of the
thermal gradient tube liner used in test C-7

Cumulative percent removed

Initial

Tagged mass Afrer first After second After

element (mg) basic leach basic leach acid leach
Section 2 (835 to 800°C)°

129Tq 1.63 57.8 59 59

131y 0.033 100 100 100

134¢g 0.381 100 100 100

137¢g 4,96 100 100 100
Section 4 (695 to 650°C)°

1297q 3.20 91.8 94,6 95

131y 0.316 100 100 100

134¢g 0.380 99.3 100 100

137¢g 4,01 99,1 98,7 100
Section 6 (468 to 405°C)°

1297¢ 0.118 83.6 86.3 87

131y 0.809 100 100 100

134cg 0.697 99,6 100 100

137¢4 3,98 99,5 99,9 100
Section 8 (355 to 300°C)°

12%m7q 0.033 93,9 94,5 95

131y 2.21 99.9 100 100

13k¢g 0.607 99,8 100 100

137¢g 3.05 99,7 99,8 100

The basic leach solution was a 2:1 mixture of NH,OH {concentrated)
and H202 (30%)-

b

The acid leach was a solution of 4 M HNO3 and 0.25 M HF,
The initial starting materials were Csl, CsOH, and elemental Te.

Cesium iodide was tagged with 134Cs and 131I; CsOH was tagged with 137¢Cs,

“The temperature of the section during the test (see Fig. 3).
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The leach behavior for tellurium was different. Table 4 shows that
~59% of the tellurium on section 2 was very soluble in basic leach. On
the other hand, the unaffected, remaining fraction could not be removed
by the second basic leach or the follow up acid leach, indicating that it
was probably dissolved in or reacted with the platioum.

Section 4 of the TGT contained a portion of the CsTe deposit found
at ~700°C (see Sect. 6.2.2). The two basic leaches removed 95% of the
tellurium and all the cesium; in fact, both were removed by the first
basic leach. The remaining 5% of the tellurium could not be removed by
the acid leach.

Tellurium deposits on TGT sections 6 and 8, where the twoc minor
downstream tellurium peaks occurred, were ecasily removed by the first
basic leach solutions. Only 13 and 5%, respectively, could not be
removed by the acid leaches.

Figure 5 compares the TGT concentration profiles for telluriuw
(mg/cm) before and after leaching. These data show that ~14% of the
tellurium that deposited in the TGT was dissclved in or reacted with the
platinum surface, and that the surface concentration of this tellurium
decreased exponentially from the inlet to the outlet end. This is the
behavior that would be expected for gaseous elemental tellurium or pos-—
sibly a tellurlum specie that was less stable than PtTe.® 1In previous
fission product release tests, 1256 has been found depcsited in a simi~
lar pattern.

6.2.2 Analysis of the Thermal Gradient Tube Deposits by SEM/EDX and SSMS

Two of the analytical methods employed in this vesearch program to
identify fission products and contamlnant elements have been scanning
electron microscopy with an energy dispersive x-vay system (SEM/EDX) and
spark—-source mass spectrometry (SSMS8). The SSMS anmalyzes the total
collected sample while EDX is effective in determining elemental composi-
tions to a depth of 1 to 5 um, depending on sample density and operating
condition,

Flements with atomic numbers less than 11 (scdium) cannot be detected
by EDX; howaver, none of these elements except oxygen should have been
present in these two tests, The SSMS, on the other hand, is sensitive to
all elements except C, N, 0, Be, He, and H.

For test C-7, pieces of TGT that contained typical deposit materials
were taken from the four peak reglons (see Fig. 4). Tabhle 5 gives the
elemental compositions for three particles that were located on a small
section of platinum TGT from the peak region 880 to 800°C, and for a
general view of a larger fraction of the deposit. For comparison, it
also gives the results obtained by SSMS for a sample Laken from the same
reglon. Cesium was assigned the value 100 atoms. Figure 6 is an SEM view
(2280x) of an agglomerate of whitish particles that was located in the
general view picture of Fig. 7. The major elements present in two of
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Table 5. Elemental deposit in TGT at 880 to 800°C

in test C~7

Atom‘compositiona

Sample Cs Te Si Fe
A 100 29 45
B’ 100 51 71 8
c? 100 167
p® 100 35 127
g4 100 5 36 0.3

“Values mormalized to 100 cesium atoms.

O
c

d

Particle analyzed by EDX.

Large surface area analyzed by EDX.

Sample analyzed by SSMS.
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ORNL PHOTO 3696-84

Fig. 6. An SEM view (2280x) of an agglomerate of whitish particles
that deposited in the 880 to 800°C temperature region in the TGT during
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ORNL PHOTO 3698-84

Fig. 7. General SEM view {228x) of a section of TGT surface deposit
from the 880 to 800°C peak region (test C-7).
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these particles {A and B) that were analyzed by EDX were Ce, Te, and Si.
A small amount of 1ron was alsc detected in B. A stray particle (C), not
associated with the agglomerate, contained no tellurium, but contained
more silicon. For a large area of the sample surface in the Fig. 7 view
that was also examined by EDX, the ratioc of Te:Cs atoms for this sample
is similar to theose obtained for particles A and B; bowevern, the 5i:Cs
ratio i1s considerably higher. The values cobtained by SSMS (see specimen
E in Table 5) for a similar deposit sample show that the tellurium con-
tent was lower. This was expected because a large fraction of the
tellurivom was alloyed with the platinum and could not be removed by the
sampling method for S8MS., The silicon walue, on the other hand, was
similar to the values obtained for particles A and B.

These data offer an explanation for the cesium peaks near the hot
inlet end of the TGT liner (see Fig. 3); apparently small quartz par~-
ticles from the tellurium specimen tube were transported to the liner
(see Sect. 5). Cesium was probably retained in this location because
Cs0H reacts readily with quartz toe form cesium silicates, which are
stable at higher temperatures (<1000°C),

Analysis of the deposit on the section of liner located in the tem—
perature region 750 to 650°C (see Fig. 4) revealed a cesium to tellurium
atom ratic of 1:1, Table & gives both the EDX and the S8MS results,

Table 6. Elemental deposit in TGCT at 750 to 700°C
in test C~7

Atom compositiona

Sample Cs Te T Si
AY 100 99
Ei 100 96
C 100 96
n¢ 100 115
fohed 100 83
7d 100 95 1 6

YYalues normalized to 100 cesium atoms.

éParticle analyzed by EDX,

ZLarge surface area analyzed by EDX,
Sample analyzed by 85MS.

Traces of iodine and sllicon were also detected by SSMS. These values
also compare well with the vzlues obtalned by gamma spectrometry for the
atom composition (Cs = 100, Te = 104, I = 1,6)., Since only a small frae-
tion of the tellurium (5%) was reacted with the platinum in this section
of liner, and since there were only trace amounts of contaminant materials
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present in the surface deposit, it is likely that the primary deposited
species was cesium telluride (CsTe).

A section of TGT that was located in the temperature region 500 to
400°C (see Fig. 4) during the test had two different appearing deposits,
one whitish and the other grayish colored. Each was examined and ana-
lyzed by SEM/EDX. Based on the EDX results shown in Table 7, there was
not a significant difference in atom composition of particles from the
deposits. No tellurium was detected in particle samples E and F or sili-
con in particle samples A and D. The atom composition of a similar
sample deposit was obtained by S55MS as indicated by sample L; it compares
favorably with the results obtained by gamma spectrometry.

