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Abstract

Test VI-6 was the sixth 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 BR3 reactor in
Belgium. The fuel had experienced a burnup of
~42 MWd/kg, with inert gas release during irradiation
of ~2%. The fuel specimen was heated in an induc
tion furnace at 2300 K for 60 min, initially in hydro
gen, then in a steam 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 75% for "Kr, 67% for "% 64% for 12SSb,
80% for both ^Cs and 137Cs, 14% for ""Eu, 63% for
Te, 32% for Ba, 13% for Mo, and 5.8% for Sr. Of the

totals released from the fuel, 43% of the Cs, 32% of
the Sb, and 98% of the Eu were deposited in the out
let end of the furnace. During the heatup in hydro
gen, the Zircaloy cladding melted, ran down, and
reacted with some of the U02 and fission products,
especially Te and Sb. The total mass released from
the furnace to the collection system, including fission
products, fuel, and structural materials, was 0.57 g,
almost equally divided between thermal gradient tubes
and filters. 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 com
pletely as possible the observations and results of
fission product release test VI-6 that was performed
July 11, 1991. Although all analyses have not been
completed and all final data have not been received,
this report presents all currently available results for
potential use by other reactor safety researchers.
Complete interpretation and correlation of these
results with related experiments and with theoretical
behavior will be included in subsequent reports, which
will consider the results of several tests over a range of
test conditions. 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 fuel specimen used in this test was cut from fuel
rod 1-114 that had been irradiated in the BR3 reactor

in Belgium from July 15, 1976, to September 26, 1980.
The specimen contained 71.80 g uranium and had
been irradiated to a burnup of ~42 MWd/kg uranium.
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 3. This test was heated to the test tempera
ture (2300 K) in a hydrogen-helium atmosphere; the
Zircaloy cladding melted and ran down the vertical
specimen, exposing the U02 fuel pellets. The hydro
gen flow was then replaced with steam, which began to
oxidize the U02. The objective of the test was to
determine the effect of steam oxidation on fission

product release and transport. The test results and
some preliminary interpretations are presented in
Section 4, and these results are compared with data
from previous tests in Section 5. The most important
results are:

(1) Posttest examination, in agreement with on-line
radioactivity measurements, indicated that the
Zircaloy cladding had melted during the test. The
15-cm-long fuel specimen apparently had not col
lapsed, however, but remained standing through
out the test.

(2) The values for total fractional release from the
fuel specimen, based on ORIGEN2 calculations
and gamma-ray spectrometry measurements, were
-75% for MKr, 64% for 125Sb, 80% for both 134Cs
and 137Cs, and 14% for 154Eu. Other measurement
techniques showed that 67% of the 129I, 63% of
the Te, 32% of the Ba, 13% of the Mo, and 5.8%
of the Sr were released also. About 32% of the

released 125Sb, 35% of the released 129I, 54% of
the released Cs, and 98% of the released 154Eu
were deposited on the Zr02 ceramics at the out
let end of the furnace. Pretest and posttest
gamma-ray spectrometry of the fuel was valuable
in determining the release fractions as well as the
axial distributions of the fission products within
the fuel rod and the furnace.

(3) Compared to earlier tests, both in steam (VI-1,
-2, and -3) and in hydrogen (VI-4 and -5), a
larger fraction of the cesium released in test VI-6
(54% vs 4 to 47%) deposited on components in
the exit (top) end of the furnace. In addition, the
amounts of released cesium in vapor (43 mg) and
aerosol (37 mg) forms, as indicated by collection
in the thermal gradient tubes (TGTs) and filters,
respectively, were nearly the same in test VI-6.

(4) The axial distributions of cesium in the test VI-6
TGTs were more uniform than in most previous
tests. In TGT A (which was used during Test
Phase A — the initial part of the test), a tall
narrow peak indicated a high concentration of
cesium at a deposition temperature of ~350°C
(~625 K). No other radionuclides were detected
in the TGTs except for small concentrations of
125Sb and 154Eu, both near the entrance of TGT C,
used during Test Phase C, the final 40 min of the
test.

(5) The total mass of deposits on the TGTs and
filters was determined by direct weighing to be
0.57 g; this mass was almost equally divided
between the TGTs and the filters, but most of the
release occurred during Test Phase C. It should
be noted that the test configuration did not
include reactor structural or control materials

which could add significant aerosol masses during
an accident.

(6) Approximately 5.1% of the released iodine was
collected in a volatile form, I2, HI, or CH3I. This
relatively high fraction — in most previous tests,
<0.5% of the iodine was found at this location —

is believed to result from radiation decomposition
of more stable forms, such as Csl.

(7) The measured diffusion coefficients for the
release of MKr and 137Cs agreed well with the
ORNL Diffusion Release Model.
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Foreword

This document describes the sixth test in the VI series

of fission product release tests of high-burnup, com
mercial LWR fuel under severe accident conditions.

Similar tests at somewhat lower temperatures were
conducted in the previous HI series. Other ORNL
reports describing the work conducted for this project
are listed below.
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Introduction

1 Introduction

This report summarizes data from the sixth test in a
vertical test apparatus. This series of tests is designed
to investigate fission product release from light-water
reactor (LWR) fuel in steam and/or hydrogen in the
temperature range of 2000 to 2700 K. Six earlier tests,
denoted HI-1 through HI-6, were conducted under
similar conditions in a horizontal furnace at tem

peratures of 1675 to 2275 K (1400 to 2000°C). The
HI series tests were analyzed and reported previously,1
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-6, was initiated.2"6 All of this work
has been summarized in Nuclear Safety.1

The purpose of this work, 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 heatup accidents in
LWRs.8 Thespecific objectives of this program are:

(1) to 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 are emphasized in this
program. The applicability of simulated fuel (unirra
diated U02 containing radioactive fission product
tracers) was considered, and several simulant tests
have been conducted to provide valuable data about
the behavior of specific fission product species.9 All
tests have been conducted at atmospheric pressure in
helium mixed with either steam or hydrogen in a hot
cell-mounted test apparatus.

The procedures and techniques used in preparing and
conducting the test, 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
test VI-6 and a compilation of all results obtained to
date. Other analyses, in particular neutron activation
for iodine, are still in process and will be reported
later. Thorough data evaluation and correlation of all
results from the VI test series will be included in

subsequent reviews and reports covering this series of
fission product release tests at temperatures up to
2700 K.

