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Abstract

Test VI-7 was the seventh test in the VI series conducted
in the vertical furnace. The fuel specimen was a
15.2-cm-long section of a fuel rod from the Monticello
boiling water reactor (BWR). The fuel had experienced
a burnup of ~40 MWd/kg U, with inert gas (Kr and Xe)
release during irradiation of ~2%. The fuel specimen
was heated in an induction furnace for successive

20-min periods at 2000 and 2300 K in a moist air-helium
atmosphere. The released fission products were collected
in three sequentially operated collection trains designed to
facilitate sampling and analysis.

The fission product inventories in the fuel were measured
directly by gamma-ray spectrometry, where possible, and
were calculated by ORIGEN2. Integral releases were
69% for ¥Kr, 52% for *Sb, 71% for both *Cs and
%Cs, and 0.04% for **Eu. For the non-gamma-emitting

iii

species, release values of 42% for I, 4.1% for Ba, 5.3%
for Mo, and 1.2% for Sr were determined. Of the totals
released from the fuel, 10% of the Cs, 49% of the Sb,
and 98% of the Eu were deposited in the outlet end of
the furnace. The total mass released from the furnace to
the collection system, including fission products, fuel,
and structural materials, was 0.89 g, with 37% being
collected on the thermal gradient tubes and 63 %
downstream on filters. Examination of the thermal
gradient tubes showed that large amounts of radiocesium
were collected during all three phases of the test, but
'58b was collected on the thermal gradient tubes during
Phase C only. Posttest examination of the fuel specimen
indicated that most of the cladding was completely
oxidized to ZrO,, but that oxidation was not quite
complete at the upper end. The release behaviors for the
most volatile elements, Kr and Cs, were in good
agreement with the ORNL Diffusion Model.
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Executive Summary

The objective of this report is to document as completely
as possible the observations and results of fission product

release test VI-7. This report presents all currently

available results for potential use by other reactor safety

researchers. Complete interpretation and correlation of
the results from earlier tests have been published, and
similar data summary reports for previous tests in this
project, as well as other reports of related project
activities, are listed in the Foreword.

The 15-cm-long fuel specimen, irradiated to a burnup of

40.3 MWd/kg U in the Monticello BWR, contained an
initial loading of 112.3 g uranium enriched to
2.87% PU. The fission product inventories. as

measured in the fuel and calculated by ORIGEN2, and a

description of the test procedure and conditions are

included in Section 2. The objective of Test VI-7 was to
determine the effect of oxidation at high temperature by

air and steam on fission product release and transport.
Accordingly, the fuel specimen was heated to the test
temperatures (2000 and 2300 K) in a moist air-helium

atmosphere. The test results and interpretations are
presented in Section 3, and these results are compared

with data from previous tests in Section 4. The summary
and conclusions of this test are included in Section 3, and

the references are in Section 6. The most important
results are summarized below.

1. Although the Zircaloy cladding had been heavily
oxidized during the test. the 15-cm-long fuel
specimen had not collapsed but remained standing
throughout the test.

9

The values for total fractional release from the fuel
specimen, based on ORIGEN2 calculations and
gamma ray Speclromelry measurements. were
~69% for ¥Kr, 52% for '*Sb, 71% for both ‘*Cs

and ¥Cs, and 0.04% for “*Eu. Other measurement

techniques showed that 42% of the I. 4.1 of the
Ba, 5.3% of the Mo. and 1.2% of the Sr were
released also. About 49% of the released -=Sb.
10% of the released Cs, and 98% of the reieased

3.

4.

"**Eu were deposited on the ZrO, ceramics at the
outlet end of the furnace.

The axial distributions of the gamma-emitting fission
products in the fuel, as well as the total inventories,
were determined by gamma spectrometry. The
release fractions from the fuel for '*Sb, **Cs, and
"Cs were greatest at the bottom end of the specimen
and declined with elevation. For '**Eu, however, for
which there was minimal release, the axial
distribution remained uniform. The varying releases
of Sb and Cs are believed to be related to the extent
of oxidation of the UO,.

The axial distributions of cesium in the thermal
gradient tubes (TGTs) were relatively uniform, with
the largest fraction in TGT A. Major peaks of
radiocesium were located at 7 to 9 cm (~740°C) and
15 t0 20 cm (~550 to 450°C). No other
radionuclides were detected in the TGTs except for
small concentrations of '*Sb and %Co, both in

TGT C.

. The total mass of deposits on the TGTs and filters

was determined by direct weighing to be 0.888 g.
Some 37% of this mass was collected on the TGTs,
and the remaining 63% was found downstream on
connecting tubes and filters, with ~61% of the total
release occurring during Test Phase C.

. Approximately 0.5% of the released iodine

(0.33% of the total inventory in the fuel) was
collected one of three volatile forms—I,, HI, or
CH,l. This fraction of volatile iodine, which is
believed to result from the reaction of stable forms
such as CsI with impurities in the system, is similar
to that observed in most previous tests.

The measured diffusion coefficients for the release of

$Kr and "*'Cs agreed well with previous test results
and with the ORNL Diffusion Release Model.
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Introduction

1 Introduction

This report summarizes data from the seventh high-
temperature test in a vertical test apparatus. This series
of tests was designed to investigate fission product
release from light-water-reactor (LWR) fuel as functions
of temperature (in the range of 2000 to 2700 K) and
atmosphere (steam, air, and/or hydrogen) at atmospheric
pressure. Six tests in an earlier series, denoted HI-1
through HI-6, were conducted in a horizontal furnace
under similar conditions—temperatures of 1675 to

2275 K (1400 to 2000°C) in steam atmospheres. The
HI series tests were analyzed and reported previously,’
and comparable data summary reports are listed as items
1 through 6 in the Foreword. After revising the test
apparatus to accommodate the vertical furnace, a new
series of tests to higher temperatures, denoted VI-1
through VI-7, was initiated.>” All of this work has been
summarized in Nuclear Safery.?

The purpose of this project, which is sponsored by the
U.S. Nuclear Regulatory Commission (NRC), is to
obtain the experimental data needed to reliably assess the

consequences of a variety of heamup accidents in LWRs.?
The specific objectives were

1. 10 obtain fission product release and behavior data
applicable to the analysis of reactor accidents and

2. to apply these data to the development of fission
product release and transport models.

Tests of high-burnup LWR fuel were emphasized
throughout this project. However, the applicability of
simulated fuel (unirradiated UO, containing radioactive
fission product tracers) was considered, and several
simulant tests were conducted to provide valuable data
about the behavior of specific fission product species!®
and to allow comparison of results with other
experimental work.!! All tests have been conducted at
atmospheric pressure in helium mixed with a reactive gas
(steam, air, and/or hydrogen) in a hot cell-mounted test
apparatus, '?

The procedures and techniques used in preparing and
conducting Test VI-7, as well as in posttest examination
and analysis, were very similar to those used in earlier
tests. The analytical techniques employed are listed in
Table 1.1. This report provides a brief description of
this test and a compilation of all available resuls.
Thorough data evaluation and correlation of all results
through Test VI-6 are included in a recent comprehensive
review. B .

