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Summary

The oxidation rate of the 105-K West (KW) Basin spent nuclear fuel (SNF) in a moist helium
atmosphere was investigated using a thermogravimetric analysis (TGA) system at the Pacific Northwest
National Laboratory (PNNL). As part of the study and for the purpose of comparison of the SNF data
with literature oxidation rates, unirradiated metallic uranium samples were taken from unirradiated
N-Reactor fuel and tested using the TGA system. The limited experimental measurements for both the
unirradiated N-Reactor fiel and the KW SNF samples have been completed. This report summarizes the
results obtained for these measurements.

The TGA system was modified for the moist-inert operation with the addition of a gas bubbler and
gas handling system to introduce the proper atmosphere for the measurements. The approved test matrix

includedbothunirradiatedandirradiatedfuelsamplemeasurementsto verifi expectedbehaviorbasedon
published literature rates for uranium (Sellers 1998).1 Tests were to focus on temperatures at and below
150”C,and a constant water vapor partial pressure was to be used for all tests. However, during the
investigation the decision was made to do two additional tests at about 200”C because of the difficulty in
measuring the small weight changes at temperatures ‘below 75°C. A vapor partial pressure of
approximately 7 kPa was used for these tests to have conditions similar to the expected processing
conditions at the cold vacuum drying facility. The test samples were sectioned from an inner unirradiated
N-Reactor fiel element and from an outer KW Basin damaged/corroded fuel element 4378. The
KW Basin damaged/corroded fuel element was the same one used for the bulk of the measurements in dry
air (Abrefah et al. 1998a).z These samples had regular geometrical shapes with masses between 1.5 and
3.5 grams. The dimensions of the samples were measured with a calibrated caliper and the initial exposed
uranium surface areas were calculated from these dimensions.

Five unirradiated N-Reactor fuel sample tests were conducted to add credence to the measured
oxidation rate of the SNF using the same TGA system. For the initial three unirradiated samples, gas
flow rates were between 160 and 200 cc/rein to ensure an adequate supply of reactants to the reaction
zone of the sample and to minimize any potential leakage of air into the system. Measurements started at
about 160”C and proceeded to lower temperatures and longer test times to obtain measurable weight

gains,Thelow-temperaturemeasurementinthe seriesat 75°Cresultedinnomeasurableweightgain
after approximately 100 hours; therefore, 75°C was judged as the limiting temperature for the moist

1Sellers, E.D., 1998, Letter to H M Hatch, “Contract No. DE-AC06-96RL13200, Action on Baseline
Change Request SNF-BCR-98-04 Complete Thermogravimetric Analysis Measurements” 98-SFD-094,
Department of Energy Rlchland Operations OffIce, Richland, Washington.

zAbrefah, J., H.C. Buchanan, W.M. Gerry, W.J. Gray, and S.C. Marschman. 1998a. Dry Air (lvidation
Kinetics of K Basin Spent Nuclear Fuel. PNNL- 11786, Pacific Northwest National Laboratory,
Richland, Washington.
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helium tests. During the last test in the initial series of tests involving the unirradiated uranium samples at
an intermediate temperature of 132”C, there was some sample weight loss after the first 150 minutes.
Rates derived from the weight gain over the first 150 minutes were, however, similar to expected results
based on the literature.

Seventeenirradiatedsampleshavebeentestedovera temperaturerangeof approximately75°Cto
210“C. Blank runs were also performed at various temperatures to establish the system baseline. During
the first eight tests, the SNF samples showed material loss. The material loss was ascribed to the
formation of very fine particles, probably less than a micron in size. These particles were removed by
reactant gas flow from the sample crucible and deposited on the heat shields directly underneath. Visual
examination of the test chamber after the test showed the presence of the dark uranium oxide particles on
the alumina heat shields. Earlier experiments in another test tiumace and metal lographic examinations of
reacted SNF have shown that the oxide layers formed on the irradiated fiel surfaces fracture and break off
after reaching a thickness of approximately 3 microns (Marschman et al. 1997).1 Examinations of some
of these powders formed during furnace oxidation tests showed them to be less than a micron in diameter.
A scanning electron microscope (SEM) analysis was performed on some of the oxides produced in this
study. The results indicate that the particle sizes are similar to those reported inMarschmanetal.(1997).
Additionally, it was observed that a fraction of the oxidation product has sizes that are so small that they
could be dispersed by a gas flow rate of 75 to 200 cc/rein resulting in the measurement of a weight loss by
the electrobalance.

The material loss problem was resolved by (a) reducing the gas flow velocity and (b) adding a

platinum screen as a cover for the sample crucible. Two tests (TGA Runs 87 and 90) with an unirradiated

N-Reactor sample were performed using a platinum screen and reduced gas flow to verifi that no mass
transfer effects were observed by adopting these changes to the test. The weight traces for these
unirradiated samples were similar to an earlier run with a higher flow rate and no platinum gauze cover.
A test was conducted using a KW SNF sample (TGA Run 89) to veri@ that these procedural changes
solved the mass loss problem. Both the weight trace and visual inspection of the alumina heat shield
indicated minimal mass loss, Because of the success in minimizing the mass loss, the testing of the
KW SNF samples was resumed using the same configuration and flow rate.

