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Abstract

Test VI-6 was the sixth test in the VI series conducted releases were 75% for 85Kr,67% for *I,64% for Sb,S

in the vertical furnace. The fuel specimen was a 15.2- 80% for both *Cs and "'Cs,14% for *Eu,63% for
em-long section of a fuel rod from the BR3 reactor in . Te,32% for Ba,13% for Mo, and 5.8% for Sr. Of the
Belgium. ' Die fuel had experienced a burnup of totals released from the fuel,43% of the Cs,32% of
~42 mwd /kg, with inert gas release during irradiation the Sb, and 98% of the Eu were deposited in the out-
of ~2% The fuel specimen was heated in an induc- let end of the furnace. During the heatup in hydro.
tion furnace at 2300 K for 60 min, initially in hydro. gen, the Zircaloy cladding melted, ran dowm, and

. gen, then in a steam atmosphere. The released fission reacted with some of the UO and fission products, i3

products were collected in three sequentially operated especially Te and Sb. The total mass released from
|collection trains designed to facilitate sampling and the furnace to the collection system, including fission
i

analysis, products, fuel, and structural materials, was 0.57 g, '

almost equally divided between thermal gradient tubes
The fission product inventories in the fuel were and filters. The release behaviors for the most volatile
measured directly by gamma-ray spectrometry, where elements, Kr and Cs, were in good agreement with the
possible, and were calculated by ORIGEN2. Integral ORNL Diffusion Model.
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Executive Summary

De objective of this report is to document as com- released "Sb,35% of the released *I,54% of
pletely as possible the observations and results of the released Cs, and 98% of the released 2"Eu
fission product release test VI-6 that was performed were deposited on the ZrO ceramics at the out-2

July 11,1991. Although all analyses have not been let end of the furnace. Pretest and postlest
completed and all final data have not been received, gamma ray spectrometry of the fuel was valuable
this report presents all currently available results for in determining the release fractions as well as the .
potential use by other reactor safety researchers. axial distributions of the fission products within,

Complete interpretation and correlation of these the fuel rod and the furnace.
results with related experiments and with theoretical
behavior will be included in subsequent reports, which (3) Compared to earlier tests, both in steam (VI-1,
will consider the results of several tests over a range of -2, and -3) and in hydrogen (VI-4 and -5), a
test conditions. Similar data summary reports for larger fraction of the cesium released in test VI-6
previous tests in this project, as well as other reports (54% vs 4 to 47%) deposited on components in
of related project activities, are listed in the Foreword. the exit (top) end of the furnace. In addition, the

amounts of released cesium in vapor (43 mg) and
The fuel specimen used in this test was cut from fuel aerosol (37 mg) forms, as indicated by collection
rod I-114 that had been irradiated in the BR3 reactor in the thermal gradient tubes (TGTs) and filters,
in Belgium from July 15,1976, to September 26,1980. respectively, were nearly the same in test VI-6.
He specimen contained 71.80 g uranium and had
been irradiated to a burnup of ~42 mwd /kg uranium. (4) The axial distributions of cesium in the test VI-6
The fission product inventories, as measured in the TGTs were more uniform than in most previous
fuel and calculated by ORIGEN2, and a description of tests. In TGT A (which was used during Test
the test procedure and conditions are included in Phase A - the initial part of the test), a tall
Section 3. This test was heated to the test tempera- narrow peak indicated a high concentration of
ture (2300 K)in a hydrogen-helium atmosphere; the cesium at a deposition temperature of ~350*C
Zircaloy cladding melted and ran down the vertical (~625 K). No other radionuclides were detected
specimen, exposing the UO fuel pellets. The hydro- in the TGTs except for small concentrations of2

gen flow was then replaced with steam, which began to 2"Sb and '"Eu, both near the entrance of TGT C,
oxidize the UO . The objective of the test was to used during Test Phase C, the final 40 min of the2

determine the effect of steam oxidation on fission test.
product release and transport. The test results and
some preliminary interpretations are presented in (5) The total mass of deposits on the TOTS and
Section 4, and these results are compared with data filters was determined by direct weighing to be
from previous tests in Section 5. The most important 0.57 g; this mass was almost equally divided
results are: between the TOTS and the filters, but most of the

release occurred during Test Phase C. It should
(1) Postlest examinat:on,in agreement with on-line be noted that the test configuration did not

radioactivity measurements, indicated that the include reactor structural or control materials
Zircaloy cladding had melted during the test. The which could add significant aerosol masses during
15-cm long fuel specimen apparently had not col- an accident.
lapsed, howeser, but remained standing through-
out the test. (6) Approximately 5.1% of the released iodine was

collected in a volatile form, I, HI, or CH 1. This-2 3

(2) The values for total fractional release from the relatively high fraction - in most previous tests,'
fuel specimen, based on ORIGEN2 calculations <0.5% of the iodine was found at this location -
and gamma-ray spectrometry measurements, were is believed to result from radiation decomposition
~75% for "Kr,64% for *Sb,80% for both "Cs of more stable forms, such as Cs!.8

and "'Cs, and 14% for "Eu. Other measurement2

,

techniques showed that 67% of the 22'I,63% of (7) The measured diffusion coefficients for the
'

the Te,32% of the Ba,13% of the Mo, and 5.8% release of "Kr and "'Cs agreed well with the
of the Sr were released also. About 32% of the ORNL Diffusion Release Model.
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Foreword
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of fission product release tests of high.burnup, com- K. S. Norwood, J. R. Travis, and C S. Webster,
mercial LWR fuel under severe accident conditions. " Observed Behavior of Cesium, Iodine, and
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Introduction;