NUREG/CR-6318



Introduction

Table 1.1. Analytical techniques used for fission product analysis

Technique

Time

Location

Elements

Gamma spectrometry

Neutron activation
analysis

Chemical analysis

Inductively coupled
plasma-emission
spectrometry

Pretest, postiest

On-line

Posttest

Posttest

Posttest

Posttest

Fuel specimen

Thermal gradient tube
(TGT), charcoal traps,
filters

Furnace components, TGT,
filters

Charcoal; solutions from
furnace, TGT, filters

Furnace, filters

Acid solutions from
furnace, TGT, or filters

Long-lived, gamma-emitting
fission products — Ru, Sb, Cs,
Ce, Eu

Cs, Kr

Ru, Sb, Cs, Ce, Eu

I, Br

U, Pu

Many cations, especially Sr,
Mo, Ru, Te, Ba, U

NUREG/CR-6318

(]



Tt it e T LD

Description

2 Test Description

The vertical test apparatus'? is operated remotely and is
capable of conducting tests at temperatures up to 2700 K
for time periods up to 60 min in reactive atmospheres,
such as steam, air, and/or hydrogen mixed with helium.
Details of the furnace are shown in Figure 2.1, and the
entire test apparatus installed in the hot cell is illustrated
in Figure 2.2. Both manual and automatic optical
pyrometers are used for temperature measurement,
supplemented by thermocouples during the low-
temperature heatup phase. Temperature control is

accomplished by manual operation of the radiofrequency
power supply.

The released fission products are collected in three
sequentially operated, parallel collection trains. Fach
train is composed of (1) a 7.6-mm-ID platinum or
stainless steel-lined thermal gradient wbe (TGT) designed
for vapor condensation, (2) a filter package containing
graduated fiberglass filters for aerosol collection and
heated charcoal that had been impregnated with
Triethylenediamine (TEDA) for iodine sorption. and

(3) cold charcoal traps for rare gas collection. The on-
line releases of *Kr and “*’Cs are monitored by Nal(TI)
detectors observing these collector components (see
Figure 2.2). In steam atmosphere tests, a hot CuO bed
is used to oxidize the hydrogen generated by reaction of
steam with the Zircaloy cladding. The collection of this
water in a condenser is measured continuously by a
modified conductivity meter, thereby indicating the
oxidation rate of the cladding. Details of the fission
product collection system are shown in Figure 2.3.
Included in the Test VI-7 apparamus were three radiation
detectors that were collimated to monitor the radioactivity
(especially '*Cs, "*"Cs. and **Eu) in the top, middle, and
bottom regions of the fuel specimen. Data from these

instruments should indicate any movement or collapse of
the ruel during the test.

The tests conducted in this vertical apparatus assumed
that temperature (2000 to 2700 K) was the dominant
variable. The flow rates of reactive gas (~1.0 L/min)
and time at high temperature (~60 min) were considered
to be important but secondary variables. The objectives
of this particular test were to obtain release rate data
from the Monticello boiling water reactor (BWR) fuel
heated at 2000 and 2300 K in moist air to effect
oxidation of the Zircaioy cladding, and perhaps of the
UO, fuel. Test VI-1 in which a specimen of Oconee fuel

of the same burnup was heated under the same time and
temperature conditions in steam (no air) provided a basis
for comparing atmospheric effects.

2.1 Fuel Specimen Data

The fuel specimen used in this test was cut from fuel rod
G5 of bundle BND-0304, which had been irradiated in
the Monticello BWR from May 1974 to February 1980,

attaining a burnup of 40.3 MWd/kg U as part of an
extended burnup program. The available fabrication and
irradiation data are summarized in Table 2.1, and
postirradiation examination of this fuel was described by
Pasupathi et al." Fission product inventories for the
specimen were measured by direct gamma spectrometry
of the fuel (for the long-lived gamma-emitting species
only) and were calculated with the ORIGEN?2 computer
program," as shown in Tables 2.2 and 2.3. Since a
specimen from the same Monticello fuel rod was heated
to about the same temperature in Test HI-6, comparison
of Tests VI-7 and HI-6 results will be appropriate.

Fission gas release data and gamma scans for the entire
rod before it was sectioned were reported by Pasupathi et
al." These data indicated that the rod had experienced
no unusual temperature, power, or burnup histories
during irradiation. Therefore, we assumed that no
unusual fission product migration and/or reactions had
occurred. Based on the available information, we
estimate that ~2% of the total krypton generated in the
fuel specimen had been released during irradiation.

In preparation for use in Test VI-7, tapered end caps of
Zircaloy-2 were pressed onto the ends of the 15-cm-long
fuel specimen. These end caps were not expected to
provide gas seals, but rather to prevent loss of the
fractured UO, fuel during subsequent handling. Because
the original bottom end cap had not included the pin to
facilitate vertical mounting, a second end cap with a
mounting pin was pressed onto the original end cap prior
to Test VI-7. A small hole, 1.6 mm in diameter, was
drilled through the cladding at midlength to serve as a
standard leak for gas release during the heatup phase of
the test. These detaiis are shown in Figure 2.4.

The axial distributions of several fission products in the

fuel specimen. as determined by gamma-ray spectrometry
through a I-cm window at 1-cm intervals, is shown in

NUREG/CR-6318
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Description

Table 2.1 Data for fuel specimen used in Test VI-7

Fuel rod identification

Bundle type

Irradiation data
Period
Average burnup of rod
Burnup of test specimen

Fuel rod characteristics (unirradiated)
Zircaloy-4 cladding

Initial enrichment
Initial helium fill

Test specimen characteristics
Length
Specimen fuel loading
Weight of Zircaloy cladding and end caps
Total weight of specimen
Gas release during irradiation

BND-0304 (G-5)
Section 3

GE,8 x 8

May 1974 to February 1980
~31.4 MWd/kg
~40.3 MWd/kg

1.243-cm (0.489-in.) OD
1.072-cm (0.422-in.) ID
2.87% 25U

Atmospheric pressure

15.2 cm (6.0 in.)

126.0 g UO, (1123 g )
52.5

178.5

1.6% (from whole rod)
2% (from specimen)
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Description

Table 2.2 Test VI-7 fuel fission product inventories
(calculated using ORIGEN2 on 8/14/84)

Monticello fuel rod VI-7 specimen’
Element (g/MTIHM, 7/15/81) (g at 7/94)
Kr 4.126E+02 4.63E-02
Rb 3.874E+02 4.35E-02
Sr 9.450E+02 1.06E-01
Y 5.085E+02 5.711E-Q2
Zr 4.108E+03 4.61E-01
Mo 4.039E+03 4.54E-01
Ru 2.857TE+03 3.21E-01
Sb 3.027E+01 3.40E—-03
Te 5.985E+02 6.72E-02
I 2.389E+02 2.68E-02
Xe 6.354E+03 7.14E-01
Cs 3.302E+03 3.71E-01
Ba 1.868+03 2.10E-01
Ce 2.891E+03 3.25E-01
Eu 2.055E+02 2.31E-02
Total FP 4.147E+04 4.66E-+00
U 9.476E+05 1.06E+02
Pu 1.000E+04 1.12E+00

“Initial loading in Test VI-7 fuel specimen was 112.3 g U or 1.123E-4 MTIHM.