Table 7. Elemental deposit in TGT at 500 to 400°C
in test C-7

Atom compositioﬂq

Sample® Cs P Te Si
Ag 100 16 14
B 100 22 17 3
cs 100 11 15 3
D 100 89 10
E 100 55 12
Fs 100 39 40
G 100 21 18 56
1 100 18 19 19
17 100 73 22 6
3 100 55 31 5
K’ 100 52 24 26
7 100 9 1 5

AWalues normalized to 100 cesium atoms.

bIodine was corrected for EDX sensitivity differences based
on EDX analysis of pure Csl samples. The iodine values were
increased by the factor 1,22,

®Samples A through H were sample examples of the whitish
deposit; samples I through J were sample examples of the gray
deposit.

dParticle analyzed by EDX,
©Large surface area analyzed by EDX,

féample analyzed by SSMS.
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Samples were examined by x-ray diffraction and CsOH*H,0 and CsI were
identified as the major species. There were also some weak unldentified
lines that were not those of Cs,C03 or elemental tellurium. Since sili-
con was present, these possibly could have been Cs,S1i03 lines.

Figure 4 shows that the major iodine peak in the TGT occurred in the
temperature region 400 to 325°C., There was also a major cesium peak
associated with it, which suggested a CsI deposit, Samples of the white
crystalline deposit were identified by x-ray diffraction as CsI, but
there were also some less intense linmes for CsOH-H,C and very faint lines
that appeared to be Cs;CO0j3,

Figure 8 shows a typical SEM view (228x) of the deposit on a sample
section of liner from the region. Six particles were picked at random and
analyzed by EDX; five of them had a mean atom composition of ~100 iodine
atoms per 100 cesium atoms (see Table 8). Sample particle F contained no
I, only Te and Si. Analysis of a larger area, which encompassed many
particles, showed 50 iodine atoms and 14 silicon atoms per 100 cesium
atoms. Analysis of a deposit sample by SSMS showed the number of iodine
atoms as being similar to the numbers determined by EDX. The SSMS analy-
sis also showed that tellurium and silicon were present.,

6.2.3 Tellurium Behavior

Tellurium is thought to vaporize in a steambydrogen atmosphere as
the dimer, Te,. 1If it had remained in that form, it would have reacted
irreversibly with the surface of the hot platinum TGT, and the posttest
surface concentration profile would have decreased exponentially with
distance from the inlet to the outlet.8 Obviously, as can be seen in
Fig. 3, that did not happen; the tellurium profile was irregular, having
five peak regions. It was determined by leaching (see Sect. 6.2.1), that
only ~14% of the tellurium in the TGT was alloyed (or reacted) with the
platinum.

Significant and almost identical tellurium and cesium peaks cccurred
at 700°C, Analyses of deposited material by SSMS and SEM/EDX showed that
Ce, Te, and T were the only elements present, and the amount of I was
negligible; furthermore, as gamma spectrometry also indicated, the atom
ratio of Cs:Te was 1:1. The leach study (Sect., 6.2.1) showed that both
the cesium and the tellurium were readily soluble in basic leach; alkali
tellurides are soluble in aqueous sclutions. From these data, it appears
that CsTe was the deposited specie.

When the TGT was opened in the posttest examination, a 4~cm—~long
black deposit was observed at the Cs—Te peak location; the temperature
range covered was between 740 and 650°C (see Fig. 3). Closer examination
showed that there was white crystalline material on the surface of the
black deposit. When a section of the deposit was dried for 2 h in a
flowing helium atmosphere, the deposited material appeared to be somewhat
yellowish green.
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Fig. 8. General SEM view (228x) of a surface deposit on a section
of TCT liner from the 400 to 300°C peak region (test C-7).
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Table 8. Elemental deposit in TGT at 400 to 300°C
in test C-7

Atom compositiodq

Sample Cs ® Te 51
A° 100 96
Bg 100 98
C, 100 107
D, 100 84
E, 100 115
Fq 100 18 65
G, 100 50 14
J 100 74 1 11

%Yalues normalized to 100 cesium atoms.

bIodine was corrected for EDX sensitivity differences based
on EDX analyses of pure CsI samples. The iodine values were
increased by the values 1.22,

“Particle analyzed by EDX,
d

Large surface area analyzed by EDX,
®Sample analyzed by SSMS.

Samples of deposited material from all the peak regions were exam-—
ined by x-~ray diffraction. There were no lines in the film for tellurium
species; apparently, the crystals were too small for identification.

6.2.4 Todine Behavior

During the test, most of the CsI specimen (99.4%) was vaperized and
transported from the nickel tube (see Fig. 1). About 71% of the CsI was
found in the TGT (Table 3); furthermore, most of that deposited in a peak
that occurred in the temperature range 400 to 300°C, as seen in Fig. 3.
Samples taken from this peak were analyzed by x-ray diffraction. Cesium
iodide and CsOH H,0 were ldentified as the major species. Also, in the
adjacent peak region between 500 and 400°C, CsOH'H,0 and CsI were iden-—
tified as the major species there.

In the posttest examination of the TGT, a whitish deposit was
observed in the cesium—iodine peak region, which was found to be very

soluble in aqueous leaches. The color and leach behavior characteristics
of both CsI and CsOH-H,0.

All the evidence in this test indicates that Csl remained a stable
specie; there was little evidence of any dissociation. Only 0.005% of
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the iodine was found on the charcoal in the filter package. Volatile
forms of iodine, like elemental iodine, methyl iodide, and hydrogen
iodide are trapped and collected by the charcoal.

6.2.5 Cesium Rehavior

Cesium was initially present as CsOH and Csl; there were 10 times
more moles of CsOH than Csi. Since the behavior of Csl was discussed in
the previous subsection, only CsOH behzvior inm the TGT will be discussed
here.

During the test, ~837 of the CsOH was vaporized and transported out
of the nickel specimen tube. Of that, only 56% entetred the collection
train. The fraction that stayed in the furnace (17%) was reacted with the
quartz furnace vessel and quartz TGT housing, wostly on surfaces near the
inlet end of the TGT, even though very little quartz surface was exposed
to the flowing gas. Cesium hydroxide reacts readily with quartz to form
cesium silicates, which are stable at temperatures <1000°C, 9,10

About 81% of the CsOH that was found in the collection train depos-
ited in the platinum TGT liner. The deposition profile for cesium in
Fig. 3 is very complex. The cesium peak that occurred in the temperature
zorie 850 to 800°C during the test was apparently caused by quartz par-
ticles that transported thers from the tellurium specimen tube. Silicon
was identified by SEM/EDX and SSMS analyses as being the only contaminant
in the deposit samples and primarily at this location.

As was discussed in Sect. 5.2.3, a significant fraction of the CsOH
apparently reacted in the gas phase with tellurium to form CsTe and depos-~
ited at ~700°C in the TGT. The constituents inm the two cesium peaks that
occurrad in the temperature range 500 to 300°C were ideantified by x-ray
diffraction analyses as CsOH-H,0 and CsI.

6.3 COMPARISON OF COLLECTED MATERTAL IN THE THERMAL GRADIENT TUBE BY
WEIGHING AND BY ANALYTICAL METHODS

One of the techniques used in the HI test series!™ to help under-
stand the transport and chemical behavior of released fission products
was to compare the mass value obtained by weighing the TGT with the value
obtained by making use of gamma spectrometry, SSMS, and neutron activa-
tion data. Considering the wasses that were involved (<100 mg), the
values were in good agreement. For example, in test HI~4 the mass by
welghing was 35 mg compared to ~40 mg by analvtical analyses.

This type of comparison was also done for test C-7. After the TGT
liner was counted and scanned by gamma spectromeiry, it was dried in a
tube furnace at ~150°C for 2 h in a flowing helium atmosphere and subse—
quently cooled and weizhed. (This procedure had to be done because CsOH
is hygroscopic and can react with the €O, in air to form Cs,C03.) The
welght gain during the test was 166 wg-
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A value of 159 mg was obtained anmalytically (with some judgment).
To obtain this value, certain assumptions had to be made based on several
analytical methods — gamma spectrometry, SSMS, SEM/EDX, and x-ray diffrac-
tion. The masses for Cs, I, and Te were determined by gamma spectrometry;
the total was 144 mg, Contaminant material was identified and semiquan-
tified by examining samples of deposits taken at key locations along the
TGT by SSMS and SEM/EDX. Silicon was the only significant contaminant
identified. Some of the chemical species in the peak deposits were iden—
tified by x-ray diffraction; others were inferred by results from the
leach study (see Sect. 6.2.1) and analytical evidence (see Sects. 6.2.2
and 4.2), Table 9 gives the estimated weights of the different deposited
species.