NUREG7CR-6077
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Table 1.1 Analytical techniques used for fission product analysis

Technique Time Location Elements

Gamma spectrometry Pretest, posttest Fuel specimen Long-lived, gamma-emitting
fission products — Ru, Sb, Cs,
Ce, Eu

On-line Thermal gradient tube
(TGT), charcoal traps,
filters

Cs, Kr

Posttest Furnace components,
TGT, filters

Ru, Sb, Cs, Ce, Eu

Neutron activation

analysis
Posttest Charcoal; solutions from

furnace, TGT, filters
I, Br

Chemical analysis Posttest Furnace, filters U, Pu

Inductively coupled
plasma-emission
spectrometry

Posttest Acid solutions from

furnace, TGT, or filters
Many cations, especially Sr,
Mo, Ru, Te, Ba, U

NUREG/CR-<>077



Description

2 Test Description

The vertical test apparatus10 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 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 temper
ature measurement, supplemented by thermocouples
during the low-temperature heatup phase.

The released fission products are collected in three
sequentially operated, parallel collection trains. Each
train is composed of (1) a 7.6-mm-ID platinum or
stainless steel-lined thermal gradient tube (TGT)
designed for vapor condensation; (2) a filter package
containing graduated fiberglass filters for aerosol
collection and heated charcoal that had been impreg
nated with triethylenediamine (TEDA) for iodine
sorption; and (3) cold charcoal traps for rare gas
collection. The on-line releases of ^Kr and 137Cs are
monitored by detectors observing these collector com
ponents. 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-6 apparatus were two radia
tion detectors that were collimated to monitor the

radioactivity (primarily 134Cs and 137Cs) in the top and
bottom regions of the fuel specimen. Data from these
instruments should indicate any movement or collapse
of the fuel during the test.

The tests planned for this vertical apparatus assumed
that temperature (2000 to 2700 K) was the dominant
variable. The flow rate of reactive gas (0.3 to 1.5 L/
min) and time (1 to 60 min) were considered to be
important but secondary variables. The objectives of
this particular test were to obtain release rate data
from BR3 fuel heated at 2300 K, first in hydrogen to
allow cladding melting and runoff, then in steam to
effect oxidation of the U02 fuel pellets, for a total
time of 60 min. Test VI-2, which was heated at 2300 K
in steam for 60 min, provides a basis for comparing
atmospheric effects.

2.1 Fuel Specimen Data

The test specimen was a 15.2-cm-long section of rod
1-114 from the BR3 reactor in Belgium, as shown in
Figure 2.4. This fuel was irradiated from July 15,
1976, until September 26, 1980. Details of the
irradiation and of the characteristics of this particular
specimen were reported by Adams and Dabell* and are
listed in Table 2.1. The fuel in this rod had an initial

enrichment of 5.76% ^U, and the VI-6 specimen had
attained a burnup of ~42 MWd/kg during irradiation.
Fission product inventories for the specimen were
measured by direct gamma spectrometry of the fuel
and were calculated with the ORIGEN2 computer
program;11 these data are shown in Tables 2.2 and 2.3.

As reported by Adams and Dabell, no axial scan of the
gamma radioactivity along the intact fuel rod was
made before the rod was sectioned. Scans of nearby
rods with similar operating histories, however,
indicated that rod 1-114 had experienced no unusual
temperature, power, or burnup histories during 1986.
Reactor operating data showed that this fuel rod had
operated at a maximum linear power of 222 W/cm
averaged over the 1-m length, indicating that the fuel
in the peak burnup region (near midlength) would
have operated at a peak linear power of ~285 W/cm
at that time. These data showed that the fuel had not

experienced high enough operating temperatures to
cause significant migration of the fission product
cesium during irradiation. The data shown in
Figure 2.5 were used to estimate fission gas release
from the peak burnup region of a fuel rod. Using
Figure 2.5 and the operating history, we estimate that
~2% of the total krypton generated in the fuel had
been released during irradiation. The conversion from
average gas release to release from the peak power
(and peak burnup) location was made using the
previously described D' (empirical) method.12

'J. P. Adams and B. R. Dabell, Idaho National
Engineering Laboratory, Idaho Falls, ID 83415,
"Characteristics of U02-Zr Fuel Rods Irradiated in the
BR3 Reactor," private communication, 1986.

NUREG/CR-6077



Description

PURE He INLET

INCONEL TOP FLANGE

Th02 REDUCER (Zr02)

GRAPHITE FELT

SUSCEPTOR

INNER Th02 TUBE
(Zr02)

Th02 (Zr02) CRUCIBLE

QUARTZ
CONTAINMENT VESSEL

Th02 (Zr02) SUPPORT

FIBROUS

Zr02 INSULATOR

STAINLESS STEEL
BOTTOM FLANGE

r
He OUTLET

(TO RECIRCULATION
SYSTEM)

ORNL DWG 89A-612

(3) THERMAL GRADIENT
TUBES

O-RING SEALS

(WATER-COOLED)

INDUCTION COIL

FUEL SPECIMEN

} PYROMETER
WINDOWS (3)

INLET (FROM RECIRCULATION
SYSTEM)

THERMOWELL

He/H20/H2 INLET

SUPPPORT SPRING

(2) THERMOCOUPLES

Figure 2.1 Vertical fission product release furnace, as used in test VI-6

NUREG/CR-6077



<Jl

HOT

CELL

WALL

STEEL

CONTAINMENT

BOX

3 FILTER

(130°C)
PACKAGES

ORNL OWC B9-1S6S5R2

INFRARED
ANALYZER

CHARCOAL TRAP
(-78°C)

RADIATION .„, ,.
DETECTOR lNal)

(-78°C)

CONDENSER (0° C)

3 AUTOMATIC

OPTICAL

PYROMETERS

(TWO-COLOR)

MANUAL OPTICAL PYROMETERS

Figure 2.2 Vertical fission product release apparatus



P

o\

ORNL DWG 90-14768

FLOW

GLASS WOOL PREFILTERS (2)

HEPA FILTERS (2)

CHARCOAL CARTRIDGES (3)

FILTER

PACKAGE (3)

130°C

THERMAL GRADIENT

TUBES (3) 850-150°C

PLATINUM OR STAINLESS

STEEL LINER

Th02 OR Zr02

CERAMICS

FUEL

SPECIMEN

MASS

FLOWMETER

CHARCOAL CHARCOAL
No. 1 No. 2

(-78° C) (-78°C)

FURNACE

1700-2500°C

Figure 23 Components of the fission product collection system

C> RETURN
TO

CELL

o
D



11.1mm (0.438ia)

END PIN

3.18mm (0.1 25 in.) DIAM

x 19.0mm (0.75ia) LONG

-TAPERED END CAP

ZIRCALOY

(PRESS FIT)

1 1.9mm (0.469ir0

12.7mm (0.50ia)

ORNL DWG 88-220

SMALL HOLE AT

MID-LENGTH

BR3 FUEL ROD SECTION

9.5mm (0.374 in.) O.D.

x 15.2mm (6.0 inJ LONG

(ZIRCALOY-CLAD U02)