1 values corrected: ORIGEN2 x 0.82.
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Table 2.3 Test VI-7 fuel inventories and radioactivities
(Monticello fuel, from ORIGEN2 calculation of 8/14/84)

Description

ORIGEN? at 7/15/81
Monticello fuel Test VI-7 specimen’

Nuclide (C/MTIHM) (g/MTIHM) (Ci at 7/94) (g at 7/94)
9Co 3.933E+02 3.477E-01 7.995E—03 3.905E-05
5Kr 8.744E+03 2.228E+01 4.238E-01 2.502E-03
0gr 7.553E+04 7.535E+00 6.217E+00 8.462E—04
106Ryy 1.829E+05 5.464E+01 2.688E—03 6.136E—03
125G 9.482E+03 9.108E+00 4.122E-02 1.031E-03
1297 3.214E-02 1.820E+02 3.609E—06 2.044E—-02
14Cs 1.158E+05 8.950E+01 1.641E—01 1.00SE—02
1371Cs 1.189E+05 1.336E+03 9.906E+00 1.534E-01
14Ce 1.87SE+05 5.875E+01 1.958E—04 6.598E—03
14EY 1.376E+04 5.096E+01 5.552E-01 5.723E-03
Total FP 1.36TE+06 4.147E+04 1.732E+01 4.65TE+00
sy 8.486E—03 3.924E+03 9.530E—07 4.407E—01
28y 3.160E—01 9.397E+05 3.549E—~05 1.055E+02
Total U 5.003E+00 9.476E+05 3.644E—05 1.064E+02
=3py 4.559E+03 2.662E+02 4.620E-01 2.989E-02
=9py 3.083E+02 4.958E+03 3.461E-02 5.568E-01
40py 5.878E+02 2.578E+03 6.592E—02 2.895E—01
Hpy 1.455E+05 1.412E+03° 8.854E+00 1.586E—01
2py 3.018E+00 7.903E+02 3.389E—04 8.874E—02
Total Pu 1.509E+05 1.000E+04 9.417E+00 1.123E+00

"Initial loading in Test VI-7 fuei specimen was 112.3 g U, or 1.123 E<4 MTIHM.
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Figure 2.5. This profile indicates uniform burnup of
the fuel and fission product content along the
specimen.

2.2 Test Conditions and Operation

As in each of the previous experiments, the test
apparatus was assembled by direct handling, which is
possible because the hot cell and test apparatus are
decontaminated after each test. Also, new ZrO,
furnace components, new TGT liners of 0.003-in.
(0.076-mm)-thick platinum, and new filter package
components were prepared and installed. In most
previous tests, platinum TGT liners have been used
to provide a relatively unreactive surface for the
deposition of fission products, so that effects on the
chemical forms of the deposits would be minimized.
In some cases, however, stainless steel liners have
been used to simulate the effects of realistic reactor
material on the deposits. Only the transfer and
loading of the highly radioactive fuel specimen and
the final closure of the furnace and containment box
were done remotely, and no in-cell operations were
required during the test. Before heating was begun,
the test apparatus was evacuated and purged with
helium.

This test was intended to investigate the effects of
oxidation by moist air on fission product release at
2300 K. In earlier tests in steam. the oxidized
cladding had remained largely intact. serving as a
barrier to effective UQ,-steam contact, but no air had
been included in previous high temperature tests.
The operating conditions are summarized in Table
2.4, and the temperature history is shown in Figure
2.6. The heatup rate in Test VI-7 was ~235 K/min,

and the cooldown rate (after the high temperamure
period) was ~33 K/min.

The more important events during the test are listed
in the test chronology (Table 2.5). The time periods
for operation of the three collection trains (see
Figure 2.6) were O to 85 min for Train A: 85 to 95
min for Train B; and 95 min to the end of the test,
~211 min, including cooldown for Train C. A
preheat period was included to siowly heat the
specimen to ~550 K in helium prior to beginning

11

Description

airflow to the furnace. Time zero was defined as
that time when the controlled heating ramp was
begun, with stable gas (moist air + helium) flow
through the warm furnace established. Temperature
measurement and control were generally good. The
6-min period at ~ 1425 K was included to compare
the data from the optical pyrometers, thereby
ensuring accurate temperature measurement and
control, and to allow additional time for heatup of
ceramics in the outlet end of the furnace before any
significant release of fission cooldown for Train C.
A preheat period was included to slowly heat the
specimen to ~550 K in helium prior to beginning
airflow to the furnace. Time zero was defined as
that time when the controlled heating ramp was
begun, with stable gas (moist air + helium) flow
through the warm furnace established. Temperature
measurement products had occurred. As indicated in
Figure 2.6, the planned time/temperature conditions
were accomplished.

The planned atmosphere for Test VI-7 was a mixture
of 1-L/min air and 0.5-L/min helium saturated with
water vapor at 323 K (50°C). The initial water
saturation temperature during test Phase A was set at
303 K (30°C), to limit the cladding oxidation rate
and keep the H2/02 ratio below the ignition limit.
Then, when a large fraction of the Zircaloy cladding
had been oxidized at a fuel temperawre of 2000 K,
the water saturation temperature was quickly
increased to 323 K (50°C) for the remainder of the
test, as indicated in Table 2.4. The gas tlow history
for the entire test period is illustrated in Figure 2.7.

As in previous tests, a small amount of krypton

release was observed early in the heating cycle (at
—600 to 700 K). This krypton is believed to be gas
released from the fuel during irradiation and
adsorbed on fuel and cladding surfaces until its
desorption during the test heatup. As indicated in
Figure 2.8. significant krypton release as a result of
diffusion from the UO, began at ~1630 K
(1357°C). A trace of cesium was detected on the
TGT at a slightly lower temperature, ~ 1500 K
(1227°C). While the release of krypton appeared to
cease at the end of the 2300 K (Phase C) test period.
cesium collection on both TGT C and filter C
continued for ~ 10 min as the fuel cooled.
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Table 2.4 Operating data for Test VI-7

Description

Specimen temperature

At start of heatup ramp, K

During first plateau to check pyrometers, K
Phase A heatup rate to 2000 K, K/min
During 20-min Phase A plateau, average, K
Phase B heatup rate to 2300 K. K/min
During 20-min Phase C plateau. average, K
Cooldown rate, K/min

Time above 2000 K, min

Nominal gas flow rate (L/min at 20°C and 1 bar)’

During Phase A heatup to 2000 K:
Air to fuel specimen, saturated with water at 30°C
Helium to susceptor (and fuel specimen)
Helium to thermowell (and fuel specimen)
Recirculation/purification system

During 2000 and 2300 K test period:
Air to fuel specimen, saturated with water at 50°C
Helium to susceptor (and fuel specimen)
Helium to thermowell (and fuel specimen)
Recirculation/purification system

~500
1430
23
2025
26
2307
33
57

1.8
0.4
0.1
1.5

1.0
0.4
0.1
1.5

“Measured by mass flowmeters. Absolute pressure in furnace was 0.09925 MPa (744.4

mm Hg).
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Table 2.5 Chronology of Test VI-7, conducted September 16, 1993.