Table 9. Mass of fisslon product elements in the platinum
TGT liner after test C-7

Element Chemical form Mass
(mg)
Te Alloyed with platinum 4.5
Te Surface deposit (CsTe) 57.3
I Csl 29.1
Cs CsCH<H,0 29.9
Cs CS2SiO3 38.1
Total 158.9
7. TEST C~8

7.1 GENERAL RESULTS AND TEST DESCRIPTION

Unlike in test C-7, which was run for a long period of time, the
specimens in this test were heated at 715°C for 26.3 min (see Fig. 9) in
a flowing steam (0.136 L/min at STP) and helium—9.6% hydrogen (0.147 L/min
at STP) atmosphere. (During the heatup and cooldown perieds, they were
also at temperatures above 650°C for 29 min.) Figure 9 illustrates the
collection behavior of Cs, I, and Te as a function of time and specimen
temperature. Compared with test C-7, there were two experimental
variants; a stainless steel rather than a platinum TGT was used, and the
hot zone in the zirconia liner was maintained at ~1000 rather than ~800°C
(see Fig. 1).
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The TGT was 38.3 cm long aud made of three interlocking sections.
The first section, the one at the Inlet end, was made of Inconel-600. It
was 5.1 cm long with an ID of 0,457 cm; the wall thickness was 0.089 cm.
The other two tube sections were esach 16.6 cm long and made of 304-L
stainless steel with the same ID and wall thickness. Table 10 gives the
chemical composition of the two materials. Inconel-600 was used at the
hot entrance end (925-800°C) because of uncertainty about the rate of
oxidaticn of stainless steel at those temperatures. There was concern
that the expansion caused by oxidation when coupled with thermal expan-
sion might cause the quartz tube in which the TGT was housed to break.

A summary of the posttest distributicn of Cs, I, and Te is given in
Table 11. These data show that all of the CsI was vaporized from the
platinum boat and that 917 of the iodine was found in the TGT and 5.1% in
the filter package. TFurthermore, only 0.003%2 of the iodine penetrated
the collection system to the activated charcoal. This suggests, as was
also the case in test C-7, that there was little tendency for CsI to
decompose under the test conditions. (There had been pretest concerns
that CsI reaction with stainless steel might free elemental iodine.)

Table 11 shows that ~90% of the tellurium specimen was vaporized and
transported from the zirconia tube. About 47%Z of the total tellurium
passed through the furnace to the collection traio and deposited wmainly
in the Inconel section of the TGT. Most of the tellurium that remained
in the furnace was found reacted with the nickel tube and the platinum
boats. For this to have happened, a limited flow restriction had to have
occurred in the zirconia tube causing vapor to diffuse out the inlet end.
It probably was caused by pleces of broken quartz ampul that were placed
in the tube along with the tellurium specimen (see Sect. 5), Figure 10
illustrates the deposition behavior of tellurium on the nickel tube. The
concentration is shown to decrease exponentially along the tube. This
suggests that tellurlum rapidly reacted with the nickel. The tube was
at a temperature <700°C during the test,

Interpretation of the cesium deposited in the TGT was complicated
by isotoplc exchange that apparently occurred as the gaseous speciles
were transported through the hot zone of the furnace. The Csl and CsOH
were initially tagged with 13%Cs and 137¢s, respectively. The best evi-
dence of isctoplc exchange is seen in examining the behavior of CsI in
the TGT. First, it must be pointed out that 917 of the iodine deposited
in the TGT, that all the analytical results (including x-ray diffraction)
suggested that iodine deposited there as CsI (see Sect. 6.2.2), and that
posttest values in Table 1l were determined by using the pretest specific
activities for the individual elements. Notice that there was 22.3 mg
iodine compared with only 15.9 mg cesium, which was tagged with 13%Cs in
the TGT. If no isotopic exchange had occurred, the 13%Cs-tagged cesium
mass would have been ~23.4 mg. This means that ~32% (or 7.5 mg) of the
cesium in the Csl was associated with 137Cs instead. On the other hand,
isotopic exchange had little influence on the interpretation of CsOH
behavior because there was 12 times more cesium associated with CsOH than
with CsI.



Table 10. Chemical composition of Inconel-6C0 and stainless steel 304-L
Composition (%)
Material Nickel Chromium Iron Manganese Silicon Niobium Carbon Sulfur Copper Phosphorus
Inconel-600 73,55 16 7.55 0.2 0.3 2.30 0.04 0.005 0.03
S.5. 304-L 8 to 10 18 to 20 Balance 2.0 1.0 0,03 0.03 0.045

0t



Table 11. Posttest distribution of tellurium, cesium, and iodine in test C-8

Amount and percentage of Te, Cs, and I found in each location®

129m traced 137 traced 134 traced b
Te Cs Cs Cs 131 traced I
Temperature -
Location °c (mg) (%) {mg) ¢ (mg) (% (mg) %) (mg) (%)
Furnace components
Quartz furnace tube 500—1000 0.037 0.09 3.579 1.50 0.332 1.56 3,91 1.51 0.020 0.09
Quartz spacer 600 0.001 3 x 1071 0.012 0.005  0.001 0.005 0.013 5 x 1073 0.0 0.C
Quartz holder 600~-1000 0.035 0.¢9 0.0 0.0 0.¢C 0.0 0.0 0,0 0.0 0.¢
Zirconia furnace tube liner 6001000 0.655 1.65 171 71.73 2.49 11.67 173.49 66.80 0.861 3.85
Zirconia outlet plug 980 a 0.035 0.09 10.01 4,20 1.99 9.32 i2.0 4.62 G.0C1 0.004
Zirconia tube (Te specimen) 635-850 4,09 10.31 0.378 0.16 0.0 0.0 0.378 0.15 0.0 0.0
Nickel tube (CsOH and CsI
specimens) 635750 4.9 12.34 0.0 0.0 0.0 0.0 G.0 0.0 0.001 0.004
Platinum boat (CsOH) ~715 0.042 0.1t 0.367 0.15 0.008 0.04 0.375 0.14 0.0 0.0
Platinum boat (CsI) ~715 11.35 28.60 0.0 0.0 0.0 0.0 0.0 0.0
Total 21.15 53.26 185.34 77.75 4.82 22.59 190.16 73.22 0.883 3.95
Thermal gradient tube 950-150 18.45 46,46 50.97 21.38 15.91 74,57 66.88 25.75 20.33 90.95
Filter pack components 145
Entrance tube 3.004 0.01 0.040 0.02 0.011 0.95 0.051 0.02 3.023 9.10
Entrance cone 0.002 0.005 0,009 0.004 0.002 0.01 0.0i1 4 x 1073 0,002 0.01
Glass wool prefilter 0.099 0.25 1.90 0.80 0.559 2.62 2.45 .45 1,065 4,77
First HEPA filter 0.003 0.008 0,103 0.04 0.034 .16 0,137 0.05 0.048 0.22
Second HEPA filter 0.0 0.0 0.026 0.0l 0.001 0.005 G.027 0.31 (4.6 x 1075) (2.0 x 107%)
First charcoal (4.5 x 1673) (1.0 x 107%) 0.0 0.0 0.0 ¢.0 0.0 0.0 (6.5 x 107%) 0.003
Second charcoal 0.0 0.0 0.0 0.0 0.0 C.0 3.0 6.0 (4.9 x 1076) (2.0 x 1079
Miscellaneous parts 0.001 3 x 1073 0.0 0.0 0.0 0.0 0.0 0.0 (6.0 x 107H%) 0.001
Total 0.109 0.28 2,08 0.87 0.607 2.84 2.68 1.03 1.139 5.10
Condenser 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ¢.0 0.0 0.0
Total all components® 39.70 100.0 238.38 100.0 21,34 100.¢G 259.72 100.0 22.35 100.0