Figure 2.4 Details of the fuel specimen heated in test VI-6

I



Description

Table 2.1 Data for fuel specimen used in test VI-6

Fuel specimen identification

Irradiation data

Period

Fuel specimen burnup
Maximum heat rating

Specimen data
Length
Fuel loading
Initial enrichment

Total weight
Weight of Zircaloy
Gas release during irradiation

NUREG/CR-6077

Rod 1-114, section 3
BR3 Reactor (Belgium)

July 15, 1976, to Sept. 26, 1980
42 MWd/kg U
222 W/cm

15.2 cm

81.5 g U02 (71.80 g U)
5.76% a5U
103.0 g
21.54 g
~2% (from specimen)



Table 2.2 Fission product and actinide inventories in test VI-6: nuclides

Nuclide

Fission products
Kr-85

Sr-90

Ru-106

Ag-llOm
Sb-125

1-129

Cs-134

Cs-137

Ce-144

Eu-154

Eu-155

Total fission products

Actinides

U-234

U-235

U-236

U-238

Total U

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

Total Pu

Total actinides

In VI-6 specimen*

(mg)
At 7/1/91

1.207

44.71

0.0050

7.9 x 10"7
0.0597

12.87

0.259

88.74

0.0016

1.380

0.249

3,118

21.58

1,141
519.6

66,090
67,770

13.41

352.5

161.6

46.75

24.79

599.0

68,460

(mQ)
At 7/1/91

473.9

6,094
16.75

0.0038

61.61

0.0023

335.5

7,726
5.068

372.7

115.7

29,400

0.135

0.0025

0.034

0.0222

0.315

229.5

21.92

36.83

4,818
0.095

5,106
5,286

•VI-6 specimen contained 71.80 g U = 7.180E-5 MTU before irradiation.

Description
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Description

Table 2.3 Fission product and actinide
inventories in test VI-6: elements

Element In VI-6 specimen*
(mg at7/1/91)

Se 5.457

Br 2.097

Kr 36.87

Rb 36.30

Sr 84.08

Y 47.89

Zr 356.1

Mo 310.3

Tc 71.88

Ru 182.6

Rh 38.46

Pd 88.32

Ag 4.425
Cd 6.266

In 0.184

Sn 6.381

Sb 1.495

Te 40.03

I 15.92

Xe 474.7

Cs 232.6

Ba 152.7

La 114.1

Ce 223.4

Eu 10.91

Total fission products 3,118

U 67,770
Pu 599

Total actinides 68,460

•VI-6 specimen contained 71.80 g U = 7.180E-5 MTU before irradiation.

NUREGYCR-6077 10



_o

o

o
Ld

a:

Q_

=>
~Z.

^^
< Q
UJ O
o_ or

<o
Ld

<

or

<

70

60

50

40

30

T—r

BR3 FUEL

x MEASURED, BATCH B300
0 CALCULATED, BATCH B300
• CALCULATED, BATCH B500

LOW RELEASE MEDIUM RELEASE

20 I-

10

ROD 1-830

TESTS VI-2
AND VI-3

0

I— /TEST VI-5

00 I <><• °

HP

TEST VI-4 $ W

®9 L_J I L_

ORNL DWG 89A-103R

1—' I—'—T"

ROD 1-887-

HIGH RELEASE

J i L

210 230 250 270 290 310 330

PEAK ROD AVERAGE POWER (W/cm)

350

Figure 25 In-reactor release of gaseous fission products as afunction of power. The gas inside rods 1-830 and 1-887
was measured before sectioning I



Description

In addition to the test VI-6 fuel specimen, three other
15.2-cm-long specimens were cut from rod 1-114 and
prepared for future testing. One of these specimens
was heated in test VI-5.6 Three short samples (1 to
2 cm long) were cut for metallographic examination,
for dissolution and chemical analysis, and as an
archive sample for possible future use.

Tapered end caps of Zircaloy-2 were pressed onto the
ends of the test specimen, not as gas seals, but to
prevent loss of the fractured U02 fuel during subse
quent handling. The bottom end cap included a pin to
facilitate vertical mounting. A small hole, 1.6 mm in
diameter, was drilled through the cladding at mid-
length to serve as a standard leak for gas release
during the heatup phase of the test. These details are
shown in Figure 2.4.

The gamma-ray profile of the test VI-6 fuel specimen,
as observed through a 0.25-mm (0.010-in.) window, is
shown in Figure 2.6. This profile, which is dominated
by mCs and 137Cs, indicates very uniform burnup of the
fuel and fission product content along the specimen,
as well as the location of individual fuel pellets. The
axial distributions of 134Cs, 137Cs, 154Eu, and ""Co, as
measured through a 1-cm window at 1-cm intervals,
are shown in Figure 2.7. These data show that no
significant migration of the volatile cesium occurred
during irradiation.

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 Zr02
furnace components, new TGT liners of 0.002-in.
(0.051-mm)-thick stainless steel, and new filter pack
age components were prepared and installed. In most
previous tests, platinum liners were 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 an effort to
investigate the effects of a realistic reactor material on
the forms of the deposits, stainless steel liners were
used in test VI-6 and in some earlier tests. Only the
transfer and loading of the highly radioactive fuel

NUREG/CR-6077

specimen and the final closure of the furnace and
containment box were done remotely. 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 study the effect of steam
oxidation of the U02 on fission product release at
2300 K. In earlier tests in steam, VI-1, VI-2, and
VI-3, the oxidized cladding had remained largely
intact, serving as a barrier to effective UOrsteam
contact. The operating conditions are summarized in
Table 2.4, and the temperature history similar to that
in test VI-2 is shown in Figure 2.8. The heatup rate
in test VI-6 was ~0.8 K/s, which is similar to those in
tests VI-1 and VI-2. Tests using Th02 ceramic furnace
tubes (VI-3 and VI-5) required slower heatup rates to
avoid fracturing by thermal shock.

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 2.8) were for Train A 0 to 55 min; for Train B,
55 to 73 min; and for Train C, 73 min to the end of
the test, -200 min, including cooldown. A preheat
period was included to slowly heat the specimen to
-550 K in helium prior to beginning hydrogen flow
to the furnace. Time zero was defined as that time

when the controlled heating ramp was begun, with
stable gas (hydrogen + helium) flow through the
warm furnace established. Temperature measurement
and control were generally good. The 12-min period
at ~ 1400 K was included to ensure heatup of ceram
ics in the outlet end of the furnace and to compare
the data from the optical pyrometers before any
significant release of fission products had occurred.

With one exception, operation of test VI-6 was con
ducted as planned. At the transition from Test Phase
A (hydrogen + helium atmosphere) to Test Phase B
(steam + helium atmosphere), the valves for switching
the flows of reactive gases were operated correctly, but
a partially open bypass valve allowed most of the
steam to escape from the system, rather than to flow
through the furnace as planned. This loss of steam
was detected and corrected at a test time of 93 min,
20 min into Test Phase C.