1 Introduction
!

| This report summarizes data from the sixth test in a (2) to apply these data to the development of fission
vertical test apparatus. This series of tests is designed product release and transport models,
to investigate fission product release from light-water
reactor (LWR) fuel in steam and/or hydrogen in the Tests of high-burnup LWR fuel are emphasized in this
temperature range of 2000 to 2700 K. Six earlier tests, program. The applicability of simulated fuel (unitra-
denoted 111-1 through Hi-6, were conducted under diated UO, containing radioactive fission product
similar conditions in a horizontal furnace at tem- tracers) was considered, and several sintulant tests
peratures of 1675 to 2275 K (1400 to 2000*C). The have been conducted to provide valuable data about
HI series tests were analyzed and reported previously,' the behavior of specific fission product species.' All
and comparable data summary reports are listed as tests have been conducted at atmospheric pressure in
items 1 through 6 in the Foreword. After revising the helium mixed with either steam or hydrogen in a hot
test apparatus to accommodate the vertical furnace, a cell mounted test apparatus.
new series of tests to higher temperatures, denoteo
VI-1 through VI-6, was initiated.24 All of this work The procedures and techniques used in preparing and
has been summarized in Nuclear Safety ' conducting the test, as well as in postlest examination

and arialysis, were very similar to those used in earlier
tests. The analytical techniques employed are listed in

The purpose of this work, which is sponsored by the Table 1.1. This report provides a brief description of,

U.S. Nuclear Regulatory Commission (NRC), is to test VI-6 and a compilation of all results obtained to
obtain the experimental data needed to reliably assess <? ate. Other analyses,in particular neutron activation,

| the consequences of a variety of heatup accidents in for iodine, are still in process and will be reported
LWRs.' The specific objectives of this program are: 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

(1) to obtain fission product release and behavior data fission product release tests at temperatures up to
applicable to the analysis of reactor accidents, and 2700 K.

;

1

|
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Introduction

Table 1.1 Analytical techniques used for fission product analysis

Technique Time Incation Elements
,

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

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

Positest Furnace components, Ru, Sb, Cs,'Ce, Eu
TGT, filters

Neutron activation Posttest Charcoal; solutions from I, Br
analysis furnace, TOT, filters

Chemical analysis Posttest Furnace, filters U,Pu

inductively coupled Posttest Acid solutions from Many cations, especially Sr,
plasma-emission furnace, TGT, or filters Mo, Ru, Te, Ba, U
spectrometry
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Description !

l

i
2 Test Description i

The vertical test apparatus"is operated remotely and 2.1 Fuel Specimen Data
is capable of conducting tests at temperatures up to
2700 K for time periods up to 60 min in reactive The test specimen was a 15.2-cm-long section of rod
atmospheres, such as steam and/or hydrogen mixed I 114 from the BR3 reactor in Belgium, as shown in
with helium. Details of the furnace are shown in Figure 2.4. This fuel was irradiated from July 15,
Figure 2.1, and the entire test apparatus installed in 1976, until September 26,1980. Details of the
the hot cell is illustrated in Figure 2.2. Both manual irradiation and of the characteristics of this particular
and automatic optical pyrometers are used for temper- specimen were reported by Adams and Dabell' and are
ature measurement, supplemented by thermocouples I sted in Table 2.1. The fuel in this rod had an initial
during the low-temperature heatup phase, enrichment of 5.76% 235U, and the VI-6 specimen had

attained a burnup of ~42 mwd /kg during irradiation.
The released fission products are collected in three Fission product inventories for the specimen were
sequentially operated, parallel collection trains. Each measured by direct gamma spectrometry of the fuel
train is composed of (1) a 7.6-mm ID platinum or and were calculated with the ORIGEN2 computer
stainless steel-lined thermal gradient tube (TGT) program;" these data are shown in Tables 2.2 and 2.3.
designed for vapor condensation; (2) a filter package
containing graduated fiberglass filters for aerosol As reported by Adams and Dabell, no axial scan of the
collection and heated charcoal that had been impreg* gamma radioactivity along the intact fuel rod was
nated with triethylenediamine (TEDA) for iodine made before the rod was sectioned. Scans of nearby
sorption; and (3) cold charcoal traps for rare gas rods with similar operating histories, however,'
collection. The on line releases of asKr and "'Cs are indicated that rod 1114 had experienced no unusual
monitored by detectors observing these collector com- temperature, power, or burnup histories during 1986.
ponents. In steam atmosphere tests, a hot CuO bed is Reactor operating data showed that this fuel rod had
used to oxidize the hydrogen generated by reaction of operated at a maximum linear power of 222 W/cm
steam with the Zircaloy cladding. The collection of averaged over the 1-m length, indicating that the fuel
this water in a ccmdenser is measured continuously by in the peak burnup region (near midlength) would
a modified conductivity meter, thereby indicating the have operated at a peak linear power of ~285 W/cm
oxidation rate of the cladding. Details of the fission at that time. These data showed that the fuel had not
product collection system are shown in Figure 2.3. experienced high enough operating temperatures to
included in the test VI-6 apparatus were two radia- cause significant migration of the fission product
tion detectors that were collimated to monitor the cesium during irradiation. ' Die data shown in
radioactivity (primarily "*Cs and "'Cs) in the top and Figure 2.5 were used to estimate fission gas release

'

bottom regions of the fuel specimen. Data from these from the peak burnup region of a fuel rod. Using
instruments should indicate any movement or collapse Figure 2.5 and the operating history,we estimate that
of the fuel during the test. ~2% of the total krypton generated in the fuel had

been released during irradiation. The conversion from
The tests planned for this vertical apparatus assumed average gas release to release from the peak power
that temperature (2000 to 2700 K) was the dominant (and peak burnup) location was made using the
variable. The flow rate of reactive gas (0.3 to 1.5 U previously described D' (empirical) method."
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 UO fuel pellets, for a total *J. P. Adams and B. R. Dabell, Idaho National

2

time of 60 min. Test VI-2, which was heated at 2300 K Engineering 1.aboratory, Idaho Falls, ID 83415,
in steam for 60 min, provides a basis for comparing ' Characteristics of UO -Zr Fuel Rods Irradiated in the2

atmospheric effects. BR3 Reactor," private communication,1986.

3 NUREG/CR 6077
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Description .

.

Table 2.1. ' Data for fuel specimen used in test VI-6 j
4

.