9211 these values were based on the initial specific activities.
bSum of 137 traced Cs and 134 traced Cs.
égercentage of total mass found.
ellurium sample was at ~715°C.
he initial specimen weights were 38.3 mg tellurium (}29%Te tagged), 21.3 mg iodine (1311 tagged), 264.3 mg cesium (137Cs tagged), and

22.3 mg cesium (13%Cs tagged).
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Iike CsI, essentially all of the CsCH was vaporized from the nickel
tube; however, unlike CsI, only 227 was transported to the collection
train. Most of the CsO0H that was retained in the furnace was found in
the zirconia furnace tudbe liner and the zirconia collimator. Figure 11
illustrates how the cesium (mostly 137Cs tagged) was distributed along
the zirconia liner. (The deposit in the Zr0, collimator is also
included.) The largest concentration occurred between 800 and 900°C,
immediately downstream from the outlet end of the nickel tube. These
data show that CsOH reacted with zirconia to form a less wvolatile com—
pound, probably ceslum metazirconate (CSQZng).ll’lz Based on the
results in these tests and the results in the HI test series, zirconia
can react with or getter cesium, especially CsOH, in the temperature
range 800 to 1200°C,

Table 11 gives the lnitial and posttest values for the tagged speci~—
mens. The mass balances for each were fairly good. All were within 5%,
except for the 137Cs tagged cesium, which was 10% low.

7.2 THERMAL GRADIENT TUBE RESULTS

Figure 12 gives the posttest deposition profiles for Cs, I, and Te
in the TGT liner used in test C-8, as determined by gamma spectrometry.
During the test, 91.0% of the I, 46.5% of the Te, and 25.8% of the Cs
deposited in the TGT liner. Figure 9 gives the collection rate in the
TGT liner as functions of time and specimen temperature (in hoats).

7.2.1 TLeachablility of Cesium, Iodine, and Tellurium Deposits in the
Inconel—Stainless Steel Thermal Gradient Tube

One of the main objectives in the Fission Product Release Program is
to quantlfy and characterize iodine release. Prior to conducting test
HI~-6, only platinum and gold TGTs had been used. Control test C—-8 was
conducted using a stainless steel TGT to see 1f iodine might behave dif-
ferently, and to see if it was leachable by the standard leaching method
(see Sect. 6.2). This information was needed because of the indirect
method (neutron activation analysis) for measuring lodine in the tests
with irradiated fuel. Test C-8 showed that there was no tendency for CsI
to react with the stainless steel or Inconel surfaces. Furthermore, the
iodine, as Csl, was easily removed from the surfaces by the standard
leaching method. 1In fact, most of it was removed by only one basic leach,
thereby facilitating mass balance determinations.

Figure 13 shows that there were three major peak regions where the
test specimens deposited in the TGT during the test. The principal
tellurium peak occurred in the Inconel 600 section in the 925 to 800°C
temperature zone. The other two peaks occurred in the stainless steel
sections. One peak formed between 700 to 625°C with cesium and tellurium
being the principal constituents; the other formed between 500 to 450°C
with cesium and iodine as the major components.,
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Figure 13 also shows how the TGT was cut to obtain sections for the
leach study and for analyses hy SS5MS, SEM/EDX, and x-ray diffraction.
Sections 2, 4, and 6 were leached.

The leaching results are glvem in Table 12. Todine was effectively
removed from each of the sections by the first basic leach, with >98.5%
being removed. However, the leaching behavior observed for tellurium was
different, with approximately half of the tellurium being removed from
each of the sections by the first basic leach. Very little of the

Table 12, FEffectiveness of basic and acidic leaches” 1in removing
cesium, jodine, and tellurium from selected sections
of the TGT liner in test C-8

Cumulative percent removed

b Initial
Tagged mass After first  After second  After third After
element (mg) basic leach  basie leach basic leach acid leach
& d

Section 27 (860 to 800°C)
129mTa 6.33 52.8 85,5 96,5 100
1317 0.011 100 100 100 100
134cg 0.172 92,0 92.9 95,4 100
137¢g 1.26 88,0 88.0 50,8 100

e o

Section 4 (780 to 750°C)
12%9m7e 1.11 54,2 55,5 100
131y 0.266 98.5 98,7 100
134¢g 1.42 97.7 98.4 100
137¢g 6,57 96.7 97.8 100

Section 60 (480 to 455°C)7
129m7e 0,042 47.5 53.4 97,9
131y 3.56 99,7 100 100
134¢cg 2.49 99,6 99,9 100
137¢q 6.26 99.5 99,8 100

AThe basic leach solution was a 2:1 mixture of MH,,OH (concentrated)
and Hy0, (30%Z). The acid leach was a solution of é.g HNO3 and 0.25 M HF,

bThe initial starting materials were Csl, CsOH, and elemental Te.
Cesium iodide was tagged with 13%Cs and 1311; Cs0H was tagged with 137¢s,

“Section was made of Tnconel 600 (73.6% Ni, 16% Cr, and 7.6% Fe).
Gives the temperature of the section during the test (see Fig., 13),
€Sections were made of stainless steel 304-L.
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remaining tellurium on stainless steel sections 4 and 6 was remcved by
the second basic leach but was completely rewmoved by the subsequent acid
leach. On the other hand, the second and third basic leaches removed
most of the remaining tellurium from section 2, the Inconel seciion.

7.2.2 Tellurium Behavior

0f the tellurium that entered the TGT during the test, ~70% depos-
ited in the 5.l-cm~loag Inconel~-500 gection at the inlet end, which was
at 925 to 800°C. Cousidering the high nickel (~74%) and chrowium (~16%)
content of the Inconel and the relatively low amount of cesium found, it
is likely that nickel telluride (NiTey ; was identified by x—ray diffrac-
tion) and chromium telluride (CrTe) were formed.'37 !5 This probably
means that a larger fraction of tellurium in this test than in test C-7
was able to tranmsport to the TGT as elemental tellurium (Te,). Since a
very large fraction of the CeOH reacted with and was vetained by the zip-
conla ceramic components in the fuvnace vessel (76% vs ~10% in C-7),
there was less potential for its reaction with the tellurium to form
Cs»Te oir CsTe. There was, however, a tellurium peak that occurred at
700°C, which was the same location where UsTe deposited in the platinum
TGT liner in test C-7, 1In test C-7, the cesium o tellurium ratio ia the
peak was 1:1; here, the ratio was 1.5 to 6 times larger (see ¥Fig. 12).
Several things could have happened -- Cs8OH could have reacted with the
stainless steel to form cesium fervite (CsFe0j); Cs,Te or CsTe could have
condensed; and tellurium could have reacted with tﬁa stainless steel com~
ponents to form tellurides. Further downstream, a minor tellurium peak
also occurred at ~480°C.

In the posttest examinstion of the Inconel seciion, the inner sur-
face appeared to be black and sprinkled with silvery microspecks when a

light was shone through 1t.

7.2.3 Todine Behavior

The largest fraction of the iodine in the TGT was found in a peak
region that occurred io a temperature range 500 to 450°C during the test
(see Fig. 12). As can be seen, a cesium peak also occurred rhere. Sam-
ples of the peak deposit were identified by x-vay diffraction as CsI and
CsOH*H,50; no other lines were detected. A heavy whitish deposit was
observed at that location during the posttest examination of the TGT;
both CsI and CsOH+H,0 have crystals that are whits.