Fuel specimen loaded into furnace September 15, 1993

Temperature at test

Event/observation Clock Time midpoint of fuel
(h) (min) (K, corrected)
Vacuum and pressure tests 930
Complete alarm checks 1000
Begin system preheat 1120 RT*
Begin furnace preheat, with gas flow
to furnace 1130 RT *
Stable flow and temperature 1230 480
Test Phase A
Start ramp to ~ 1600 K, 1300 0 470 ©
at ~30 K/min
Hearup based on thermocouple 1320 20 960 ~
Begin accurate pyrometer measurement 1335 35 1305
Reached stable plateau 1339 39 1424
Resume ramp to 2000 K 1345 45 1434
Krypton release observed 1352 52 1634
Cesium detected on TGT 1358 58 1804
Reached 2000 K plateau. 1405 65 2000
increase steam generator to 50°C
After 20 min at 2000 K, end Phase A 1425 85 2033
Test Phase B
Begin Phase B. heat to 2300 K 1425 85 2033
at ~30 K/min
End Phase B, at 2300 K 1435 95 2292
Test Phase C
Begin Phase C, 20 min at 2300 K 1435 95 2292
Rapid cesium deposition on filters 1437 97 2322
End 2300 K plateau. reduce power 1455 115 2292
1o cooi at ~350 K/min
Power off 1509 129 1724
Cooling at ~30 K/min 1520 140 1385
Air flow ended. helium continued 1527 147 1214
Last pyrometer measurements 1530 150 1146
End Phase C. helium flow reduced 1631 211 -500
‘RT = room temperature.
“Based on thermocouple measurement.
15 NUREG/CR-6318
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Description

2.3 Posttest Disassembly and
Examination

Before disassembly was begun, the apparatus was
monitored with an in-cell ion chamber for the
distribution of radioactivity. The highest concentrations
of radioactivity were found at the furnace exit (190
rem/h) and at about midlength of the TGTs (200
rem/h). Higher levels of radioactivity along the TGTs
than on the filters ( ~60 rem/h) and the furnace (~ 150
rem/h) were at least partially a result of additional
shielding and the distance from the source for the filters
and furnace. These distributions and levels of
radioactivity were similar to those found after previous
VI tests at 2300 K.

Initially, the filter assemblies and the furnace top
flange-TGT assembly, containing the TGT liners, were

NUREG/CR-6318
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removed,sealed, and transferred to another hot cell to
avoid potential cross contamination from other
components. The ZrO, top end plug was removed
from the furnace tube to allow observation of the
interior, showing that the fuel specimen appeared to be
in its initial upright position. After inspection, the
furnace cavity was filled with epoxy resin to preserve
the geometry of the degraded fuel specimen during
handling, gamma spectrometry, sectioning, or any
other operations. After removal of the fuel-furnace
tube assembly from the furnace, it was analyzed in
detail by gamma spectrometry then cut into short
sections for visual examination. Two of these radial
sections — one from near the bottom (inlet) end of the
specimen and one from near the top (outlet) end —
were selected for metallographic examination to
investigate the extent of cladding oxidation and changes
in fuel microstructure.
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Results

3 Test Results

3.1 Gamma Spectrometry Data

After the test, all experimental components and collectors
were analyzed under well-defined geometry for
quantitative analysis of the gamma-emitting fission
products. In order to determine the effective shielding to
obtain a mass balance for cesium, the previously proven
empirical method for adjusting the self-shielding factor
for several of the principal '*Cs gamma-ray energies was
used.’ This technique provides good results for all of the
long-lived, gamma-emitting nuclides.

Pretest gamma spectrometric analysis of the
15.2-cm-long fuel specimen was used to determine the
fission product inventories of '%Ru, '%Sb, *Cs, 'Cs,
and "*Eu in the fuel and ®Co in the cladding. As noted
previously in Section 2, a calculation by the computer
program ORIGEN2 supplied the inventory values for all
fission products, activation products, and fuel nuclides;
these are shown in Tables 2.2 and 2.3. Based on posttest
measurements at 1-cm intervals along the fuel specimen,
as shown in Figure 3.1, the axial concentrations of
cesium and antimony were lowest at the bottom tgas
inlet) end, and increased with distance toward the top
(gas outlet) end, indicating higher releases at the bottom
end. Such a release gradient, which had not been
observed in any previous test, could be the resuit of
either a temperature gradient (higher release at higher
lemperature) or an oxidation gradient (higher reiease with
fuel oxidation) along the specimen. Neither experience
nor operational data revealed any evidence of a
temperature gradient. but calculations indicated that an
oxidation gradient was likely. Whereas the lower end of
the specimen was always exposed to excess oxygen and
steam, rapid reactions with the Zircaloy cladding reduced
the concentrations of these oxidants and produced
hydrogen in place of steam so that the atmosphere over
the upper end of the specimen was reducing for almost
half of the test period. Furthermore, radial sections of
fuel that were selected for metallographic examnation
showed some differences in the appearance of the
oxidized cladding. The results of these examinarions will
be discussed in Section 3.7. In addition to the fission
products, the axial distribution of the ®Co in the Zircaloy
cladding, also shown in Figure 3.1, indicates higher
release at the bottom end.

19

In general, we believe that '“Ce is the best indicator of
fuel location in gamma scans. Because of the long decay
time for the fuel in Test VI-7 (~13 y), however, the
counting precision for '“Ce (T,, = 284 d) was poor.
Therefore, '**Eu, which experienced high release under
the reducing conditions in Tests VI-4 and VI-5 but only
very low release (<1%) in oxidizing environments, is
considered to be the best indicator for the location of
UO, fuel in Test VI-7. As seen in Figure 3.1, the axial
distribution of "**Eu remained flat, indicating no
significant redistribution of UO, during the test.

As has been typical of these tests of high-burnup, long-
decayed fuel, Cs and 'Cs were the dominant activities
in almost all samples of released material and interfered
with the analysis of less abundant fission products. The
integral releases of krypton and cesium, as functions of
time and temperature, are illustrated in Figure 2.8.
These curves show high release rates for both krypton
and cesium from the time temperatures reached

~ 1800 K until cooldown began after completion of the
2300 K period, a total of ~60 min. As observed in all
previous tests, the release behaviors of krypton and
cesium were quite similar throughout the test.

A summary of the fractional release resuits for BKr,
*8b, “"Cs, and ®Co, as determined by gamma
spectrometry, is presented in Table 3.1. In addition, data
for 1, obtained by neutron activation analysis, are
shown. Although no data for '*Cs are shown, the
agreement with “’Cs was consistently good (within
+3%) at all locations. Since there is no apparent reason
for a separation of the two cesium radionuclides, this is a
good indication of the precision of the analyses.