12
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Table 2.4 Operating data for test VI-6

Specimen temperature (K)
At start of heatup ramp ~570
During 10-min period to check pyrometers 1415
During60-min period (Phases A, B, and C) 2310
Heatup rate of Phase A 0.83 K/s
Cooldown rate 0.60 K/s
Time above 2000 K 72 min

Nominal gas flow rate data (L/min at 20°C, 1 bar)*'**
During Phase A

50% H2 + He recirculation system 0.20
50% H2 + He to fuel specimen 0.80

During Phases B and C

He to recirculation system 0.20
He to fuel specimen 0.30
Steam to fuel specimen 1.0+
Recirculation/purification system 1.5

Description

•Measured by mass flowmeters.
*'Absolutepressure in furnace during test was 0.09906 MPa (742mm Hg).
+During Phase Band first 17 min ofPhase C, steam flow across fuel specimen was reduced by an unknown amount because
of leakage.

15 NUREG/CR-6077
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Description

Table 2.5 Chronology of test VI-6, Jury 11,1991

Furnace temperature
Time corrected (K)

Event/observation Clock Test Center

(h) (min)

Load fuel into furnace 2015* RT**

Complete leak checks 2100* RT

Begin system preheat, TGTs and filters 1000 RT

Begin furnace preheat with gas flow to furnace 1155 RT

Stable flow and temperature 1330 620+

Test Phase A

Start ramp to ~ 1400 K 1445 0 606+

First Micro No. 1 T measurement 1458 13 1088

Reached ~ 1400 K plateau 1508 23 1420

Resume ramp to 2300 K, observed Kr
release 1520 35 1406

First Cs detected, on TGT 1525 40 1668

Rapid Kr release, Cs on filter 1527 42 1750

Reached 2300 K plateau, hold 2 min 1538 53 2294

End Phase A, stop H2 flow, begin steam flow 1540 55 2318

Test Phase B

Begin Phase B, hold 18 min 1540 55 2318

End Phase B 1558 73 2306

Test Phase C

Begin Phase C, hold 40 min 1558 73 2306

Closed steam leak 1616 91 2314

End 2300 K plateau, reduce power to cool 1638 113 2323

Cooling rate ~50/min 1644 119 2023

Turn power off 1646 121 1933

Cooling rate ~35/min 1650 125 1766

Cooling rate ~30/min 1700 135 1437

Last pyrometer measurements 1708 143 1226

Test essentially complete 1718 153 ~1000+

End Phase C, stopped gas flow 1807 202 ~450+

•July 10,1991.
**RT = room temperature.
+Based on thermocouple measurement.

17 NUREG/CR-6077



Description

2.3 Posttest Disassembly and
Examination

After the test was completed, the apparatus was moni
tored for the distribution of radioactivity before
disassembly was begun. The highest concentrations of
radioactivity were found at the furnace exit and in the
first (lower) half of the TGTs. Initially, the filter
assemblies and the top furnace flange-TGT assembly,
containing the TGT liners, were removed, sealed, and
transferred to another hot cell to avoid potential

NUREG/CR-6077

contamination from fuel handling. The Zr02 top end
plug was removed from the furnace tube to allow
observation of the interior. The photo in Figure 2.9
shows a top view of the open furnace with the U02
fuel column tilted to one side but still standing. After
photography, the furnace cavity was filled with epoxy
resin to preserve the geometry of the degraded fuel
specimen during handling and any sectioning and
microstructural examination. After removal of the

fuel-furnace tube assembly from the furnace, it was
analyzed in detail by gamma spectrometry.

18
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Results

3 Test Results

3.1 Gamma Spectrometry Data

After the test, all experimental components and col
lectors were analyzed under well-defined geometry to
determine the concentration of the gamma-emitting
fission products. The previously proven empirical
method of determining the effective shielding to
obtain a mass balance for cesium among several of the
134Cs gamma-ray energies was used.2

Pretest gamma spectrometric analysis of the 15.2-cm-
long fuel specimen was used to determine the fission
product inventories in the fuel. Long-lived gamma
emitters - 10*Ru, 125Sb, 134Cs, 137Cs, 154Eu, and "Co -
were determined directly. A calculation by the compu
ter program ORIGEN2 supplied the inventory values
for other fission products, activation products, and fuel
nuclides, as shown in Tables 2.2 and 2.3. Based on
measurements at 1-cm intervals of the 134Cs, 137Cs, and
154Eu, as shown in Figure 2.7, the axial distributions of
the major fission products were relatively uniform
along the rod. The uniform axial distribution of the
*°Co in the Zircaloy cladding, also shown in Figure 2.7,
is further verification of a uniform neutron dose

(which indicates a similar burnup distribution) during
irradiation.

The posttest distributions of 106Ru, U7Cs, and 154Eu, as
determined by gamma analysis of 1-cm-long sections of
the fuel-furnace tube assembly, are shown in Figure
3.1, and the corresponding data for 106Ru, 12SSb, and
*°Co are shown in Figure 3.2. In the region where the
fuel was originally located (0 to 15.2 cm in both
figures), the dominant specieswere 106Ru and 154Eu.
However, relocation of all gamma emitters is apparent.
Firstly, most of the U7Cs had been released from the
hot zone of the furnace, with the remainder distri
buted over the original fuel zone (presumably in the
U02 fuel) at -20% of the original level. The 106Ru
and the U4Eu distributions were similar, with greater
than original concentrations near the bottom end of
the original fuel location and lower concentrations, 50
to 90% of original, over the upper 60% of the original
fuel location. These data indicate that some limited

fuel collapse or meltdown had occurred, but that most
of the fuel remained in a vertical column, as had been
concluded from the in-cell radiation detector

measurements during the tests. The distributions of
*°Co and 125Sb (see Figure3.2) had been drastically
altered. Very high concentrations of these two
nuclides appeared 3 to 4 cm below the original fuel
location, clearly identifying a large deposit of the
Zircaloy cladding that contained the "Co, an activa
tion product, and a significant concentration of 106Ru
as well.

In general, we believe that 144Ce is the best indicator
of fuel location. Because of the long decay time for
the fuel in test VI-6 (~ 12 y), however, the counting
precision for 144Ce (Tw = 284 d) was poor. Therefore,
in test VI-6, "''Eu is believed to be the best indicator
for the location of U02 fuel. Sincesome ^Eu was
found below the original fuel location, it appears that
a small amount of U02 either fell down as particles of
fuel or was dissolved and carried down by the molten
Zircaloy cladding.