7.2.4 Cesiuvm Behavior

As is shown in Table 11 and was discussed in Seci. 7.1, only ~27% of
the cesium passed through the furnace to the collection tvain. Most of
this 27% deposited im the TGT liner in two peak regions — cne at ~675°C
and the other at ~480°C. Only CsT and CsCH-H,0 lines were detected on
the x-ray diffraction film for samples taken from the 480°C peak region.
For samples taken from the 675°C peak region, only Fe30, lines were
detected. Most of the cesium that deposited al temperatures above 600°C
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was tagged with 137Cs; this suggests that CsOH reacticon with staloless
steel components at these higher temperatures might have eccurred,
possibly as a cesium ferrite.l®

As was also discussed in Sect. 7.1 and the iodine behavlor secticn
(Sect, 6.2.4), CsI remained a stable specles. Approximately 96% of it
tramsported to the collection train and the lavgest fraction of it (see
Table 11) deposited in the 480°C paak,

-

Black and brown flakes and particles were observed in the leach
solutions for sections 2 and 4 and were removed by filirvatiov. Gamma
spectrometric analysis of solids and filtrates revealed that only trace
amounts of the Cs, T, and Te were assoclated with the solids. These
solids were probably irom oxides. Posttest examination of the TET showed
that the surface was darkened at tewperatures »500°C, indicating that sur~
face oxidation had occurrved. Oxidation was wmove extensive at higher tem-—
peratures. Ferviferrous oxide was ldevtlified by w-ray diffraction as
being one of the maln constituents in 2 deposit sample taken from section
3, which was at ~700°C during the test.

8. COMPARISON AND ANALYSIS OF THE RESULTS OBTAIMED IN TESTS C-7 AND
C-8 WITH THOSE OBTAINED IN PREVIOUS TESTS WITH TRRADIATED FUEL

8.1 TINTRODUCTION

At ORNL 26 experiments have been conducted with irradiated light~
water reactor (PWR and BWR) fuel rod segments lu the temperature vange
500 to 2000°C — 24 with high buroupl™’ and 2 with low burnup® fuels.
Three different test atmospheres were examined: dry alv, inert (purified
helium), and steam-helium. To aid in the intevprstation of fission
product ralease behavior, 12 simulantl” and 18 control expetimentsds B
were also conducted; the behavier of CsI, HI, T,, Cs,0, CsCH, Te, and
TeO, (individually or in different combinations) was studied. 1In the
following subsections, the evidence 1s presented and conclusions are
drawn about the chemicsl forms and chemical behavior of the fission
products, Cs, T, and Te, The highlights are presented in Sect. 3.2.

8.2 REACTION OF CESIUM WITH ZIRCOWIA

During a severa LWR accident, cesium most likely would be released
into a steawm-hydrogen atmosphers as Cs, Cs,0, Cs0H, CsI, and possibly
CszTe,1"7’19”21 One interesting and {mportant reactlon that could take
place is that of cesfium (as Cs, CUs;0, or CsOH) with zirconla to form
ceslum metazirconate (C522r03)m11 Zircoalz, of course, would be formed
by the oxidation of the cladding by the stesm. Another rvonecern is the
question of whether or not CsI can veact with zirconiaz with the libera—
tion of alemental iodine., Data obtained in tests -7 and C~& and the HI
tests have helped considerably in defining the conditions needed for
Cs,Z2r03 formation and decomposition and in describing the behavior of Csl
in contact with hot zircounia.
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As was discussed in Sects. 6.1 and 7.1, there was little reaction
(<6%Z) in test C-7 betwsen CsOH and zlrconia components in the furnace
vessel, which were heated at tempervatures up to a maximum of 800°C. Om
the other hand, when the zirconia components were heated at temperatures
up to 1000°C in test C~8, ~78% of the cesium (mostly CsOH) was retained,
with the bulk of it depositing in the temperature range 800 to 9200°C.
These results indicate that if Cs,Zr03 were indeed formed, its formationm
would have been wost rapid at temperature »>800°C.

Resulis obtained in the HI tests also helped define this reaction
behavior. In each of those tests, two zirconia "collimators"” (thick-
walled cylinders with an 0.5—cm ID) were positioned within and at the
end of the zirconia liver. Figure 14 shows the estimated temperature
gradieats along the collimators during the tests, while Table 13 gives
the mass of 137Cs found on the individuazl collimators and the composite
percentages of the released 137¢s found on the collimators in the tests.
Of the 137Cs found on the collimators in test HI-1, the lavgest fraction,
88%, was found on the upstream collimator (No. 1), which was at a tem-
perature between 1250 and 1130°C. Equally informative, in test HI-4 ~93%
of the '37Cs on collimator II was found on the downstream half, which had
a temperature gradient of 1200 to 900°C. When the temperature of the
zirconia collimators was »>1200°C, there was minimal retention of the
cesium. Tess than 6% of the 137Cs on the collimators was found on the
upstrveam collimators in tests HI-2, HI~5, and HI~6, where the temperature
exceeded 1200°C (see Table 13 and Fig. 1l4). This means that at the higher
temperatures the reaction product, probably Cs,Zr03, was not stable.
Thermodynamic calculations!? indicate that a minimum temperature of 1463 K
(11838°C) is needed to cause decomposition as indicated in the following
equation. The AG for the reaction

Cs9Z1043 » Cs,0 + Zr0y

at 1473 K (1200°C) is —-655 cal/wol. The calculated prediction is in good
agreement with the observed behavior.

The percentage of 137¢cs released from the fuel segment that was
retained by the zirconia collimators in each test is given in Table 13;
these values are significant. The largest retention (42%) occurred in
test HI-1 where the fuel specimen was heated for 30 min at 1400°C, and
the temperature gradient along the collimators was 1225 to 9200°C. The
smallest vetention (13%7) occurred in test HI-2, where the fuel specimen
was heated for 20 min at 1700°C.

Cne factor that possibly could have affected the retention was the
rate of carrvier gas (steamHe or Ar) flow. Inm tests HI-3, 4, and 5, the
rate was ~0.6 L/min; in tests HI~1 and 2, ~1.5 L/uin; and in test HI-6,
~3.6 L/min., Higher rates would be expected to cause lower retention.
This is not evident in Table 13.

The percentage retention data suggest that other factors may have
been involved. The most obvious one would be the chemical form of the



41

ORNL DWG 84-321

00 1T T 1T T T 1

A~ TESTS HI-3 AND HI-©
B- TESTS HI-4

C—~ TESTS HI-2 AND HI-5
D- TESTS HI-1

1800

1600

TEMPERATURE (°C)
N

I‘ 8, 4 &
|

800 — -
I ANDO - ZrO2 COLLIMATORS

I o

-

L1111 1 |
0O 1 2 3 4 5 6 7

DISTANCE ALONG ZIRCON!A COLLIMATORS {cm)
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Table 13. Masses of 137Cs found on the zirconla "collimators” used
in the HMI test series, and the percentage of the released 137Cs
that was found on the “collimators’™ in each test
13704 (mg‘:
Test
. a . . i - _

Collimator HI~-1 or-2 Hi-3 HI-4 HI-5 HIi~-6
I 1.563 0.71 b b 0.12 0.72

1I 0.21 15.67 27,52 7.71 8.20 10.21

Total 1.84 5.39 27.52 7.71 8.42 10.93

137¢g 42 13 20 30 32 22

ia eylinders with an 0.5-¢cm 1ID
iz end of the zirconia liner. The

he collimator (I) could not

Inforwmation was not obtainable bacause €
be resoved from the zivconia liner after the ¢

A scan of this collimator rewealed ithat ~93% of the cesium
the downstream half.