Fuel specunen identification' Rod I-114, section 3
BR3 Reactor (Belgium)

' Irradiation data
Period July 15,1976, to Sept. 26,1980.
Fuel specimen burnup 42 mwd /kg U
' Maximum heat rating 222 W/cm

Specunen data
Length . 15.2 cm-

. Fuel loading 81.5 g UO,(71.80 g U)
Initial enrichment 5.76% mU
Total weight 103.0 g

Weight of Zircaloy 21.54 g

Gas release during irradiation ~2% (from specimen)

i

:

i

t!

e

i
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Description -

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

In VI-6 specimen *

Nuclide (mg) . (mci)
At 7/1S1 At 7/1N1

Fission products
Kr-85 1.207 473.9
Sr 90 44.71 6,094
Ru-106 0.0050 16.75

4Ag-110m 7.9 x 10 0.0038
Sb-125 0.0597 61.61
1-129 12.87 0.0023
Cs-134 0.259 335.5
Cs-137 88.74 7,726
Ce-144 0.0016 5.068
Eu-154 1.380 372.7
Eu-155 0.249 115.7

Total fission products 3,118 29,400

Actinides
c U-234 21.58 0.135
'

U-235 1,141 0.0025
U 236 519.6 0.034
U-238 66,090 0.0222
Total U 67,770 0.315

Pu-238 13.41 229.5
Pu-239 352.5 21.92
Pu 240 161.6 36.83
Pu-241 46.75 4,818

Pu 242 24.79 0.095
Total Pu 599.0 5,106

Total actinides 68,460- 5,286

'VI4 specimen contained 71.80 g U = 7.180E-5 MTU before irradiation.

|

!

| 9 NUREG/CR-GT/7

, .- - . . _ - --



- - -

Description

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

Element In V14 specirmen*
(mg at 7/1/91)

Sc 5.457
Br 2.097
Kr 36.87
Rb 3630
Sr 84.08
Y 47.89
Zr .356.1
Mo 310.3
Tc 71.88
Ru 182.6
Rh 38.46
Pd 8832
Ag 4.425
Cd 6.266
In 0.184
Sn 6.381
Sb 1.495

Te 40.03
-1 15.92 I

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

,

*V14 specimen contained 71.80 g U = 7.180E-5 MTU before irradiation.

|

1
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Description

In addition to the test VI-6 fuel specimen, three other specimen and the final closure of the furnace and
15.2-cm-long specimens were cut from rod 1-114 and containment box were done remotely. No in-cell
prepared for future testing. One of these specimens operations were required during the test. Before
was heated in test VI.5.' Three short samples (1 to heating was begun, the test apparatus was evacuated
2 cm long) were cut for metallographic examination, and purged with helium,
for dissolution and chemical analysis, and as an
archive sample for possible future use. This test was intended to study the effect of steam

oxidation of the UO on fission product release at2

Tapered end caps of Zircaloy-2 were pressed onto the 2300 K. In earlier tests in steam, VI-1, VI-2, and
ends of the test specimen, not as gas seals, but to VI-3, the oxidized cladding had remained largely
prevent loss of the fractured UO fuel during subse- intact, serving as a barrier to effective UO -steam2 2

quent handling. The bottom end cap included a pin to contact. The operating conditions are summarized in
facilitate vertical mounting. A small hole,1.6 mm in Table 2.4, and the temperature history similar to that
diameter, was drilled through the cladding at mid- in test VI-2 is shown in Figure 2.8. The heatup rate _

length to serve as a standard leak for gas release in test VI-6 was ~0.8 K/s, which is similar to those in
during the heatup phase of the test. These details are tests VI-1 and VI-2. Tests using ThO ceramic furnace2

shown in Figure 2.4. tubes (VI 3 and VI-5) required slower heatup rates to
avoid fracturing by thermal shock.

The gamma-ray profile of the test VI-6 fuel specimen,
as observed through a 0.25-mm (0.010-in.) window, is The more important events during the test are listed
shown in Figure 2.6. This profile, which is dominated in the test chronology, Table 2.5. The time periods
by *Cs and "'Cs, indicates very uniform burnup of the for operation of the three collection trains (see
fuel and fission product content along the specimen, Figure 2.8) were for Train A, O to 55 min; for Train B,
as well as the location of individual fuel pellets. The 55 to 73 min; and for Train C,73 min to the end of
axial distributions of *Cs, "'Cs, *Eu, and "Co, as the test, ~200 min, including cooldown. A preheat
measured through a 1-cm window at 1-cm intervals, period was included to slowly heat the specimen to
are shown in Figure 2.7. These data show that no ~550 K in helium prior to beginning hydrogen flow
significant migration of the volatile cesium occurred to the furnace. Time zero was defined as that time
during irradiation. when the controlled heating ramp was begun, with

stable gas (hydrogen + helium) flow through the

22 Test Conditions and Operation warm furnace established. Temperature measuremeni
and control were generally good. The 12-min period

As in each of the previous experiments, the test at ~1400 K was included to ensure heatup of ceram-

apparatus was assembled by direct handling, which is ics in the outlet end of the furnace and to compare

possible because the hot cell and test apparatus are the data from the optical pyrometers before any

decontaminated after each test. Also, new ZrO significant release of fission products had occurred.
2

furnace components, new TGT liners of 0.002-in.
(0.051-mm)-thick stainless steel, and new filter pack- With one exception, operation of test VI-6 was con-

age components were prepared and installed. In most ducted as planned. At the transition from Test Phase

previous tests, platinum liners were used to provide a A (hydrogen + helium atmosphere) to Test Phase B

relatively unreactive surface for the deposition of (steam + helium atmosphere), the valves for switching

fission products, so that effects on the chemical forms the flows of reactive gases were operated correctly, but

of the deposits would be minimized. In an effort to a partially open bypass valve allowed most of the

investigate the effects of a realistic reactor material on steam to escape from the system, rather than to flow

the forms of the deposits, stainless steel liners were through the furnace as planned. This loss of steam
was detected and corrected at a test time of 93 min,used in test VI-6 and in some earlier tests. Only the
20 min into Test Phase C.transfer and loading of the highly radioactive fuel