As has been typical of these tests of high-burnup,
long-decayed fuel, 137Cs and 134Cs were the dominant
activities in almost all samples of released material
and interfered with the analysis of less abundant
fission products. The integral release behavior of
krypton, as functions of time and temperature, is
illustrated in Figure 3.3. The cesium release behaviors
from the top and bottom regions of the fuel specimen,
as indicated by the in-cell fuel monitors, are compared
with this krypton release curve in Figure 3.4. This
figure indicates that cesium release from the top of
the specimen occurred somewhat earlier than from the
bottom, suggesting a higher temperature at the top.
The distributions of the cesium release to the TGTs

(primarily vapor forms) and to the filters (primarily
aerosol forms) are shown in Figure 3.5. These data
were obtained from the Nal(Tf) detectors which
measured 137Cs directly. The latter are believed to be
more reliable than the fuel monitors that supplied the
gross gamma data shown in Figure 3.4. These curves
in Figures 3.3, 3.4, and 3.5 show that the maximum
release rate occurred during the period of clad melting
and rundown, at temperatures of 2050 to 2300K (at
50 to 54 min), as was observed in test VI-5 in
hydrogen.* During Test Phase B and the first 20 min
of Test Phase C, the period of very low flow rate
because of the steam leak, Kr and Cs release rates
declined. When high steam flow was established

21 NUREG/CR-6077
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across the fuel specimen, at a test time of 93 min, a
rapid increase in release rates was observed, showing
the effect of steam oxidation on the U02.

A summary of the fractional release results for Kr, Sb,
Cs, and Eu, as determined by gamma spectrometry,
and for 129I, as determined by neutron activation
analysis, is presented in Table 3.1. Although no data
for ^Cs are shown, the agreement with 137Cs was con
sistently good (within ±3%) at all locations. Since
there is no apparent reason for a separation of the
two Cs radionuclides, this is a good indication of the
precision of the analyses. The distribution of cesium
within the test apparatus is shown in detail in Table
3.2. An unusually large fraction, -54.3%, of the
cesium released from the fuel was retained in the fur

nace in test VI-6. The fractional retention values for

cesium within the furnaces for the six VI series tests

are compared in Table 3.3. Except for test VI-4
(2440 K in hydrogen), which had a furnace retention
fraction of 47.1%, only 4 to 11% of the released
cesium was retained in any previous VI test. As
observed in other tests, this suggests that cesium
reacted with the Zr02 ceramics to form some cesium
compound, probably Cs2Zr03, more efficiently under
these conditions than in steam, or at different
temperatures.13

The measured distributions for the released 125Sb and
154Eu within the test apparatus are shown in Table 3.4.
Although these nuclides are of relatively low yield and
are not among the most hazardous, they have interme
diate half-lives and strong gamma rays, which make
them easily detected. Because previous release results
showed moderate Eu release in hydrogen but almost
none in steam, most of the europium release in test
VI-6 (13.7%) is believed to have occurred during Test
Phase A (in hydrogen). Very little europium, which is
relatively involatile under oxidizing conditions, has
been released in tests in steam, but 13.4% was
released in test VI-4 at 2440 K in hydrogen. As
shown in Table 3.3, significant fractions (6.7 and 55%,
respectively) of the released Sb and Eu were depos
ited on ceramic surfaces in the outlet region of the
furnace, where temperatures were believed to be 1500
to 2200 K during the test.

In order to calculate the release of cesium as a func

tion of time, it is necessary to allocate the amount of
cesium collected on the furnace components to the A,

Results

B, and C collection periods. The simplest method is
to assume that the cesium deposited in the furnace
was released from the fuel at the same rate as the

cesium that was deposited in the A, B, and C collec
tion systems. This is the method that was used with
the ST-1 test, but it gave erroneous results for test
VI-6. When this method was tried, the resulting
release rates did not agree with those measured by the
radiation detectors that were directed at the fuel rod

itself, and it required unrealistic changes in efficiency
for the radiation detector monitoring the thermal
gradient tube and the top of the furnace.

The following procedure was used to calculate the
amounts of vapor-form cesium and aerosol-associated
cesium and the times that they were released from the
fuel.

(1) All of the cesium deposited on the TGTs and on
the Zr02 plugs at the top of the furnace was
assumed to have been in a vapor form before
condensation or reaction with the ZrOj.

(2) All of the cesium collected on the filters and
filter inlet lines was assumed to be aerosol

associated.

(3) The amount of cesium deposited in the furnace
inlet and exit regions was assumed to have a
vapor/aerosol form ratio the same as the vapor/
aerosol ratio calculated from the total amounts

in steps 1 and 2.

(4) The amount of aerosol-associated cesium calcu
lated in step 3 was distributed to time periods
A, B, and C in direct proportion to the amounts
calculated in step 2.

(5) The amount of vapor-form cesium calculated for
the furnace deposits in step 3 was allocated to
time periods A, B, and C according to the radia
tion detector that monitored cesium deposition
in the TGTs and the top of the furnace each
minute during the test.

The results of this calculation are shown in Table 3.5

and Figure 3.5. The on-line radiation detectors are
the Nal crystal type which permitted measurement of
both 134Cs and "'Cs. The ^Cs data were used in pref
erence to the "7Cs data so that it was not necessary to
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Results

Table 3.1 Summary of fission product release data for test VI-6

Location

Operating time
at T >2000 K

(min)

Fraction of fission product inventory found (%)*

Furnace components 72

Collection Train A 6

TGT A

Filters

Total Train A

Collection Train B: 18

TGTB

Filters

Total Train B

Collection Train C 48

TGTC

Filters

Total Train C

Total for test 72

BKr ^ "I 137,Cs

20.5 23.1 43.5

0.0 3.50 8.34

0.0 14.7 5.37

42.0 0.0 18.2 13.71

0.0 1.84 2.57

0.0 2.04 2.78

16.9 0.0 3.88 5.35

8.35 5.67 8.91

34.64 16.1 8.59

16.4 42.99 21.8 17.50

75.3 63.5 66.9 80.1

'Inventories based on pretest gamma analysis of the fuel and ORIGEN2 calculations.