2
o
n
@]
i}

&, in tests C~7 aud C-8 it was
h the hot zirconia components i

(...

i

One of the problems encountered in the HY was that struc—
tural materizl (W, C, Si, and Zr} ies (S, 81, and Cl) in the
ceramics wnsed in the furnace wevre transported to the collection train as
vapor or particulate. Ausalyses of depasits by gamma spectromelry, SSMS,
and SEH/hUA showad that some of t terials (especially sulfur and
chlorine) were alwavs found with the ¢ Reactlive species like ele~
mestal cesium and Cs0l could havs rsac vi.th these elements and formed
CsCl and CUs,S, which weuld have been less likely to react with the hot
zirconia. Variaztion im the amounts of sulfuv and chlorine in the ceramics
wonrld have influenced the retention accordingly.
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8.3 T1ODINE BEHAVIOR

The iodine hehavior observed in HI tests 1-5 wes similar to that
observed for Csl in tests -7 and C-8., In 21! these tests, only trace
amounts of iodioe wers found on the activatsd charcozal in ths filter
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package {(4£0.3% of the total lodine veleased). Only more volatlle {(pene-
trating) forms like HI, CHs3l, and T; would be found there. Tn sach of

the B tests, the ilodine was released into a flowlng steaw-halium-hydrogen
heve and was tracsported thvough hot szirvconla ceramlces Into s plati~
thare waz pegliglhble contact with the juartz furnace vessel,

In 2arliier work, 7 the interpretation of ilodine behavior was
complicated becauss rhv released lodine was exposad to quartz which,
under cevtaln conditions, could react with Gl to form Cs,5i0; and Iza
Thizs effact was notlceeabls only 1o tests whers the lodlne relepases wers
swall, <20 pg. (In each of these tests, the fuel speclwen was plsced oo
a quartz holder inside a guartz furnace tube,)

Indar accldent conditions zirconla, not quartz, would be present.
The H tests wers condected under wary severe condltions with lodine
releases teeulting se high as 337, The behavior of the released icdine
was congistent with that of (81 as was observed 1o the two control tests.
- deposited dn the TGT like Csl, and lttle was collected in the filtex

p“ﬂ as Ig.

A summery that lists the percent of evolved {fodine found as
“presumably Csl,” "prescmably molecular iodine,” and as parvticulate for
each of the eavrlier tests and for esch of the HI tests 1s given in
Tabla 14, The pevcentage values were estimated by assuming the iodine
that deposited on surfaces at temperatures above 200°C was Csl, the
lodine that collected on the charcoal was I, (also HI and CH;3I), sod the
fraction on the first filter was particulate. With the exclusion of the
HI tegt dsta, this table wes extensively discussed and reviewed in NUREG~
077221 with conflicting interpretation. Notice that the percentage of
molecular lodine was high only In tests in stesm where the releases were
very low, <71 ug. TIn fact, i tests where the perveentage of woleculax
iodine was »11%, the wmass of lodine released was <17 pg, an amount that
could be lost in the percent error 1o tests where the relesases weyre high
(>500 uz iedine). When total lodine release for all the tests is con-
sidered, only 0.28% of the ilodlne was apparently collected as molecular
lodine,

Figuve 15 illustrates the depositlon behavior of icdine in the
platimhm T6Ts used in tests HI-1 through HI-5., There was only ooe peak
in szach ledins profile, which indlcates only one iodine form. The tem-
perature range where the moxlmum surface concentration for each of the
zaks occurved was between 410 and 375°C. In tests HI-3, 4, and 5, w:a*@
he maximun eurface concentrastions were similar (310, iédg and 300 gg;am~9
respectively), the tewmperature vange of peaks was quite narvow, 515 $20°C.
Also, in each of these three tests the steam-helium flow rate was
~,6 L/min (F{F3,

Table 15 gives the maxiwmum fodine peak concentrations (best esti-
mate) and the temperaturss at which they occurved for seversl ivvadiated
fuel, tmplant,17 and control teste:®s»l? other pertinent data are glven as
well, The peak deposition behavior for fodine {as CsI) in tha control



Table 14, Summary of {odine releass gpeciles in fission product release tests

Amount % of each form
Test of I
Test Temperature Gaseons duration released Presumably Particulate Presumably
¥No.4 {°C) environment {min} {ug} Cal maialy I,
Bwr~4° 703-1100 Hellum 300 4800 99.99 ¢.01 0.004
7EU-12°  700-1200 Helium 4B0 170 01,2 8.6 0.27
BEU-1 700 Steam 300 0.9 i3 10 72
HBY-2 900 % Stean 120 1.8 14 13 73
HBU-4 500 Steam 1200 Gel 40 16 bdy
HBy~11 1200 Stean 27 20 34 58 8
7
mw—72 900 Steaw 1 13 71 25 4
ﬁBU—Sd 9Co Steam 1 ié 4 8 88
HSU—9'7 0G0 Staam iy 7 b 6 38
BBY-10¢ 1650 Stean i1 P4 26 20 53
BWR—E% 460 Steam i 490 57 33 0.4
BWR-2 850 Steam 1 1600 79 21 0.t
BWR~3 1200 Steam 25 1200 44 54 G.7
#r-17 1306 Steam 16 71 70 23 10
iT—Z; 1445 Steam 7 998 90 4.9 C.i
HT—B; 1610 Steam 3 5440 86 14 0.2
HT-4~ 1440 Steam C.4 750 i8 22 8.3
Hi~1 1400 Steamn 36 514 41.7 58.8 0.5
HI~-2 1700 Steam 20 13554 31.85 67 .8 0.4
HI-3 2000 S team 20 7950 36T 52.9 0.4
Hi-4 1B54G Steam 20 4929 35.3 61.7 3,006
Ri-5 1700 Sceam 20 5803 35.5 hH. b G.07

“Bae refs. 3 for details.

Dot srean eavivonments wers actually sream—<helium or argoni—hydrogen; hydrogen resulted
from the Zircaloy—steam Teaction.

Chap purge tests.
“Burst release tests.
“Ciadding was expaaded before the test to provide an enlarged uniform faei—ciaddiang gap.

7%



ORNL DWG 84-322
I

16 = i I a i

s s
=4
bers
n
b

I T O

101

L il

i

IODINE SURFACE CONCENTRATION (;&g!{:m‘g}

H

0 I | |
%@SQ@ 700 &00 B0C 400 300 200 100

THERMAL GRADIENT TUBE TEMPERATURE (°C)
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Table 15. Temperatures at which waximum fodine TGT peak concentyvations
occurred in tests (countvol and irradiated fuel) where
algnificant smountz of lodiue were deposited

Fiow vate at
STP Mas s
Test Test  Todine (L/min) iodine peak ‘Tewperatuve
Teet temperature time” 1o TET —rmmmmmmen  soncentratlion al peak
No. (°C) (min)  (ug)  Steam H’lium (ug/fmz} (7¢H
HI-1 1400 30 210 1.0 0.5 22 410
HI-2Z 1700 20 2702 1.0 0.45 103 575
HI-2 2000 20 2780 0.3 0.3 265 525
Hi~4 1850 20 1712 .32 0.3 310 510
HI-5 1700 20 18095 0.41 0.3 300 560
b - .
Htwib 1300 10 50 .72  0.87 8 365
HT-2, 1445 7 858 0.94 0,87 110 475
1610 3 1716 1.02  0.87 270 470
BiR-1 960 1 104 1.5 14 390
CT~7 d d 14200 0.16 0.15 2200 477
Cr-8 715 26,3 20330 0.14 0.15 6500 383
cr-10° 700 60 199 0.28 0,05 100 567
-1 1300 11 12 0.31  0.11 4 470
C;ly inecivdes time at the test temperature indicated.
LR. A, lorenz, J. L. Collins, A, P, Malinauskas, M. ¥. Oshorne, and
R. T.. Towns, Fisslon Product Relesase from Highly Irradiated TWR Fuel Healed
to 1300-1600°C in Steam, NUREG/CR-1386 (ORNL/NUREG/THM-246), November 1980,

“R. A, Lovenz, J. L. Collias

3

4. F., Osborme, R. L.

Towns, and A, P

falinauskas, Fission Product Release from BWR Fuel Under LOCA Condiitlons,

NUREG/CR-1773 (ORNL/NUREG/ TM-388Y, July 1981,

“See Fip. 2.