NUREG/CR-6077 12
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Description -

Tabic 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

During 60-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 (IJmin at 20*C,1 bar)* "
Durine Phase A
50% H + He recirculation system 0.20

2

50% H + He to fuel specimen 0.80
2

Durine 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

* Measured by mass flowmeters.
"Atmolute pressure in furnace during test was 0.09906 MPa 042 mm Hg).
+During Phase B and first 17 min of Phase C, steam flow across fuel specimen was reduced by an unknown amount because
of icakage.
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Description

Table 2.5 Chronology of tcst VI-6, July 11,1991

Furnace temperature
"Hmc 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 H flow, begin steam flow 1540 55 2318 |2

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 pyrumeter measurements 1708 143 1226

Test essentially complete _ 1718 153 ~ 1000'
.,

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

' July to,1991.
"RT = room temperature.
+11ased on thermocouple measurement.

')
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Description

2.3 Posttest Disassembly and mntamination from fuel handling. The ZrO top end2

gaminallOn 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 UO2After the test was completed, the apparatus was moni-
fuel column tilted to one side but still standing. Aftertored for the distribution of radioactivity before
photography, the furnace cavity was filled with epoxydisassembly was begun. The highest concentrations of
res n t pmem the geomen of the degraM fuelradioactivity were found at the furnace exit and in the
specimen during handHng and any sectioning andfirst (lower) half of the TGTs. Initially, the filter
mier structural examination. After removal of the

assemblies and the top furnace flange-TGT assembly,
fuel urnace tube assemMy from the furnace,it was

contaluing the TGT liners, were removed, scaled, and
analyzed in detail by gamma spectrometry.

| transferred to another hot cell to avoid potential

(
.

.

\
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Results

!

3 Test ReSults

3.1 Gamma Spectrometry Data measurements during the tests. The distributions of
"Cn and "Sb (see Figure 3.2) had been drastically
altered. Very high concentrations of these two

After the test, all experimental components and col- nuclides appeared 3 to 4 cm below the original fuel
lectors were analyzed under well-defined geometry to location, clearly identifying a large deposit of the

' determine the concentration of the gamma-emitting Zircaloy cladding that contained the "Co, an activa-
fission products. The previously proven empirical tion product, and a significant concentration of 2*Ru
method of determining the effective shielding to as well.

I obtain a mass balance for cesium among several of the
"'Cs gamma-ray energies was used. In general, we believe that ""Ce is the best indicator

of fuel location. Because of the long decay time for
Pretest gamma spectrometric analysis of the 15.2-cm- the fuel in test VI-6 (~ 12 y), however, the wunting
long fuel specimen was used to determine the fission precision for '''Ce (Tv2 = 284 d) was poor. Therefore,
product inventories in the fuel. Long-lived gamma in test VI-6, *Eu is believed to be the best indicator
emitters '"Ru, mSb, *Cs, '''Cs, *Eu, and "Co - for the location of UO fuel. Since some *Eu was2
were determined directly. A calculation by the compu- found below the original fuel location, it appears that
ter program ORIGEN2 supplied the inventory values a small amount of UO either fell down as particles of2
for other fission products, activation products, and fuel fuel or was dissolved and carried down by the molten
nuclides, as shown in Tables 2.2 and 2.3. Based on Zircaloy cladding.
measurements at 1-cm intervals of the *Cs, "'Cs, and
*Eu, as shown in Figure 2.7, the axial distributions of As has been typical of these tests of high-burnup,
the major fission products were relatively uniform long-decayed fuel, "'Cs and *Cs were the dominant
along the rod. The uniform axial distribution of the activities in almost al! samples of released material
"Co in the Zircaloy cladding, also shown in Figure 2.7, and interfered with the analysis of less abundant
is further verification of a uniform neutron dose f ssion products. The integral release behavior of
(which indicates a similar burnup distribution) during krypton, as functions of time and temperature, is
irradiation. illustrated in Figure 3.3. The cesium release behaviors

from the top and bottom regions of the fuel specimen,
The posttest distributions of '"Ru, "'Cs, and *Eu, as as indicated by the in-cell fuel monitors, are compared
determined by gamma analysis of 1-cm-long sections of with this krypton release curve in Figure 3.4. This
the fuel-furnace tube assembly, are shown in Figure figure indicates that cesium release from the top of
3.1, and the corresponding data for "Ru, "Sb, and the specimen occurred somewhat earlier than from the

2

"Co are shown in Figure 3.2. In the region where the bottom, suggesting a higher temperature at the top.
fuel was originally located (0 to 15.2 cm in both The distributions of the cesium release to the TOTS
figures), the dominant species were '"Ru and *Eu. (primarily vapor forms) and to the filters (primarily
However, relocation of all gamma emitters is apparent. acrosol forms) are shown in Figure 3.5. These data

f Firstly, most of the "'Cs had been released from the
were obtained from the Nal(TI) detectors which

f hot zone of the furnace, with the remainder distri- measured 2''Cs directly. The latter are believed to be
buted over the original fuel zone (presumably in the more reliable than the fuel monitors that supplied the
UO fuel) at ~20% of the originallevel. The '"Ru gross gamma data shown in Figure 3.4. These curves2

and the *Eu distributions were similar, with greater in Figures 3.3,3.4, and 3.5 show that the maximum
than original concentrations near the bottom end of release rate occurred during the period of clad melting
the original fuel location and lower concentrations,50 and rundown, at temperatures of 2050 to 2300 K (at i
to 90% of original, over the upper 60% af the original 50 to 54 min), as was observed in test VI-5 in I

fuel location. These data indicate that some limited hydrogen.' During Test Phase B and the first 20 min
fuel collapse or meltdown had occurred, but that most of Test Phase C, the period of very low flow rate
of the fuel remained in a vertical column, as had been because of the steam leak, Kr and Cs release rates
concluded from the in. cell radiation detector declined. When high steam flow was established
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across the fuel specimen, at a test time of 93 min, a B, and C collection periods. The simplest method is
. rapid increase in release rates was observed, showing to assume that the cesium deposited in the furnace,

the effect of steam oxidation on the UO . was released from the fuel at the same rate as the2

cesium that was deposited in the A, B, and C collec.
A summary of the fractional release results for Kr, Sb, tion systems. This is the method that was used with
Cs, and Eu, as determined by gamma spectrometry, the ST-1 test, but it gave erroneous results for test