NUREG/CR-6077 28

'"Eu

13.4

0.0
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0.04
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Results

Table 3.2 Cesium release and distribution data for test VI-6

Approximate
temperature

Cesium found at each location*

Location (K) mCs
(mQ)

Total Cs

(mg)

(% of inventory)

Furnace components
Inlet region 500—1600 208.0 5.99 2.742

First Zr02 plug -2100 2.2 0.06 0.029

Second Zr62 plug -1700 1160.0 33.43 15.291

Exit region 500-1600 1931.0 55.65 25.455

Total 3301.2 95.14 43.52

Train A

TGT A 470-1000 632.3 18.22 8.335

TGT — filter line 430 72.1 2.08 0.950

First prefilter 405 311.0 8.96 4.100

Second prefilter 405 22.8 0.66 0.301

HEPA filters 405 2.2 0.06 0.029

Total 1040.4 29.98 13.71

Train B

TGTB 470-1070 194.7 5.61 2.567

TGT — filter line 430 23.4 0.67 0.308

First prefilter 410 152.0 4.38 2.004

Second prefilter 410 33.4 0.96 0.440

HEPA filters 410 2.3 0.07 0.030

Total 405.8 11.70 5.35

Train C

TGTC 407-1010 675.5 19.47 8.905

TGT — filter line 430 62.4 1.80 0.823

First prefilter 410 582.5 16.79 7.679

Second prefilter 410 6.8 0.20 0.090

HEPA filters 410 0.6 0.02 0.008

Total 1327.8 38.27 17.50

Total released from fuel 6075 175 80.08

Total in fuel (after test) 1511 43.55 19.92

•Inventorybasedon measured data: 7586mCi 1J7Cs on July 1,1991; 0.02882 mg Cs/mCi based on ORIGEN2.
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Results

Table 33 Retention in furnace of cesium released from fuel in VI tests

Test No.

VI-1 VI-2 VI-3 VI-4* VI-5 VI-6

Test temperature (K)
Test atmosphere

2020/2300

Steam

2300

Steam

2000/2700

Steam

2440

H2
2000/2720

H2
2310

Hj/steam

Released from fuel

(% of fuel inventory)
63.1 67.2 99.9 96.1 100 80.1

Retained in furnace

(% of fuel inventory)
4.00 2.87 10.6 45.9 7.63 43.5

Retained in furnace

(% of release from fuel)
6.34 4.27 10.6 47.1 7.63 54.3

•The upper half of the furnace was intentionally cooled in test VI-4 to duplicate the conditions of SNL test ST-1.
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Table 3.4 Fractional release and distribution of antimony and
europium in test VI-6*

Results

•*Sb "^Eu

Location (mQ) (%of (%of (mQ) (%of (%of
inventory) released) inventory released)

Furnace components
First Zr02 plug 0.236 0.796 1.255 20.014 12.635 92.416

Second Zr02 plug 3.670 12.386 19.511 1.103 0.696 5.091
Exit region 2.170 7.324 11.536 0.159 0.100 0.734

Furnace total 6.076 20.506 32.302 21.275 13.431 98.241

Train A

TGT A 0.000 0.000 0.000 0.000 0.000 0.000

TGT — filter line 0.000 0.000 0.000 0.028 0.018 0.130

First prefilter 0.000 0.000 0.000 0.039 0.025 0.180

Second prefilter 0.000 0.000 0.000 0.000 0.000 0.000

HEPA filters 0.000 0.000 0.000 0.000 0.000 0.000

Train A total 0.000 0.000 0.000 0.067 0.042 0.311

Train B

TGTB 0.000 0.000 0.000 0.000 0.000 0.000

TGT — filter line 0.000 0.000 0.000 0.002 0.001 0.000

First prefilter 0.000 0.000 0.000 0.000 0.000 0.000

Second prefilter 0.000 0.000 0.000 0.000 0.000 0.000

HEPA filters 0.000 0.000 0.000 0.000 0.000 0.000

Train B total 0.000 0.000 0.000 0.002 0.001 0.001

Train C

TGTC 2.474 8.350 13.153 0.046 0.029 0.212

TGT C — filter line 0.997 3.365 5.300 0.030 0.019 0.138

First prefilter 9.220 31.117 49.016 0.230 0.145 1.061
Second prefilter 0.042 0.142 0.223 0.005 0.003 0.021
HEPA filters 0.005 0.017 0.027 0.000 0.000 0.000

Train C total 12.74 42.990 67.719 0.310 0.196 1.432

Total released from fuel 18.81 63.50 100.02 21.655 13.671 99.98

Total in fuel (after test) 10.82 36.52 149.0 86.33

•Inventories based on measured data: 29.63 mCi '"Sb and 172.6 mCi 1MEu.
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Table 33 Physical form of released cesium

Collection

period
Amount in designated form (% of inventory)

A

B

C

Total A+B+C

Vapor

37.4

7.1

5.8

50.3

correct for the time delay caused by the "137" gamma
being emitted from the D7Ba daughter. Good agree
ment is evident between Figures 3.5 and 3.4, and
between cesium and krypton in Figure 3.5.

3.2 Analysis for Iodine

Since iodine has no long-lived, gamma-emitting
nuclides, analytical methods other than gamma spec
trometry must be used to determine its behavior.
Neutron activation of 129I to mI, which has abundant,
easily measured gamma rays, is a proven and sensitive
technique. Because the normally occurring iodine
forms dissolve readily in basic solutions to form stable
iodides, the collector components from this test were
leached to remove this iodine for analysis.

The results of iodine analysis are summarized in
Tables 3.1 and 3.6. As indicated, the total releases of
I and Cs were significantly different. Some 34% of the
released ml, compared to 54% of the released cesium,
was deposited in the furnace. In addition, a larger
fraction of the iodine was collected on the filters (75%
vs 25% on TGTs), compared to nearly equal fractions
(46% on filters vs 54% on TGTs) for cesium, as
shown in Table 3.7.

Some iodine forms (organic iodides, elemental iodine,
or hydrogen iodide) may pass through the TGTs,
penetrate the filters, and adsorb onto the heated char
coal in the filter packages. For this reason, the
charcoal cartridges, which back up the filters, were
analyzed for 12*I by direct activation also. The results
of these analyses are shown in Table 3.8. The fraction
of the released iodine that was collected on the

Aerosol

9.5

5.0

15.3

29.8

Total

46.9

12.1

21.1

80.1

charcoal (5.1%) was higher in test VI-6 than in any
previous test, which normally averaged <0.5%.

A possible source of the volatile iodine is radiation
decomposition of an iodine species collected as par
ticulate material on the glass wool and HEPA filters.
Because the activated charcoal cartridges are part of
the filter pack assembly and are located close to the
highly radioactive filters, they would have received a
relatively high radiation dose rate. In test VI-6, the
filter/charcoal assembly remained sealed for 5 months
after the test, a longer period than in most tests. This
extended period of exposure possibly resulted in some
decomposition of Csl, with the released iodine being
sorbed on the nearby charcoal.