The distribution of cesium within the test appararus 1s
shown in detail in Table 3.2. The fraction of the cesium
released from the fuel but retained in the furnace, ~7%,
was typical of tests in oxidizing atmospheres.” Previous
studies of cesium deposited on ZrO, furnace ceramics at
high temperature (> 1300 K) indicated a reaction to form
a cesium compound, probably Cs,ZrO,.”7 This
compound appeared to be stable in the range ~ 1100 to
1500 K but decomposed at higher temperatures. '¢

NUREG/CR-6318
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Table 3.1 Summary of fission product release data for Test VI-7

Results

Operating time Percentage of fission product inventory collected during each test phase’

Component/ at T>000 K
collector (min) ¥Kr b | 128h ¥iCs “Co™
Furnace 57 0 1.7 25.3 7.3 22.0
Train A 20

TGT 0 15.7 0.32

Filters 0 21.0 0.65

Total 41 21.9 0 36.7 0.97
Train B 10

TGT 0 4.2 0.50

Filters 4.8 6.4 0.93

Total 15 7.5 4.8 10.6 1.43
Train C

TGT 6.3 8.0 1.89

Filters 15.2 8.8 3.53

Total 13 10.3 21.5 16.8 5.41
Total for test 57 69 41.5 51.5 714 20.8

“Inventories based on fuel analysis and ORIGEN? calculations.

"Co is not a fission product, rather an acrivation product in the cladding.
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Results

Table 3.3 Physical forms of cesium released from furnace in Test VI-7

Amount in designated form (% or inventory)

Collection period

Vapor Aerosol Total
A 24.5 32.7 57.2
B 6.6 10.0 16.6
C 12.5 13.8 26.3
Total A+B+C 43.6 56.5 100

NUREG/CR-6318 24



The cesium released from the furnace was
approximately equally divided between vapor (44%, as
indicated by condensation in the thermal gradient tubes)
and aerosol (56%, as indicated by collection further
downstream, primarily on the filters). These
distribution data are shown in Table 3.3. The somewhat
higher fraction in aerosol form is consistent with
previous data under oxidizing conditions, whereas vapor
forms have dominated under reducing (hydrogen
atmosphere) conditions.®

The measured distributions for the released '®Sb and

9Co within the test apparatus are shown in Table 3.4.
Although '*Sb is of relatively low yield and is not
among the most hazardous fission products, it has an
intermediate-length half-life and strong gamma rays,
which make it easily detected. Furthermore, ‘= Sb has
been shown to behave much like and to be a good
indicator for tellurium, a highly hazardous fission
product element that is more difficult to measure
because it has no long-lived gamma-emitting isotopes.
Like tellurium, we believe antimony is released from the
fuel in elemental form but combines (probably as an
alioy) with the Zircaloy cladding and is eventuaily
released as the cladding approaches complete
oxidation.? In addition, similar behavior for tellurium
and antimony is indicated in the TGTs, as discussed by
Norwood.”® The much larger amounts of '*’Cs
compared with 'ZSb at all locations, because the cesium
exceeded the antimony inventory in the fuel by more
than two orders of magnirude, indicate the difficulty in

measuring small concentrations of '*Sb accurately.

Because very little europium. which is relativeiy
involatile under oxidizing conditions, has been released
in previous tests in steam. very low release was
expected in this test in air and steam. A small amount
of **Eu (~0.04% of the fuel inventory) was measured
on furnace components, but only trace amounts
(~0.001%) were detected on the filters. As shown in
Table 3.4. 49% of the released *Sb was found
deposited on ceramic surfaces in the outlet region of the
furnace, where temperamres were 1200 to 2000 K
during the test. While ®Co is not a fission product. but
rather an activation product resulting from cobalt
impurity in the Zircaloy cladding, it was measured to
provide information about the behavior of structural
materials. The distribution data shown in Table 3.4
indicate that some 74% of the cobalt released from the
fuel specimen deposited in the furnace, and that ~2/3
of the cobalt released from the furnace was in aerosol

Results

form. As would be expected, 70% of the release
occurred during Test Phase C, the 20-min period at
~2300 K.

3.2 Analysis for Iodine

Since iodine has no long-lived, gamma-emitting
nuclides, analytical methods other than gamma
spectrometry must be used. Neutron activation of I to
191 which can be counted easily, is a proven, sensitive
technique. Because the normally occurring iodine forms
dissolve readily in basic solutions to form stable iodides,
each of the collector components from this test were
leached with NH,OH to remove this iodine for analysis.
After chemical treatment of small aliquotes of the leach
solution to separate the halides (especially iodine) from
the other fission products, the samples were loaded onto
ion-exchange media and irradiated briefly. After an
optimum decay period, the samples were analyzed for
the resulting 12.5-h '*°I.

The iodine data, for Tests VI-6 and VI-7, are
summarized in Table 3.5. The tests experienced similar
time/temperature histories (20 min each at 2000 and
2300 K) but were exposed to different oxidizing
atmospheres. While Test VI-7 used limited steam plus
air throughout the test period, Test VI-6 was heated to
2320 K in hydrogen. then hydrogen flow was stopped
and steam was introduced later in the test. The results
show that total iodine release was greater in the test
with heatup in hydrogen followed by steam (71.3% in
Test VI-6) than in the test in steam + air (41.5% in
Test VI-7). Furthermore, a much larger fraction of the

released iodine was retained in the furnace in pure
steam (34.2% in VI-6 vs 4.17% in VI-7).

Some iodine forms (organic iodides. elemental iodine,
or hydrogen iodide) may pass through the TGTs,
penetrate the filters, and adsorb onto the heated charcoal
in the filter packages. For this reason, the charcoal
cartridges were analyzed for '*°I by direct neutron
activation also. The results of these analyses, presented
in Table 3.6, show that almost all (~98%) of this
volatile iodine was collected on the first of the four
cartridges during Test Phase A. The total fraction of
the released iodine that was collected on the charcoal in
Test VI-7 (0.28%) was similar to most previous tests,
which have averaged <0.5%. The fractions of iodine
found in vapor and aerosol forms. as well as their mass
ratios, are shown in Table 3.7.

NUREG/CR-6318



Results

Table 3.3

Physical forms of cesium released from furnace in Test VI-7

Collection period

Amount in designated form (% or inventory)

Vapor Aerosol Total
A 24.5 32.7 57.2
B 6.6 10.0 16.6
C 12.5 13.8 26.3
Total A+B+C 43.6 56.5 100
NUREG/CR-6318 24



B e
(SO SR Lot gl °:

Resuits
Table 3.4 Fractional releases and distributions of antimony and
cobalt (from cladding) in Test VI-7°
lszb GOCO
Location uCi % of % of 1Ci % of % of
inventory released inventory released
Furnace components
First ZrO, plug 144 0.64 1.24 1560.0 19.36 65.00
Second ZrO, plug 5497 24.33 47.25 205.0 2.54 8.54
Exit region 66 0.29 0.57 5.5 0.07 0.23
Furmace total 5707 25.26 49.06 1770.5 21.97 73.77
Train A
TGT A 0 0.00 0.00 26.0 0.32 1.08
TGT, filter line 0 0.00 0.00 7.3 0.09 0.30
First prefilter 0 0.00 0.00 44.3 0.55 1.85
Second prefilter 0 0.00 0.00 0.7 0.01 0.03
HEPA filters 0 0.00 0.00 0.0 0.00 0.00
Total in Train A 0 0.00 0.00 78.3 0.97 3.26
Train B
TGT B 0 0.00 0.00 40.0 0.50 1.67
TGT. filter line 200 0.89 1.72 11.8 0.15 0.49
First prefilter 826 3.66 7.10 59.4 0.74 2.48
Second prerilter 50 0.22 0.43 4.1 0.05 0.17
HEPA filters 2 0.01 0.02 0.2 0.00 0.01
Total in Train B 1078 4.77 9.27 115.5 1.43 4.81
Train C
TGT C 1424 6.30 12.24 152.0 1.89 6.33
TGT. filter line 689 3.05 5.92 35.1 0.44 1.46
First prerilter 2620 11.60 22.52 237.0 2.94 9.88
Second prefilter 78 0.35 0.67 9.8 0.12 0.41
HEPA filters 37 0.16 0.32 2.1 0.03 0.09
Total in Train C 4848 21.46 11.67 436.0 5.41 18.17
Total reieased from fuei 11633 51.48 100.00 2400 29.78 100.01
Total in fuel (after est) 10962 48.52 5659 70.22
“Inventories based on measured data: 22.595 zCi **Sb and 8.059 pCi *Co.
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Table 3.5 Fractional releases and distributions of iodine in Tests VI-6 and VI-7°

Test VI-6 Test VI-7
Location
rg % of % of ng % of % of
inventory released inventory released
Furnace Total 2013 24.35 34.2 353 1.73 4.17
Train A
TGT A 396 3.31 4.64 2031 9.94 23.9
TGT to filter tube 246 2.06 2.89 577 2.82 6.79
Prefilters 1293 10.81 15.2 1791 8.77 21.1
HEPA filters 0 0.0 0.0 0 0.0 0.0
Charcoal 339 2.83 3.97 80.2 0.39 0.94
Total in Train A 2273 19.00 26.7 4479 21.9 52.7
Train B
TGT B 234 1.96 2.75 836 4.09 9.85
TGT to filter tube 18 0.15 0.21 160 0.78 1.88
Prefilters 177 1.48 2.08 543 2.66 6.41
HEPA filters 0 0.0 0.0 0 0.0 0.0
Charcoal 64 0.54 0.75 0.74 0.004 0.01
Total in Train B 193 4.12 5.78 1540 7.54 18.2
Train C
TGT C 813 6.80 9.54 549 2.69 6.48
TGT to rilter tube 123 1.03 1.44 525 2.57 6.19
Prefilters 1487 12.43 17.4 1038 5.08 12.23
HEPA filters 0 0.0 0.0 0 0.0 0.0
Charcoal 128 3.58 5.02 0.96 0.005 0.01
Total in Train C 2851 23.83 33.4 2113 10.34 24.9
Total reieased from tuei 8531 71.30 8486 41.53

“Total iodine inventonies based on ORIGEN?2 (calculated) data: VI-6 contained 11.96 mg and VI-7 contained 20.43 mg.
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Table 3.6 Volatile iodine collected in Test VI-7

Volatile iodine’

Sample No. Mass (ng) Percent of inventory
ACl 79.9 2.73E-17
AC2 0.186 6.3E-4
AC3 0.071 24E-4
AC4 ND*

BC1 0.74 2.5E-3
BC2 ND*

BC3 ND*

BC4 ND'

CC1 0.92 3.1E-3
cc2 0.037 1.3E—4
CcC3 ND’

CC4 ND'!
Totals 81.9 2.80E—-1

“As determined by measurements of 1.
“Exponential notation: 2.73E-1 = 2.73 x 10°.
‘ND = not detected.
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Table 3.7 Comparison of physical forms of iodine and
cesium released to collection trains in Test VI-7

Fraction in designated form (% of element released from furnace)®

Collection Vapor Aerosol Total
period I Cs Csl I Cs  Csl I Cs Cs/l
A 25.9 24.5 0.95 29.1 32.7 1.12 55.1 57.2 1.04
B 10.3 6.6 0.64 8.8 10.0 1.14 18.9 16.6 0.88
C 6.8 12.5 1.84 19.2 13.8 0.72 26.0 26.3 1.01
Total A+B+C 43.0 43.6 1.01 57.1 56.5 0.99 100 100 1.00

“Based on total inventory in the fuel, 39.8% of the iodine and 4.1% of the cesium were released from the furnace.
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3.3 Thermal Gradient Tube Deposits

The three TGT liners were made by rolling
0.003-in.-thick platinum foil into tubes. These liners
were inserted into the surrounding Inconel TGTs and then
removed after the test and examined. During the test,
each of the 36-cm-long TGT liners had been subjected to
maximum temperatures of ~800°C at the inlet end. The
TGT temperatures declined approximately linearly to
~150°C at the exit end.

The collection of cesium on the TGT liners was
monitored during the test by continuous gamma
spectrometry of the ™Cs and '¥’Cs. The “Cs profiles for
the three TGTs, as well as the temperature profile along
the TGTs, are shown in Figure 3.2. The larger amounts
of ¥'Cs in TGT A, and its concentration in the central
region at deposition temperatures of 400 to 700°C, are
apparent. Small amounts of “Co (an activation product)
were present in both TGT B and TGT C, and a low level
of '®Sb was measured in most areas of TGT C. as shown
in Figure 3.3.

Upon opening the liners. the internal deposits were found
to be generally gray in color and uniformly distributed.
Liner B contained some thin brown deposits. but the
heaviest deposits were found in Liner C. which was
embrittled at the inlet end. Potential causes for such
embrittlement of the inlet end of the platinum liner are
believed to be related to alloying with elemental forms of
tin (from the Zircaloy cladding) or tellurium and/or
antimony (fission products), all of which had maximum
release rates during Test Phase C.

3.4 Masses of Deposits in TGTS and
on Filters

The filters and TGT liners were weighed before and after
the test to determine the mass of material collected. Most
of the material deposited in the TGT liners is believed to
be a result of vapor condensation. and the marerial
deposited on the filters probably was transported primarily
as aerosol. Immediately after disassembly of the filter
packages. the filters were inspected and packaged for
weighing. Although the prefilters exhibited light deposits.
no deposits were visible and no weight changes were
observed for the HEPA filters. indicating efficient
collection of the aerosols by the pretilters.

Results

The masses of material collected at the various locations

are summarized in Table 3.8 and illustrated in Figure 3.4.
As would be expected, the greatest mass was collected
during Phase C, the highest temperature period. For
similar times and temperatures, the total mass of collected
material (0.888 g) was somewhat less in Test VI-7 than in
the pure steam atmosphere Test VI-2 (1.134 g), but much
greater than in Test VI-6 (0.573), which was heated in
hydrogen and then exposed to steam. The mass collected
outside the furnace was 0.52% of the fuel specimen mass.
As seen in previous tests in oxidizing atmospheres, the
mass ratio of vapor to aerosol was about 1 to 2.