12and for 'I, as determined by neutron activation VI-6. When this method was tried, the resulting
analysis, is presented in Table 3.1. Although no data release rates did not agree with those measured by the

3dfor Cs are shown, the agreement with "'Cs was con- radiation detectors that were directed at the fuel rod
sistently good (within i3%) at all locations. Since itself, and it required unrealistic changes in efficiency
there is no apparent reason for a separation of the for the radiation detector monitoring the thermal
two Ce radionuclides, this is a good indication of the gradient tube and the top of the furnace.
precision of the analyses. The distribution of cesium
within the test apparatus is shown in detail in Table The following procedure was used to calculate the
3.2. An unusually large fraction, ~54.3%, of the amounts of vapor-form cesium and aerosol-associated
ccsium released from the fuel was retained in the fur- cesium and the times that they were released from the
nace in test VI-6. The fractional retention values for fuel.
cesium within the furnaces for the six VI series tests
are compared in Table 3.3. Except for test VI-4 (1) All of the cesium deposited on the TOTS and on
(2440 K in hydrogen), which had a furnace retention the ZrO plugs at the top of the furnace was2

fraction of 47.1%, only 4 to 11% of the released assumed to have been in a vapor form before
cesium was retained in any previous VI test. As condensation or reaction with the ZrO -2

| observed in other tests, this suggests that cesium
reacted with the ZrO ceramics to form some cesium (2) All of the cesium collected on the filters and2

compound, probably C5 ZrO , more efficiently under filter inlet lines was assumed to be aerosol; 2 3
| these conditions than in steam, or at different associated.

!' temperatures."
j (3) The amount of cesium deposited in the furnace

The measured distributions for the released *Sb and inlet and exit regions was assumed to have a
"dEu within the test apparatus are shown in Table 3.4. vapor / aerosol form ratio the same as the vapor /
Although these nuclides are of relatively low yield and acrosol ratio calculated from the total amounts
are not among the most hazardous, they have interme- in steps 1 and 2.
diate half-lives and strong gamma rays, which maket

I them easily detected. Because previous release results (4) The amount of aerosol-associated cesium calcu-
| showed moderate Eu release in hydrogen but almost lated in step 3 was distributed to time periods
| none in steam, most of the europium release in test A, B, and C in direct proportion to the amounts
( VI-6 (13.7%) is believed to have occurred during Test calculated in step 2.

Phase A (in hydrogen). Very little europium, which isi

! relatively involatile under oxidizing conditions, has (5) The amount of vapor-form cesium calculated for
been released in tests in steam, but 13.4% was the furnace deposits in step 3 was allocated to -
released in test VI-4 at 2440 K in hydrogen. As time periods A, B, and C according to the radia-
shown in Table 3.3, significant fractions (6.7 and 55%, tion detector that monitored cesium deposition
respectively) of the released Sb and Eu were depos- in the TOTS and the top of the furnace eachs-

ited on ceramic surfaces in the outlet region of the minute during the test.!

i furnace, where temperatures were believed to be 1500

{ to 2200 K during the test. The results of this calculation are shown in Table 3.5
and Figure 3.5. De on-line radiation detectors are

in order to calculate the release of cesium as a func- the Nal crystal type whichyrmitted measurement of
both "dCs and 22'Cs. The Cs data were used in pref-L tion of time,it is necessary to allocate the amount of

'

cesium collected on the furnace components to the A, etence to the "'Cs 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

Operating time Fraction of fission product imentory found (%)*
Imcation at T >2000 K

(min) "Kr 2sSb '"I '" O "5'Eu

Furnace components 72 0 20.5 23.1 43.5 13.4

Collection Train A: 6
TOT A 0.0 3.50 8.34 0.0
Filters 0.0 14.7 5.37 0.04

Total Train A 42.0 0.0 18.2 13.71 0.04 i

Collection Train B: 18

TOT B 0.0 1.84 2.57 0.0
Filters 0.0 2.04 2.78 0.001

Total Train B 16.9 0.0 3.88 5.35 0.001

Collection Train C 48
TGT C 8.35 5.67 8.91 0.028 ,

Filters 34.64 16.1 8.59 0.167 |
Total Train C 16.4 42.99 21.8 17.50 0.195 i

Total for test 72 75.3 63.5 66.9 80.1 13.7

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

,

s
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Results

Table 3.2 Cesium release and distribution data for test VI.6 i

Approximate Cesium found at each location *
temperature

Slocation (K) Cs Total Cs (% ofinventory)
(mO) (mg)

Furnace components
Inlet region 500 - 1600 208.0 5.99 2.742
First ZrO Plug ~ 2100 2.2 0.06 0.0292

Second ZrO l2 P ug ~ 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
TGT B 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

i 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

i Train C
TGT C 407 - 1010 675.5 19.47 8.905

( TOT - 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
IIEPA filters 410 0.6 0.02 0.008

i

Total 1327.8 38.27 17.50 |

:s lj Total released from fuel 6075 175 80.08

} Total in fuel (after test) 1511 43.55 19.92
~v

* Inventory based on measured data: 7586 mG "'Cs on July 1,1991; 0.02882 mg Cs/mQ based on ORIGEN2.

k
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Results

Table 33 Retention in furnam of ecslum releascx1 from fuel in VI tests

Test No.
,

VI-1 VI-2 VI-3 VI-4* VI-5 VI4

Test temperature (K) 2020/2300 2300 2000/2700 2440 2000/2720 -2310
Test atmosphere Steam Steam Steam H H H/ steam

-

2 2

Released from fuel 63.1 67.2 99.9 96.1 100 80.1

(% of fuelinventory)

Retained in furnace 4.00 2.87 10.6 45.9 7.63 43.5

(% of fuelinventory)

Retained in furnace 6.34 4.27 10.6 47.1 7.63 543
(% of release from fuel)

!