3.3 Thermal Gradient Tube Deposits

The three TGT liners were made by rolling 0.002-in.-
thick stainless steel foil into tubes. Except for being
annealed in He—4% H2 to aid forming, the surfaces of
the liners were in the as-received condition. These

liners were removed from the surrounding Inconel
TGTs and examined. During the test, each of the
36-cm-long TGT liners had been subjected to maxi
mum temperatures of ~850°C (1125 K) at the inlet
end. The TGT temperatures declined approximately
linearly to ~ 150°C at the exit end. All three liners
showed evidence of external corrosion over the first

few centimeters at the inlet ends, but the liner from
TGT A (through which the furnace exit gas flowed
during heatup and for the first 2 min at 2300 K) was
much more corroded than Liners B and C, from
Phases B and C later in the test. This severe corro

sion, to the extent that the first -5 cm of Liner A
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Table 3.6 Iodine release and distribution data for test VI-6

Approximate
temperature

(K)

""I found at each location*

Location ^(Mg)

Furnace components
Inlet region 500-1600 1
First Zr02 plug -2100 0
Second ZrOz plug -1700 0

Exit region ceramics 800-1600 400
Exit flange 350-1100 2574

Total 2975

Train A

TGT A 470-1000 451
TGT — filter line 430 245
First prefilter 405 1301

Second prefilter 405 0
HEPA filters 405 0

Charcoal 405 339
Total 2337

Train B

TGTB 470-1070 237

TGT — filter line 430 18

First prefilter 410 180
Second prefilter 410 0

HEPA filters 410 0
Charcoal 410 64

Total 500

Train C

TGTC 407-1010 730
TGT — filter line 430 125

First prefilter 410 1516
Second prefilter 410 0
HEPA filters 410 0

Charcoal 410 428

Total 2799

Total released from fuel 8611

•Inventory based on ORIGEN2 calculation: 12.87 mg '"I and 15.92 totaliodine in fuel.

33

Percent of inventoiy

0.01

0

0

3.11

19.99

23.11

3.50

1.90

10.11

0

0

2.63

18.15

1.84

0.14

1.40

0

0

0.50

3.88

5.67

0.97

11.78

0

0

3.33

21.74

66.89
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Results

Table 3.7 Comparison of physical forms of iodineand cesiumreleased to collection trains

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

Vapor Aerosol Total

Collection

period I Cs I Cs I Cs

A 8.0 22.8 33.6 14.7 41.6 37.5

B 4.2 7.0 4.7 7.6 8.9 14.6

C 13.0 24.3 36.8 23.5 49.8 47.8

Total A+B+C 25.2 54.1 75.1 45.8 100.3 99.9

•Basedon total inventory in the fuel, 43.8% of the iodine and36.6% of the cesium werereleased from the furnace.

Table 3.8 Volatile iodine in test VI-6

Volatile iodine*

Sample No. Mass (fig) Percent of released*

AC1 339 2.1

AC2 0.1 0.0

AC3 ND** 0.0

BC1 64 0.4

BC2 ND 0.0

BC3 ND 0.0

CC1 428 2.6

CC2 0.1 0.0

CC3 ND 0.0

Totals 831 5.1

•As determinedby measurements of "I.
**ND = Not Detected.

+Assumes that total iodine release is the same as the cesium release, 80.09% of total inventory.
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disintegrated during removal, indicated that the
material released from the furnace during Phase A was
more corrosive than that released later in the test.

Upon opening the liners, the internal deposits in
Liner A appeared to be uniformly distributed and
heavier than those in Liner B, but not as heavy as
those in Liner C.

The collection of cesium on the stainless steel TGT
liners was monitored during the test by counting the
^Cs and U7Cs continuously. The final 137Cs profiles,
as well as the temperature profile along the TGTs, are
shown in Figure 3.6. Although small amounts of 125Sb
(in TGT C) and 154Eu (in TGTs A and C) were pres
ent, as measured by long counts and shown in Table
3.4, the profiles could not be measured concurrently
with the 137Cs profile. The fact that most of the
cesium released during Test Phase B was in vapor
form, as indicated by its deposition on TGT Liner B
rather than on Filter B, confirms that little steam was
present during this period. (Previous tests have shown
that in a steam atmosphere, -70% of the released
cesium is transported as aerosols, which are collected
primarily on the filters.7) Only when full steam flow
through the furnace was established (at 93 min) did
most of the cesium pass through the TGTs to be col
lected on the filters, presumably as oxide or hydroxide
forms.

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 material 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 prefilters.

The masses of material collected at the various

locations are listed in Table 3.9 and illustrated in
Figure 3.7. Because of the disintegration of the inlet
end of Liner A, as mentioned above, an accurate
weight was impossible. Based on the relative

Results

appearances of the test VI-6 liners, and on
measurements from other tests, we estimated that
Liner A contained -100 mg of deposits.

As would be expected, the greatest mass was collected
during Phase C, the longest collection period, and alsb
the period of steam flow. (Previous tests, such as VI-3
and VI-5, have shown that mass releases are much
greater in steam than in hydrogen.) The total mass
collected (0.573 g) was much less than in the all-steam
atmosphere test VI-2 (1.134 g) at the same tempera
ture and time. Since 68% of the released mass

(0.391 g) was found in Train C, the period with steam
atmosphere, test VI-6 behavior was consistent with
earlier tests.

3.5 ICP-ES Analyses

Samples of the acidic leach solutions from the TGT
liners and the filters were submitted for inductively
coupled plasma-emission spectrometry (ICP-ES) analy
ses for non-gamma-emitting elements. This technique
is well suited for measuring several of the fission
product elements, primarily cations, and uranium.
Unfortunately, it is not useful for iodine analysis.
Because of the high levels of radiocesium in most of
the samples, large dilutions, which reduced the pre
cision of the measurements, have been required to
avoid excess radiation dose to the analyst.

As would be expected, major release fractions of all
these elements were retained in the outlet end of the
furnace, where the time (Test Phase A, B, or C) 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 3.10. The
larger fractions in Train C are consistent with the
steam atmosphere during that period, which tended to
accelerate release by oxidizing the UOj, and the longer
period of operation, 40 min as opposed to 2 min and
18 min at 2300 K for Trains A and B, respectively.

Because of their well-known sensitivity to the effects
of oxidizing conditions, most of the release of Mo and
Te is believed to have occurred during the latter part
of Phase C, after the cladding had been oxidized by
the steam. The observed behavior of these four less-
volatile fission product elements is in general
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Results

Table 3.9 Vapor and aerosol deposits in test VI-6

Thermal gradient tube (TGT)

Filters

Prefilter 1+

Prefilter 2

HEPAs

Total filters

Total TGT and filters

Weight of deposits (g)*

Train A Train B TrainC Total

0.100** 0.031 0.161 0.292

0.036 0.015 0.230 0.281

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000

0.036 0.015 0.230 0.281

0.136 0.046 0.391 0.573

•Precision = ±0.003 g.
•♦Estimated value; inlet end of TGT A was corroded and disintegrated.
+Includes estimated mass of deposits in connecting tubes, based on '"Cs data.
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Results

Table 3.10 Test VI-6 release data for less-volatile fission products

Release (% of inventory)

Location

Time fuel at

2300 K (min) Sr Mo Te Ba

Furnace 60 5.50 12.2 40.7 29.0

Train A 2 0.087 0.015 1.80 1.10

Train B 18 0.063 0.008 1.43 0.817

Train C 40 0.171 0.40 19.5 1.45

Totals 5.82 12.6 63.4 32.4

agreement with the CORSOR model and with other
experimental data.14

3.6 Modeling of Volatile Fission
Product Release

Because the KKr, 134Cs, and 137Cs 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 Kr and Cs were similar, including the
transition period from hydrogen (reducing) to steam
(oxidizing) atmospheres.