3.5 ICP-ES Analyses

Samples of the acidic leach solutions from the TGT
liners, the filters, and other test components were
submitted for analysis by inductively coupled plasma-
emission spectrometry (ICP-ES). This technique is well
suited for measuring several of the non-gamma-emitting
fission product elements and uranium. Unfortunately, it
is not useful for iodine analysis. The high levels of
radiocesium in most of the samples, however, have often
required dilutions (which reduced precision) to avoid
excess radiation dose to the analyst.

As would be expected, major release fractions of these
less-volatile elements were retained in the outlet end of
the furnace where the time (Test Phase A, B,orC) of
release and/or deposition cannot be determined.
Furthermore. the largest fractions of these four elements
that were released to the collection trains were found in
Train C as shown in Table 3.9. Because of its well-
known sensitivity to the effects of oxidizing conditions,
most of the release of molybdenum is believed to have
occurred after the cladding had been oxidized by the
steam and air. Similar behavior was expected for
ruthenium but is not shown by these data. (Because of
the long decay time of the fuel, ~ 14 years, more
accurate analysis by gamma spectrometry for '%Ru was
not possible. In previous tests, gamma analysis for '%Ru
has indicated much lower releases of ruthenium than has
the ICP method used for ruthenium in

Test VI-7.)

The observed behavior of these four less-volatile fission
product elements is not in consistent agreement with the
CORSOR model and with other experimental data.'® The
agreements for strontium and barium were reasonably
good, but the indicated releases of molybdenum and
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Table 3.8 Vapor and aerosol deposits in Test VI-7

Weight of deposits ()’

Train A Train B Train C Total

TGT 0.108 0.012 0.206 0.326
Filters

Prefilter 1 0.149 0.075 0.326 0.550

Prefilter 2 0.004 0.004 0.004 0.012

HEPAs 0.000 0.000 0.000 0.000

Total filters 0.153 0.079 0.330 0.562

Total deposits 0.261 0.091 0.536 0.888

(TGTs and filters)

‘Precision = +0.003 g.
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Table 3.9 Release of low-volatility fission products in Test VI-7

Fractional release from fuel (%)’

Collection

location Sr Mo Ru” Ba

Furnace 1.09 1.40 1.54 2.44

Train A 0.021 0.058 0.441 0.587

Train B 0.018 0.090 0.285 0.324

Train C 0.038 3.79 0.285 0.707
Totals 1.16 5.33 2.55 4.05

“Fuel inventories were calculated by ORIGENZ.
*-Values shown for ruthenium are not measured values. Although ruthenium was detected in many samples, the

concentrations were not sufficient for accurate measurement. Consequently, we assumed 50% of the minimum
quantities required for accurate measurements.
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ruthenium were much lower than expected.
Unfortunately, it was not possible to determine the extent
of tellurium release. While a significant tellurium release
would be expected late in the test, no tellurium was
detected.

3,6 Modeling of Volatile Fission
Product Release

Because the ¥Kr, *Cs, and *'Cs were collected and
measured on line at 1-min intervals during the test,
calculation of the minute-by-minute release rates was
readily accomplished. As in previous tests, the release
behaviors of krypton and cesium were similar.

The on-line data for krypton and cesium were used to
calculate the minute-by-minute release rate and diffusion
coefficients during Test VI-7. The cesium release rate
coefficients, plotted as a function of temperature during
the test, are shown in Figure 3.5. The clusters of points
at 2000 K and 2300 K indicate the 20-min periods at
constant temperature. [t is apparent that the resulting
curve lies above the CORSOR-M curve below 2000 K but
below CORSOR-M at higher temperatures. The
corresponding Test VI-7 diffusion coefficients for cesium
are compared with the ORNL Booth Model in

Figure 3.6. While the data deviate from the curve in the
same manner (i.e., higher below 2000 K and lower above
that temperature), the agreement with the ORNL Booth

Model appears to be better than with CORSOR-M. The

cesium release rate coefficients for all ORNL VT tests.
plotted in Figure 3.7, show that Test VI-7 data lie within
the envelope of data. Because the curve for the
CORSOR-M model lies slightly above most ORNL-VI
data. we conclude that it is conservative for cesium and
other volatile fission products.

3.7 Cladding Oxidation

As indicated in Figure 2.1, the test atmosphere (a mixture
of air, steam, and helium in Test VI-7) entered the
furnace at the bottom and flowed upward past the fuel
specimen. Hence, conditions were most oxidizing at the
bottom end of the specimen and decreased with elevation
as the oxygen in the air and the steam reacted with the hot
Zircaloy cladding. In fact. during the early part of the
test, all oxidizing components in the atmosphere should

35
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have been consumed, and the steam replaced by
hydrogen, before reaching the top end of the specimen.

To investigate the characteristics of the atmosphere and
the extent of cladding oxidation as functions of test time
and fuel specimen location, calculations were carried out

using a simple model reported by Yamashita.” In this
model, oxidation of the two end caps and 11 cladding
nodes in between was considered, and the results are

presented in Figures 3.8 and 3.9. The vertical movement
of the oxidation front along the fuel specimen is illustrated

by the calculated oxidation profiles in Figure 3.8. These
profiles, covering test times from 60 to 85 min, indicate
that at 60 min the maximum extent of cladding oxidation
was 40% over the lower five cladding nodes.

The metallographic examination of two radial sections of
the fuel specimen provided additional information and
generally corroborated the oxidation calculations. In
addition, the observations were useful in interpreting the
fission product release and distribution results. One radial
section from the lower end of the fuel specimen showed
complete, typically uniform oxidation, as illustrated in
Figure 3.10.

Some adherence of UO, to the cladding and limited
interaction is apparent at the fuel-cladding interface. A
section from the upper end, while heavily oxidized,
exhibited a quite different appearance (see Figure 3.11).
The oxide was less uniform, with numerous voids, areas

of porosity, and inclusions. suggesting that conditions
changed during the test. Some mid-wall areas retained
metallic phases. apparently enriched in tin driven by the
oxidation front. as seen in Figure 3.12. Unidentified
bright phases (Figure 3.11), believed to be zirconium
nitride formed by reactions with nitrogen in the air
atmosphere, were observed in many locations. The less
uniform and more porous appearance of the oxidized
cladding near the top end of the specimen suggested that
the limited steam dominated the reaction processes and
was consumed near the bottom (entrance) end, leaving a
gas mixture relatively rich in air and hydrogen to react
with the upper regions. In addition, the gas mixture
would have changed as the oxidation front moved up the
specimen, as illustrated in Figures 3.10 and 3.11. (It
should be noted that the resuits of oxidation calculations
displayed in Figures 3.8 and 3.9 assumed. based on a
limited review of the literature, equal reaction rates
between the cladding and the oxidizing air and steam.)
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Clad ID

Clad OD
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Figure 3.11 Radial section of cladding from near the top end of Test VI-7: note non-uniform oxidation. voids.
Jna isclusions 1n the cladding
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Clad ID

Clad OD

200 um 100X

Figure 3.12 Radial section of cladding from near the top end of Test VI-7 showing bright phases of metailic
material at mid-wall
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The heavy, uniform oxide near the bottom end is typical

of oxidation by steam, whereas the porous, irregular layer
of oxide and other phases and inclusions near the top end
suggest oxidation by air. Consequently, the UO, fuel
should have been most oxidized at the bottom end, with
an oxidation gradient declining with elevation; these
conditions correspond to observed release gradients along
the fuel specimen for cesium and antimony (see

Figure 3.1) The good agreement of these results of
metallographic examination support the predictions of the
Yamashita model discussed above and verify the validity
of the model."