'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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Tabic 3.4 Fractional release and distribution of antimony and ;

curopium in test VI4

"Sb u'Ea
,

location (mci) (% of (% of (mci) (% of (% of
inventory) released) -inventory relensent)

''

Furnace compoccats
First ZrO plug 0.236 0.7% 1.255 20.014 12.635 92.4162

Second ZrO plug 3.670 12386 19.511 1.103 0.6% 5.0912

Exit region 2.170 7324 11.536 0.159 0.100 0.734
'

Furnace total 6.076 20.506 32302 21.275 13.431 98.241

'hain 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

1

Train A total 0.000 0.000 0.000 0.067 0.042 0311

'hain B
TOT B 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 prefitter 0.000 0.000 0.000 0.000 0.000 0.000 .- r

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
L TGT C 2.474 8350 13.153 0.046 0.029 . 0.212

}j
TOT C - filter line 0.997 3365 5300 0.030 0.019 0.138
First prefilter 9.220 31.117 49.016 0.230 0.145 1.061

r 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 0310 0.1% '1.432 j
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 '8633
f
i ' laventories based on measured data: 29.63 mci '2'Sb and 172.6 mci *Eu.'

f
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Table 3 5 Physical form of released cesium

_ Amount in designated form (% of inventory)
Collection Total

AcrosolVapor
46 9

9.5
37.4A 12.15.0

7.1
B 21.1

15 3
5.8C 80.1

29.8503
Total A+B+C

charcoal (5.1%) was higher in test VI-6 than in any
correct for the time delay caused by the '137* gamma previous test, which normally averaged <0.5%.
being emitted from the "'Ba daughter. Good agree-
ment is evident between Figures 3.5 and 3.4, and A possible source of the volatile iodine is radiation
between cesium and krypton in Figure 3.5. decomposition of an iodine species collected as par-

ticulate material on the glass wool and HEPA filters.

3.2 Analysis for Iodine Because the activated charcoal cartridges are part of
the filter pack assembly and are located close to the

Since iodine has no long-lived, gamma-emitting highly radioactive filters, they would have received a
relatively high radiation dose rate. In test VI-6, thenuclides, analytical methods other than gamma spec-

trometry rnust be used to determine its behavior, filter / charcoal assembly remained scaled for 5 months

Neutron activation of *! to *I, which has abundant, after the test, a longer period than in most tests. His
extended period of exposure possibly resulted in someeasily measured gamma rays,is a proven and sensitive

technique Because the normally occurring lodine decomposition of Csl, with the released lodine being
forms dissolve readily in basic solutions to form stablesorbed on the nearby charcoal.

iodides, the collector components from this test were
3.3 Thermal Gradient Tube Depositsleached to remove this iodine for analysis.

The results of iodine analpis are summarized in He three TGT liners were made by rolling 0.002-in.-
Tables 3.1 and 3.6. As indicated, the total releases ofthick stainless steel foil into tubes. Except for being
I and Cs were significantly different. Some 34% of theannealed in He-4% Hz to aid forming, the surfaces of
released *l, compared to 54% of the released cesium,the liners were in the as-received condition. These
was deposited in the furnace, In addition, a larger liners were removed from the surrounding Inconel

fraction of the iodine was collected on the illters (75%TOTS and examined. During the test, each of the
vs 25% on TGTs), compared to nearly equal fractions 36-cm-long TOT liners had been subjected to maxi.
(46% on filters vs 54% on TOTS) for cesium, as mum temperatures of ~850*C (1125 K) at the inlet
shown in Tab!c 3.7. end. The TGT temperatures declined approximately

,

linearly to ~150*C at the exit end. All three liners
Some iodine forms (organic lodides, elemental iodine,showed evidence of external corrosion over the first
or hydrogen iodide) may pass through the TOTS, few centimeters at the inlet ends, but the liner from
penetrate the illters, and adsorb onto the heated char-TGT A (through which the furnace exit gas flowed
coalin the filter packages. For this reason, the during heatup and for the first 2 min at 2300 K) was
charcoal cartridges, which back up the filters, were much more corroded than Liners B and C, from
analyzed for *1 by direct activation also. The resultsPhases B and C later in the test. This severe corro-
of these analyses are shown in Tabic 3.8. He fractionsion, to the extent that the first ~5 cm of Liner A
of the released lodine that was collected on the

i
!
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Table 3.6 Iodine release and distribution data for test VI-6
~I

Approximate "I found at each location * '
:temperature

hti n (K) "I (pg) Percent ofinventory

Furnace components
Inlet region 500 - 1600 1 0.01
First ZrO plug ~ 2100 0 02

Second ZrO plug ~ 1700 0 0
,

'

2

Exit region ceramics 800 - 1600 400 3.11
Exit flange 350--1100 2574 19.99

Total 2975 23.11

Train A
TOT A 470 - 1000 451 3.50
TOT - filter line 430 245 1.90
First prefilter 405 1301 10.11
Second prefilter 405 0 0
HEPA filters 405 0 0
Charcoal 405 339 2.63

Total 2337 18.15

Train B
TGT B 470 -1070 237 1.84
TOT - filter line 430 18 0.14
First prefilter 410 180 1.40
Second prefilter 410 0 0
HEPA filters 410 0 0
Charcoal 410 64 0.50

Total 500 3.88

Train C
TGT C 407 - 1010 730 5.67
TGT - filter line 430 125 0.97
First prefilter 410 1516 11.78
Second prefilter 410 0 0
HEPA filters 410 0 0
Charcoal 410 428 3.33

Total 2799 21.74

Total released from fuel 8611 66.89

* Inventory based on ORIGEN2 calculation: 12.87 mg '''I and 15.92 total iodine in fuel.