The on-line data for Kr and Cs were used to calculate

the minute-by-minute diffusion coefficients during test
VI-6, and the MKr diffusion coefficients are plottedvs
temperature in Figure 3.8. Good agreement with a

curve representing the ORNL Diffusion Model is
apparent, and the agreement of Cs data with the
model was comparable. This model, which uses data
from previous tests, most of which were in steam, and
includes the effects of grain size and burnup, has been
described elsewhere.7 As may be seen in Figure 3.8,
the values from test VI-6 fall somewhat above the

curve at the lowest temperatures (<1500 K). This
release is believed to result from a combination of

poor counting statistics and surface desorption of
nuclides released and adsorbed during irradiation,
rather than from diffusion from the fuel matrix. The

vertical cluster of points at 2300 K reflects the decline
in release rate with time, as a result of source deple
tion, at the constant test temperature. A plot of the
same diffusion coefficients for "Kr as a function of
time is presented in Figure 3.9. The decline in diffu
sion coefficient during the period of low steam flow
(-55 to 93 min) and the increase in diffusion coeffi
cient with increased steam flow are apparent in this
figure.
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Comparison

4 Comparison of Release Data with Previous Results

The fission product release data from this test (VI-6)
have been compared with the results from earlier
experiments and also with results from an earlier
comprehensive NRC review of all relevant fission
product release data, which was the basis for the
CORSOR model.15 Because test VI-6 was essentially
identical to test VI-2 except for the change in atmo
sphere, we were particularly interested in comparing
the results from these two tests.

The integral release data for nine fission product
elements from test VI-6 are compared with results of
previous tests of BR3 fuel (VI-2, VI-3, VI-4, and VI-5)
in Table 4.1. The VI-6 data, with test phase differen
tiation, are plotted in Figure 4.1. For Figure 4.1, the
release of furnace-deposited material was assumed to
be at the same relative rate as material collected in

systems A, B, and C. 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, and exhibited a
general increase with test temperature, reaching
~ 100% at 2700 K. The release behavior of iodine is

believed to be similar to that of krypton and cesium;
the somewhat lower values for iodine shown in Table

4.1 can be explained by the problems of thorough
sampling and neutron activation analysis. No
significant influence of the reactive atmospheres,
steam and hydrogen, on the release of these highly
volatile elements was apparent.

With regard to atmospheric effects on the less-volatile
species, the recent data supported the conclusions
drawn from earlier results.1*17 The release behaviors
of Sb, Sr, Mo, Te, Ba, and Eu, on the other hand,
showed a clear influence of the reactive atmospheres,
and these atmospheric effects became more exagger
ated at the highest temperature, 2700 K. Much higher
release of Sb and Mo was observed in steam, whereas
Ba, Sr, and Eu releases were higher in hydrogen. The
data for Te appear inconsistent; incomplete sampling
and analysis, as well as some uncertainties about the
oxidation conditions, are believed to be the main
problems in interpreting Te behavior. In conclusion,
the behaviors of these elements in test VI-6 were

found to be generally consistent with their chemical
characteristics.
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Table 4.1 Comparison of fission product release data for VI tests

Test conditions

Test temperature (K)
Time at temp, (min)
Atmosphere**

Fission product release

BKr
12$Sb
129I
^Cs

Sr

Mo

Te

Ba

1MEu

Test No.

VI-2 VI-3 VI-4 VI-5 VI-6

230 2000/2700* 2400 2015/2740* 2310

60 20/20 20 20/20 60

Steam Steam Hydrogen Hydrogen Hydrogen/steam

(% Release from fuel)

>31 100 94 100

68 99 6.4 18

40 69 87 ++

67 100 96 100

ND+ 2.7 ++ 34

86 77 7 2.3

>50 100 <46 82

19 30 27 75

0 -0.01 19 57

75

64

67

80

5.8

13

63

32

14

'Tests VI-3 and VI-S were conducted in two phasesat two different temperatures.
**In all tests, the reactive atmosphere was mixed with helium.
+ND = Not Detected.

++Analysis incomplete.
fExtrapoIated from limited data.
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Summary

5 Summary and Conclusions

In view of the preliminary nature of this report and
the fact that some important analyses/results have not
yet been obtained, a thorough interpretation of the
results of test VI-6 is not possible at this time. How
ever, several significant observations are appropriate.

(1) This was the second test at 2300 K for 60 min
and the first test in which the atmosphere was
changed from hydrogen to steam in mid-test.
With the exception of the delay in establishing
design steam flow through the furnace after
hydrogen flow was stopped, the test was con
ducted as planned. Examination showed that the
Zircaloy cladding had melted during the heatup in
hydrogen and that only minimal collapse or run
down of the U02 fuel had occurred.

(2) The release values for many of the fission prod
ucts were determined for the specific conditions
of this test. The integral release values were 75%
for Kr, 80% for Cs, 67% for I, 64% for Sb, 63%
for Te, 32% for Ba, 5.8% for Sr, 13% for Mo,
and 14% for Eu. Comparison of these release
values with the results from previous tests showed
generally consistent behavior of the fission
products. The fractional release measurements
for iodine will be completed and reported later.

(3) Compared to previous tests, a larger fraction of
the released fission products (32% of the Sb, 54%

of the Cs, and 98% of the Eu) deposited on the
Zr02 ceramics in the outlet end of the furnace.

(4) The total mass of deposits collected on the TGTs
and the filters (0.57 g) was only 51% of that col
lected in test VI-2, which experienced the same
temperature-time history. Most of this release
occurred during Test Phase C, confirming pre
vious observations of much higher mass release
rates in steam than in hydrogen.

(5) Approximately 5.1% of the released iodine was
collected on the charcoal filter cartridges, indi
cating it had been in a volatile form — I& HI,
and/or CH3I. This relatively high fraction is
believed to result from radiation decomposition
of more stable forms, such as Csl.

(6) As in all previous tests, the release behaviors of
the volatile species (Kr, I, and Cs) were very simi
lar in test VI-6. In addition, the diffusion
coefficients for Kr and Cs calculated from on-line

release data were in good agreement with the
ORNL Diffusion Model.

(7) The fractional releases of several less-volatile
fission product elements were found to be signifi
cant, varying from 5.8% for Sr to 63% for Te.
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