®R. A, Torenz, M. F,

Malinauskas, Benhavior of Todine, Methyl lodide,

Osborne;

J. L. Collins, S. R, Manning, and A, P.
Cesium COxide,

and Cesiuam

fodide in Steam and Argon, ORNL/NUREG/TM-Z5,

R, A. Lorenz, J. L. Collins, and S.
Release from Simulated LWR Fuel,
Octobar 1978.

July 1976,

Re Manning, Fis
NUREG/CR~-0274 (ORNL/NUREG/1M~154),

sion Product
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tests and in the iwplant test was similar to that observed for iodines io
the irradiated fael tests. The peak temperature range for all the tests
was 3260 to 575°C,

Figures 1612 illustrate the TGY deposition profiles for icdine acd
cesium in Control Test 10, Tumplant Test 11, HT~2, and HI-5, respectively.
In Contrel Test 10, CsJ was the only specles vaporized; peak deposit
material was identified by x-vay diffraction as 0sI, 1In test HI-2,
almost all the cesium except that asscociated with iodine was retained by
the gquartz furnace fube liver that housed the fuel specimen. Considering
thi fact that almost egual quantities of cesium and iodine were found in
the TGT, that both elements deposited in the same peak reglon, and that
the peak location was similar to that which was obtained in the control
tests, it 1is apparent that the cesium and iodine were deposited as Csl.
(identical behavior was also observed in test HT-3,%) Figure 19 shows
the cesium and iodine TGT profiles for one of the more current tests,
Hi-5., Again, the behavior of iodine is that of Csl.

Analysis by SSMS of TGT deposits obtained in the HI testsl™> showed
that the only fisslon products, other than icdine, that deposited iun the
temperature rapnge where iodine deposition occurred were Cs, Rb, Br, and
Cd. Compared with Cs and I, the amounts of Rb and Br found were con-
siderably less. As Kb and Br are chemical analogs of Cs and I, their
presence there was expected, The peak concentrations of cadmium were not
found where the peak concentrvations of iocdine were found but further
dowastream. This would suggest that the cadmlum was not significantly
assoclated with the ilodine.

Since the BWR and PWR fuel rod segments that were used in the HI
tests were from the same fuel rods as the segments used in pravious
tests, 1t is reasonable to assume that these fission products wers
probably the only ones that deposited in the same temperature region of
the TGT in those tests. 1If so, thess results glve more credulance to the
results obtalined in previocus tests that indicated that iodine was depos~
ited in the TGT as Csi in steam. Since the largest fractions of the
released iodine deposited in the TGT in tests where »17 pg iodiue was
released, it also means that lodine in those lests was released as CsT,

All the preceding discussions about iodins results and observations
in this subsection have led to one polnt — iodine was consistently
released frowm the tested 1rvadiated fuel specimen in a steam—helium
atmosphere as Csi. The experimental evidence obtained in the recently
conducted HI tests have made tbis conclusion wore convincing.

8.4 CESIUM BEHAVIOR

The behavior of cesium has been well documented in the fisslon prod-
uct release programs at ORNL., Knudsen cell-masg specirometyy studies??
of mixtures of CsOH~UD, and Cs,C03~00, showed that when these mixtures
were heated in vacuum the cesium species were stabilized by the uranla,
probably as cesium uranate (CSZUOQ},QO The appearance and growth of the
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cesium peaks 1o the mass spectra occurred when the temperature of each of
the mixtures reached ~950°C. 1In the gap purge tests, 5>’ H, B. Robinson
and Peach Bottom fuel sections were heated in {ncremental, temperature

eps from 500 to ~1200°C, Purified helium pressure was applied to the
inlet ends of the vcctions to purge the volatile fission products out at
the outlel ends and directly into platinum TGT liners. The tesults indi-
cated that cesium depesited as an oxlde of cesium (probably CbZO) and as
CsI rather than as the more volatile elemental specles; almost no iodine

T

was found oan the charcoal (Table 14).

-

In tests conducted with ivradiated fuel (and simulant fuel), where
the fuel specimens were heated in 2 quartz liner at temperatures not
exceeding 1000°C (as was the cass where the fuel specimens were inductilon
heated), the mest significant fractions of the rsleased cesium (not CsI)
were vetained by the quartz, probably as cesium silicate (Cs,Si03). The
deposit on Lthe quariz in seach of the tests was found only a short distance
downstream from the fuel rod segment defe opening (ruptured or drilled).
Figure 20 shows th? concentration pTOfL]? for 134Cs along the quartz
liner in test HI-!l., The fuel specimen in that test was heated at 1300°C
for 10 min in a flowiog steam—helium atmosohcxe. About 927 of the
released cesium was rvetalned on the quariz liner as shown., Siwmilar
ults occurred in ten othei tests; the parcent values are tabulated in
A hols (0.15%-cm ID) v illed in the center of the cladding
each fuel specimen used in t ts; all the other fuel specimens
the other test series were pressurized and rupturad at ~700 or ~200°C
A\ fterwards, the fuel specimens werse ‘eated to the test temperatures.
in the rupture tests wera the fractio of cesium in the collection
in larger, 11.7 to 14.5%. This was probably due to the surge of vapor
t occurred with vupture. The proximity of the cesium deposite to the
efect openings sugs pid cesium-guartz reaction., The inten—
si of the attack was evident in som” of the tests; the quartz surface
was severely etched. This behavior is typical for the CsOH-quartz reac—
tion,? rather than the Cs,0-quartz veaction.® As the Cs,0 was being

1 fuel specimens, it was
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eact beliavior was observed best in the dry air
O in that test, the released cesium demonstrated

s it initially appeared to passivate the sur-
ce of the quartz 1i thus =z2llowing Lhc remaialng cesium that was
seing released to transport to the collection tvain. TIn this test, which
was conducted at 700°C for 5 h, ~70Z of ithe released cesium transported
to the collection train. An hour had elapsed during the test before any
cesium was monitored entering the collection system.

-

In steam itests, whers the quartz linevs were heated at teampevatures
»1000°C, wost of the releaS96 ceaium transporied to ithe collection train;
there was little affinity for the cesium o react with the quartz. The
fractions that wvere tained by the quartz linere were found at the
cooler outlet end. As an 2xample, ~71%7 of the rsleased cesium In test

HBU-11 was carried to ths collection tvain. In that test, the fuel
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Table 16. Summary showing the percentages of the released cesium
that were vetained by the quartz liners and found in the
collection trains

Amcunt of cesium Anocunt
Mass of found reacted with found in

Test cesium released the quartz liner collection train
No. (pg) (%) (%)
HT-1¢ 523 92,0 8.0
HT-2¢ 22,023 94.6 5.4
HT-3% 51,311 96.8 3.2
AT-4% 14,191 98.4 1.6
BWR—lz 7,146 95.3 4.7
BWR-2 6,922 85.5 14.5
IT-4€ 2,320 95.0 5.0
IT-117 1,240 97.2 2.8
HBU~7§ 279 88.3 11.7
HBU-9 112 96.5 3.5
HBU-107 131 86.9 13.0

%A small hole was drilled in fuel segment to cause the defect.
R. A, Lorenz, J. L. Collins, A, P, Malinauskas, M. F. Osborne, and R. L.
Towns, Fission Product Release from Highly Irradiated LWR Fuel Heated to
1300-1600°C in Steam, NUREG/CR~1386 (ORNL/NUREG/TM~346), November 1980,

bFuel segments were pressurized ruptured to cause the defect.
R. A. lorenz, J. L. Collins, A. P, Malinauskas, 0. L. Kirkland, and R. L.
Towns, Fission Product Release from Highly Irradiated LWR Fuel, NUREG/CR-
0722 (ORNL/NUREG/TM~287/R2), February 1980,

R. A. Lorenz, J. L. Collins, M. F¥. Osborne, R. L., Towns, and A. P.
Malinauskas, Fission Product Release from BWR Fuel Undev LOCA Conditioms,
NUREG/CR-~1773 (ORNL/NUREG/TM~-388), July 1981,

cSimulant fuel tests. R. A, lLorenz, J., L. Collins, and S. R.
Manning, Fission Product Release from Simulated LWR Fuel, NUREG/CR~-0274
(ORNL/NUREG/TM~154), October 1978.
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specimen was heated at 1200°C for ~27 min in a flowing steam-helium
atmosphere, The fuel specimen was heated by a resistance tube furnace
which also heated the quartz liner to the same temperature.