I
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Results

' Table 3.7 Comparison of physical forms of iodine and asium releasM to collection trains
t

Fraction in dcsignated form (% of element re emuvi from furnace)*s

Vapor Aerosol *Ibtal
~ Collection

-

per g I O I- Cs- . 11 Os

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

Based on total inventory in the fuel,43.8% of the iodine and 36.6% of the cesium were released from the furnace.*

Tabic 3.8 Volatile iodinc in tcst VI4

B

. Volatile lodinc* i

'

. Sampic No. Mass (pg) Percent of rele==vi*

ACI 339 2.1

AC2 0.1 0.0

AC3 ND" 0.0

BC1 64 0.4
'

BC2 ND 0.0

BC3 ND 0.0

CCI 428 2.6

CC2 0.1 0.0

CC3 ND 0.0
>

_'
Totals 831 5.1

9
*As determined by measurements of "*l. ~~|

"ND = Not Detected. I

+ Assumes that total iodine release is the same as the cesium release,80.09% of total inventory.

I>
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l Results
!

disintegrated during removal, indicated that the appearances of the test VI-6 liners, and on
material released from the furnace during Phase A was measurements from other tests, we estimated that

more corrosive than that released later in the test. Liner A contained ~100 mg of deposits.
Upon opening the liners, the internal deposits in
Liner A appeared to be uniformly distributed and As would be expected, the greatest mass was collected
heavier than those in Liner B, but not as heavy as during Phase C, the longest collection period, and also
those in Liner C. the period of steam flow. (Previous tests, such as VI-3

and VI 5, have shown that mass releases are much

The collection of cesium on the stainless steel TGT greater in steam than in hydrogen.) The total mass
liners was monitored during the test by counting the collected (0.573 g) was much less than in the all-steam
"'Cs and "'Cs continuously. The final "'Cs profiles, atmosphere test VI-2 (1.134 g) at the same tempera-
as well as the temperature profile along the TGTs, are ture and time. Since 68% of the released mass
shown in Figure 3.6. Although small amounts of mSb (0.391 g) was found in Train C, the period with steam

- (in TGT C) and "'Eu (in TOTS A and C) were pres- atmosphere, test VI-6 behavior was consistent with -
ent, as measured by long counts and shown in Table earlier tests.

3.4,' the profiles could not be measured concurrently
with the "'Cs profile. The fact that most of the
cesium released during Test Phase B was in vapor 3.5 ICP-ES Analyses
form, as indicated by its deposition on TGT Liner B
rather than on Filter B, confirms that little steam was

Samples of the acidic leach solutions from the TGT
present during this period. (Previous tests have shown liners and the filters were submitted for inductively
that in a steam atmosphere, ~70% of the released

coupled plasma-emission spectrometry (ICP-ES) analy-cesium is transported as acrosols, which are collected ses for non-gamma-emitting elements. This technique
primarily on the filters.7) Only when full steam flow is well suited for measuring several of the fission
through the furnace was established (at 93 min) did

Product elements, primarily cations, and uranium.most of the cesium pass through the TOTS to be col-
Unfortunately, it is not useful for iodine analysis.lected on the filters, presumably as oxide or hydroxide
Because of the high levels of radiocesium in most of

forms.
the samples, large dilutions, which reduced the pre-
cisi n f the measurements, have been required to

3.4 Masses of Deposits in TGTS and avoid excess radiation dose to the analyst.
on Filters

As would be expected, major release fractions of all
The filters and TGT liners were weighed before and these elements were retained in the outlet end of the
after the test to determine the mass of material furnace, where the time (Test Phase A, B, or C) of
collected. Most of the material deposited in the TGT release and/or deposition cannot be determined.
liners is believed to be a result of vapor condensation, Furthermore, the largest fractions of these four
and the material deposited on the filters probably was elements that were released to the collection trains
transported primarily as acrosol. Immediately after were found in Train C, as shown in Table 3.10. The

disassembly of the filter packages, the filters were larger fractions in Train C are consistent with the

inspected and packaged for weighing. Although the steam atmosphere during that period, which tended to

prefilters exhibited light deposits, no deposits were accelerate release by oxidizing the UO , and the longer2

visible and no weight changes were observed for the period of operation,40 min as opposed to 2 min and
HEPA filters, indicating efficient collection of the 18 min at 2300 K for Trains A and B, respectively,"

aerosols by the prefilters.
Because of their well-known sensitivity to the effects

5 'Ihe masses of material collected at the various of oxidizing c(mditions, most of the release of Mo and

locations are listed in Table 3.9 and illustrated in Te is believed to have occurred during the latter part

Figure 3.7. Because of the disintegration of the inlet of Phase C, after the cladding had been oxidized by
end of Liner A, as mentioned above, an accurate the steam. The observed behavior of these four less-
weight was impossible. Based on the relative volatile fission product elements is in general
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Results

Table 3.9 Vapor and acnxsol deposits in test VI-6

Weight of deposits (g)*

Train A Train B Train C Total

Hermal gradient tube (TGT) 0.100 " 0.031 0.161 0.292

Filters
Prefilter 1* 0.036 0.015 0.230 0.281
Prefilter 2 0.000 0.000 0.000 0.000
HEPAs 0.000 0.000 0.000 0.000

Total filters 0.036 0.015 0.230 0.281

Total TOT and filters 0.136 0.046 0.391 0.573

'Preciuon = 10M3 g.
"Eatimated value; inlet end of TGT A was corroded and disintegrated.
+1ncludes 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)
Time fuel at

Imtion 2300 K (min) Sr Mo Tc 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 curve representing the ORNL Diffusion Model is
experimental data." 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

3.6 Modeling of Volatile Fission includes the effects of grain size and burnup, has been

Product Release d scribed elsewhere.' 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

Because the "Kr, *Cs, and "'Cs were collected and release is believed to result from a combination of
measured on-line at 1-min intervals during the test, poor counting statistics and surface desorption of
calculation of the minute-by-minute release rates was nuclides released and adsorbed during irradiation,
readily accomplished. As in previous tests, the release rather than from diffusion from the fuel matrix. The
behaviors'of Kr and Cs were similar, including the vertical cluster of points at 2300 K reflects the decline
transition period from hydrogen (reducing) to steam in release rate with time, as a result of source deple.
(oxidizing) atmospheres. tion, at the constant test temperature. A plot of the

same diffusio'n coefficients for "Kr as a function of
time is presented in Figure 3.9. The accline in diffu.