NUREG/CR-6318

44



Comparison

4 Comparison of Release Data with Previous Results

The fission product release data from Test VI-7 have
been compared with the results from earlier experiments.
Because it was similar to Test VI-1 except for the
addition of air into the test atmosphere, we were
particularly interested in comparing the results from these
two tests.

The integral release data for eight fission product
elements from Test VI-7 are compared with the results
from six previous tests (VI-1 through VI-6) in Table 4.1.
Comparison of the data from these tests suggests that the
presence of air in the atmosphere results in slightly
higher releases for most elements. Moderate oxidation of
the UQ, over the lower half of the specimen could
explain the observed gradient in fission product release
(see Figure 3.1). The indicated differences in
molybdenum and ruthenium release (shown in Table 4.1)
are apparent contradictions. However, the wide ranges
in values for molybdenum and ruthenium release indicate
relatively low levels in precision (and confidence) in the
data for these elements.

On the other hand, the fractional releases of krypton and
cesium were always similar, except for the lower krypton
value for Test VI-2, where some of the gas was known
to have been lost. Furthermore, krypton and cesium
release values exhibited a general increase with test
temperature, reaching ~100% at 2700 K. No significant
influence of the reactive atmospheres. steam and
hydrogen, on the release of these highly volatile elements
was apparent. Although the release values are

45

somewhat lower in all cases, probably because of
difficulties in complete sampling, we believe that iodine
behaves similarly to krypton and cesium.

With regard to atmospheric effects on the less volatile
species, the recent data supported the conclusions drawn
from earlier results.”*?! The release behaviors of Sb,
Mo, Ba, and Eu, on the other hand, showed a clear
influence of the reactive atmospheres, and these
atmospheric effects became more exaggerated at the
highest temperature, 2700 K. Much higher releases of
Sb and Mo were observed in steam, whereas Ba, Sr, and
Eu releases were higher in hydrogen. In conclusion, the
behaviors of these elements in Test VI-7 were found to
be generally consistent with their chemical characteristics
and with data from previous tests.

Comparison of the total masses of material released in all
VI tests. summarized in Table 4.2, shows that at 2300 K,
Test VI-7 release appears somewhat low. Test VI-1,
heated at the same time/temperature conditions, released
1.173 g, some 32% more, or 1.2% of specimen mass vs
only 0.79% of the VI-7 mass. It was not possible,
unfortunately, to obtain mass spectrometric analyses for
the Test VI-7 samples to determine more about the
differences in composition. Comparing the ratios of
TGT/filter masses (Table 4.2) shows that, in Test VI-7, a
greater fraction of material was collected on the TGTs
than in earlier oxidizing tests, apparently an effect of the
air atmosphere.
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Table 4.2 Mass release data for VI series tests

Comparison

Fuel Mass of material collected (g)*
Test phase temperature Ratio
129) TGT Filter Total TGT/filter
1A 2020 0.078 0.245 0.323 0.318
1B 2020-2300 0.101 0.227 0.328 0.445
1C 2300 0.225 0.297 0.522 0.758
Totals 0.404 0.769 1.173 0.525
2A 2300 0.057 0.188 0.245 0.303
2B 2300 0.139 0.434 0.573 0.320
2C 2300 0.085 0.231 0.316 0.368
Totals 0.281 0.853 1.134 0.329
3A 2000 0.061 0.308 0.369 0.198
3B 2000-2700 0.380 1.094 1.474 0.347
3C 2700 0.241 1.084 1.325 0.222
Totals 0.682 2.486 3.168 0.274
4A 2440 0.130 0.072 0.202 1.806
4B 2440 0.002 0.093 0.095 0.022
4C 2440 0.029 0.075 0.104 0.387
Totals 0.161 0.240 0.401 0.671
5A 2000 0.104 0.047 0.151 2.213
5B 2000-2720 0.050 0.273 0.323 0.183
5C 2720 0.030 0.177 0.207 0.169
Totals 0.184 0.497 0.681 0.370
6A 2310 0.100 0.036 0.136 2.7718
6B 2310 0.031 0.015 0.046 2.067
6C 2310 0.161 0.230 0.391 0.700
Totals 0.292 0.281 0.573 1.039
7A 2025 0.108 0.153 0.261 0.706
7B 2025-2310 0.012 0.079 0.091 0.152
7C 2310 0.206 0.330 0.536 0.624
Totals 0.326 - 0.562 0.888 0.580

*Precision = +0.003 g.
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Summary

5 Summary and Conclusions

This report summarizes all information available for Test
VI-7 and compares the results with previous tests in this
series. More extensive comparison and interpretation of

all results are available.

1.

8.13

This was the first test in the VI series to include air
in the test atmosphere. As expected, the mixture of
air and limited steam caused complete oxidation of
the Zircaloy cladding, and probably some oxidation
of the UQ, fuel near the inlet end. Near the outlet
end of the fuel specimen, however, the cladding
oxidation was extensive but not compiete.

The measured integral release values for the fission
products in this test were 69% for ¥Kr, 42% for
191 71% for ¥Cs, 52% for *Sb, 0.40% for *Eu,
1.2% for Sr, >2.6% for Ru, 4.1% for Ba, and
5.3% for Mo. Comparison of these results with
data from previous tests indicated generally
consistent behavior. Except for molybdenum and
ruthenium, slightly greater releases were observed

in air + steam (than in steam) at similar times and
temperatures.

Fission product retention in the furnace varied
widely. The retention fractions for cesium and
iodine were fairly typical of previous tests: 10.4%
for cesium and 4.2% for iodine. The retention of
antimony, however, was 49% higher than was
found in the steam oxidizing tests VI-1 through
VI-3.
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4.

The total mass of deposits collected on the TGTs
and the filters (0.888 g) was somewhat less than in
other oxidizing tests at this temperature (2300 K).

Approximately 0.25% of the released iodine was
collected on the charcoal filter cartridges, indicating
it had been in a volatile form — I,, HI, and/or
CH,l. This fraction is similar to values found for
most of the VI tests; only VI-5 and VI-6 had a
larger fraction of the released iodine in the
charcoal.

The fractional releases of several less-volatile
fission product elements were found to be
significant, varying from 1.2% for strontium to
5.3% for molybdenum.

As in all previous tests, the release behavior of the
volatile species (krypton and cesium) was very
similar in Test VI-7. In addition, the diffusion
coefficients for krypton and cesium calculated from

on-line release data were in good agreement with
the ORNL-Booth Model.

Metallographic examination of two radial sections
from the fuel specimen verified that conditions had
been somewhat more oxidizing at the bottom (inlet)
end than at the top. In addition, the results
indicated that calculations by a previously
developed cladding oxidation model described the
oxidation sequence with reasonable accuracy.
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