The CsOH-quartz reaction results in the formation of cesium sili-
cates.!? 1In control tests,21 the reaction was observed to occur in the
temperature range 125 to 950°C when Cs,0 was exposed to a flowing steam—
helium atmosphere. Cesium silicate was readily formed at temperatures up
to 800°C; at temperatures »>800°C but <950°C, it formed but not as readily;
and at 1200°C 1t did not form. Cesium silicates are known to decompose
at temperatures »1000°¢C,10

The cesium—quartz reaction in steam is interesting, but again, quartz
is not a material found in light water reactors. The essence of the above
background information is to point out that CsOH was the major species of
cesium that was formed after release in a steambelium atmosphere from
the irradiated fuel speclimens as Cs,0,

The behavior of CsOH in tests C-7 and C~8 was discussed in Sects.
6.2.5 and 7.2.4. Samples of TGT peak deposits from the same region as
where the lodine deposited were determined by x~ray diffraction to con-
tain CsOH as well as CsI. The reactive nature of CsOH was also demon-
strated; it reacted with tellurium in the gas phase in test C-7, forming
CsTe; it reacted with the zirconla liner in test C-8, forming Cs,Zr0j; it
reacted with Si0, (quartz furnace) in test C~7, forming cesium silicates;
and it reacted with the stalnless steel TGT in test C-8, probadly forming
CsFelj,,

The reactive nature of CsOH was also clearly demonstrated in the HI
series of tests. The TGT profiles for cesium In several of these tests,
like that shown in Fig. 21 for test HI-2, were very complex. The SSMS
data showed that structural materials like W, C, Si, and Zr, and ceramic
impurities, like S and Cl,were deposited in the TGI as well as fission
products. Cesium hydroxide can react with most of these elements
(especially 4f they were in the oxide form) to form compounds with vary-
ing degtees of wvolatility and stability. For example, these compounds
could have possibly formed: CsyWO,, Cs)MoC,, Cs,C03, Cs,5103, Cs,ZrOg,
Cs,80,, CsyS, and CsCl.

8.5 TELLURIUM BEHAVIOR

For every 100 atoms of cesium In a high burnup IWR fuel rtod, there
are ~10 atoms of iodine and ~19 atoms of tellurium, ULike Cs and I, Te
also has a high potential for being a radiological hazard in a severe
accident. Because of current interest in tellurium, an increased effort
is being made to understand its behavior.

It is generally thought that tellurium 18 present in the pellet-
cladding gap as Te and Cs,Te when not reacted with the cladding as a
telluride.?1523 The reaction with the cladding can take place at tem-
peratures as low as 400°C.2*% The calculated Te, vapor pressure over
<ZrTe> was determined to be 7.3 x 1075 MPa (0.55 torr) at 1700°C.13
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Under accident conditions the cladding becomes oxidized by the steam
atmosphere with the rate being temperature dependent. Before the clad-
ding is totally oxidized, the tellurium that finds its way to the gap can
react with the available unoxidized zirconium to form relatively stable
tellurides. However, once most of the zirconium is converted to Zrd,,
the tellurium 1s liberated. Thermodynamic data for ZrTey and Zr0; indi-
cate that, at 1227°C, oxygen would replace tellurium imn ZrTes 5t oxygen

potentials more positive than ~171 kcal/mol 0,.13

In test C~7, 88% of the metallic tellurium that was vaporized was
transported to the collection train. Of that, 98% deposited in the
platinum TGT. Only 14% of the tellurium in the TGY reacted with or dis~
solved in the platinum. The most significant amount was found in a sur-
face deposit that peaked at 700°C. The ratioc of tellurium to cesium in
the deposit was 1 to 1, and the deposit was very soluble in basic leach.
(Alkali tellurides are soluble in aqueous solution; elemental tellurium
and platinum tellurides are not.)

The above data for tellurium suggest that prior to entering the
platinum TGT and while passing through the hot zone (~B00°C), there was
considerable gas phase reaction of tellurium with CgOH to form cesium
telluride (CsTe)., Had this not happened, most of the tellurium would
have reacted with the hot platinum liner. Furthermore, the shape of the
Cs~Te peaks at 700°C (see Fig. 3) also suggests condensation on the TGT
surface,

Additional evidence that lends credibility to the 1dea of CsTe belng
a possible gas phase species was obtained in mass spectrometer experi-
ments that were conducted at Argonne National Laboratory (ANL),25 Cesium
telluride (CsTe) was identified in the mass spectra when a small simu-
lated plece of fuel rod was heated to 1000°C., The Zircaloy clad specimen
contained U0, pellets with simulated fission products.

In test C-8, ~52% of the metallic tellurium that was vaporized was
carried to the collection train. Of that, 99,4% deposited in the TGT.
The Inconel—600 section at the inlet end of the liner, which had a tem-—
perature gradient between 925 and 800°C, gettered ~70% of the tellurium.
Considering the high nickel (~74%) and chromium (~16%) contents of the
Inconel, and the relatively low amount of cesium and iodine found there,
it is likely that the tellurium reacted to form the stable nickel and
chromium tellurides (NiTe and CrTe),}%:15 There was also a tellurium
peak that occurred at 700°C in the stainless steel portion of the TGT,
which was the same location where the main Cs-Te peak occurred in test
C-7.

In the tests with high~burnup fuel, the detection of tellurium was
complicated because there were no measurable gamma photons for tellurium.
Samples of surface deposits for SSMS analysis were taken at key locations
along the TGT in each of the HI tests and also from deposit material oun
the glass wool prefilter. Although this analytical method was semiquan-
titative and only considered tellurium in the surface deposits (tellurium
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dissolved in or reacted with the platinum could not be studied by this
sampling technique), it did offer some imsight into the behavior of
tellurium.

The only test in the HI series of tests where considerable tellurium
was mweasured (SSMS) in the collection system was HI-Z2. 1In that test,
unlike the other HI tests, the Zircaloy cladding was totally oxidized.
This implies that steam oxidation of the cladding played an important
role in tellurium release. This may be true, but to verify it, the plat-
inum TGT linetrs will have to be analyzed for tellurium that might have
dissolved in or reacted with the platinum. To do this, a method has been
developed for isclating tellurium and mixed fission products in =z suitable
form for neutron activation aualysis.B The tellurium release behavior in
the HI series will be better understood when this work has been performed.

The analyses by SSMS have been used strictly for the determination of
surface deposit materials. Based upon these data for test HI-2, it was
estimated that 50 to 1007 of the tellurium in the fuel specimen was
released, an amount equivalent to the amounts of cesium (51%) and iodine
(54%) released. Some of the SSMS data were based upon samples taken of
the basic leach solutions. The fact that the tellurium was both
smearable and leachable suggests that it probably deposited as telluride.
Interestingly, significant quantities of tin were also found associated
with the deposited tellurium throughout the collection system. This
indicates that the tellurium may have transported there as SnTe; tin is a
cladding component,
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