The on-line data for Kr and Cs were used to calculate s on coefficient during the period of low steam flow
the minute-by-minute diffusion coefficients during test

(~55 to 93 min) and the increase in diffusion coeffi-VI-6, and the "Kr diffusion coefficients are plotted vs cient with increased steam flow are apparent in this .
temperature in Figure 3.8. Good agreement with a figure.

;
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4 Comparison of Release Data with Previous ReSults

The fission product release data from this test (VI-6) believed to be similar to that of krypton and cesium;
have been compared with the results from earlier the so,newhat lower values for iodine shown in Table
experiments and also with results from an earlier 4.1 can be explained by the problems of thorough
comprehensive NRC review of all relevant fission sampling and neutron activation analysis. No
product release data, which was the basis for the significant influence of the reactive atmospheres,
CORSOR model." Because test VI-6 was essentially steam and hydrogen, on the release of these highly
identical to test VI-2 except for the change in atmo. volatile elements was apparent.
sphere, we were particularly interested in comparing
the results from these two tests. With regard to atmospheric effects on the less-volatile

species, the recent data supported the conclusions
drawn from earlier results."" The release behaviors

The integral release data for nine fission product of Sb, Sr, Mo, Te, Ba, and Eu, on the other hand,
elements from test VI-6 are compared with results of showed a clear influence of the reactive atmospheres,
previous tests of BR3 fuel (VI-2, VI-3, VI-4, and VI 5) and these atmospheric effects became more exagger-
in Table 4.1. The VI-6 data, with test phase differen- ated at the highest temperature,2700 K Much higher
tlation, are plotted in Figure 4.1. For Figure 4.1, the release of Sb and Mo was observed in steam, whereas
release of furnace-deposited material was assumed to Ba, Sr, and Eu releases were higher in hydrogen. The
be at the same relative rate as material collected in data for Te appear inconsistent; incomplete sampling
systems A, B, and C. The fractional releases of and analysis, as well as some uncertainties about the
krypton and cesium were always similar, except for the oxidation conditions, are believed to be the main
lower krypton value for test VI-2, where some of the problems in interpreting Te behavior. In conclusion,
gas was known to have been lost, and exhibited a the behaviors of these elements in test VI-6 were
general increase with test temperature, reaching found to be generally consistent with their chemical
~ 100% at 2700 K. The release behavior of iodine is characteristics.
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Comparison

Table 4.1 Comparison of fission product release data for VI tats

-|

Test No.

VI-2 .. VI-3 VI4 VI-5 VI4

Test conditions
. Test temperature (K) . 230 2000/2700' 2400 2015/2740* 2310
Time at temp. (min) 60 20/20 20 20/20 60-
Atmosphere" Steam Steam Hydrogen Hydrogen Hydrogen / steam'

Haslom product release (% Release from fuel)

8'Kr >31 100 94 100 75
mSb 68 99 6.4 18 64
'"I 40 69 87 ++ 67

"

"'Cs 67 100 % 100- 80
Sr ND* 2.7 ++ 34 5.8
Mo 86 77 7 23 13
Te >50 100 <46 82 63
Ba 19 30 27 75 32
"*Eu 0 - 0.01 19 57 14

' Testa VI 3 and VI 5 were conducted in two phases at two different temperaturra.
j "In all tests, the reactNe atmosphere was mixed with helium.

+ND = Not Detected.
+ + Analysis incompicie.
tExtrapolated from limited data.
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5 Summary and Conclusions

! In view of the preliminary nature of this report and of the Cs, and 98% of the Eu) deposited on the

i the fact that some important analyses /results have not ZrO ceramics in the outlet end of the furnace.2

i yet been obtained, a thorough interpretation of the
results of test VI-6 is not possible at this time. How- (4) The total mass of deposits collected on the TGTs
ever, several significant observations are appropriate. and the filters (0.57 g) was only 51% of that col-

lected in test VI 2, which experienced the same

(1) This was the second test at 2300 K for 60 min temperature-time history. Most of this releast
and the first test in which the atmosphere was occurred during Test Phase C, confirming pre-
changed from hydrogen to steam in mid-test. vious observations of much higher mass release
With the exception of the delay in establishing rates in steam than in hydrogen.
design steam flow throtgh the furnace after
hydrogen flow was stopped, the test was con.
ducted as planned. Examination showed that the (5) Approximately 5.1% of the released iodine was
Zircaloy cladding had melted during the heatup in collected on the charcoal filter cartridges,8ndi-
hydrogen and that only minimal collapse or run- cating it had been in a volatile form - 1. M-2

down of the UO, fuel had occurred. and/or CH 1. This relatively high fraction is3

believed to result from radiation decomposition
(2) The release values for many of the fission prod- of more stable forms, such as Csl.

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% (6) As in all previous tests, the release behaviors of
for Te,32% for Ba,5.8% for Sr,13% for Mo, the volatile species (Kr,1, and Cs) were very simi-
and 14% for Eu. Comparison of these release lar in test VI-6. In additien, the diffusion
values with the results from previous tests showed coefficients for Kr and Cs calculated from on-line
generally ccmsistent behavior of the fission release data were in good agreement with the
products. The fractional release measurements ORNL Diffusion Model.
for iodine will be completed and reported later.

(7) The fractional releases of severalless-volatile
(3) Compared to previous tests, a larger fraction of fission product elements were found to be signifi-

the released fission products (32% of the Sb,54% cant, varying from 5.8% for Sr to 63% for Te.

I
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