The oxidation behavior of KW SNF in the moist helium atmosphere showed linear oxidation kinetics
throughout the temperature range studied. Thus, the unnormalized oxidation rate (weight gain/elapsed
time) was computed using the least square regression fit to the weight trace data with an equation of
the form

AW=a+rt

1Marschman S.C., T.D. Pyecha, and J. Abrefah. 1997. Metallographic Examination of Damaged
N-Reactor Spent Nuclear Fuel Element SFEC5,4378. PNNL-1 1438, Pacific Northwest National
Laboratory, Richland, Washington.
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where AW is the weight gain, a is the intercept on the weight gain axis, t is the time in minutes and r, the
slope of the fit, is the rate of weight gain in mg/min. The calculated rate of weight gain was normalized
to the exposed uranium surface area and the square root of the vapor pressure in the gas stream in
kiloPascal (kPa) to give a rate constant, k,

/J-k= ?’
A PH20

mg/cm2 /hi-/&

The calculated reaction rates, k, are compared to similar literature data in Figure S.1. The rate

constants for the KW SNF are plotted in Figure S.1 as two groups of data. The first group is the SNF

samples that experienced significant mass loss for which only the initial weight gain or weight gain
segment with the longest duration of time was used. Their rate constants are represented as open circles
in the figure. Complete weight gain traces were used in estimating the rate constants for the second group
of KW SNF samples that did not experience significant mass loss. The oxidation rates for this latter
group are represented by the filled squares in the figure. The weight change data for the unirradiated
N-Reactor fuel samples were treated similarly to estimate the rate constants represented by filled triangles
in Figure S.1.

The oxidation rates for the unirradiated N-Reactor fuel samples in Figure S. 1 fall slightly below the
regression fit to the literature values for unirradiated metallic uranium but generally agree with the
literature within the 95% prediction interval. Such an agreement between the two unirradiated materials
(i.e., N-Reactor fuel and metallic uranium) proved the TGA system configuration could reproduce the
literature data for metallic uranium.

The calculated oxidation rates for the KW SNF, however, fall consistently below the mean of the
literature rates for unirradiated metallic uranium. Nevertheless, most of the individual rates for the
KW SNF still fall on the lower band of the 95% predicted interval. In other words, the oxidation rates of
the KW SNF samples tested were not higher than the oxidation rates of unirradiated metallic uranium.

This inferenceis supportedby statistical analysiscomparingthe SNFdata with the literature data

(Appendix C). A linear regressionline was fitted to a selection of the KW SNF oxidation data
(the complete weight gain group except the runs at about 75°C) using an Arrhenius expression

k = k. exp(-Eo I RT)

where k. is the pre-exponential factor, E, is the activation energy, R is the gas constant (= 1.987 cal/g-
mole/K), and T is absolute temperature in Kelvin. The regression fit yielded a rate constant

k = 4.53x105 exp(–13.3/RT)mg /im2 Ihrl&

where the activation energy of 13.3 kcal/mole compares very well with similar fit to the literature data
which gave an activation energy of 11.1 kcal/mole. The agreement in activation energies for the SNF
with metallic, uranium supports a conclusion that the reactivity of the KW SNF is similar to the literature

v
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data. The observed lowering of the KW SNF oxidation rate may be ascribed to an experimental difficulty
in controlling oxygen and a second property that is intrinsic to the N-Reactor fuel. These effects are

1.

‘7-.

Oxygen impurity in the reactant gas stream that could poison the moisture reaction with uranium as
indicated in the report by Colmenares (1984)1.

Alloy addition to the N-Reactor Fuel material that was also shown in the same report by Colmenares
(1984) to influence metallic uranium reactivity.

The potential for the oxygen poisoning effect was confirmed by monitoring the oxygen concentration
in the outlet gas stream using an Alfa/Omega Series 3000 Trace Oxygen Analyzer. Results of the scoping
experiment suggest that during the oxidation test the oxygen in the gas stream could be as high as about
80 vppm. The actual oxygen concentration at the test sample zone could not be accurately measured, but
may be lower than the measured value. The maximum theoretical multiplication factor due to the oxygen
poison can be estimated fi-omthe literature dataofColmenares(1984) if the assumption is made that the
response of KW SNF to the oxygen poisoning is similar to what was reported by Colmenares. Multiply-
ing the calculated oxidation rates for the KW SNF by the maximum poisoning factor will move the
KW SNF data up but most of rates will still be enveloped by the 95’%prediction interval in Figure S.1.

1 Colmenares, C.A. 1984. “Oxidation Mechanisms and Catalytic Properties of the Actinides.” l+wg.
Solid State Chemisby, 15:257-364.

vi



102 ~ , I I I I I I I I i
I I I I I I I I I

. g

.

. ● LiteratureDatae 598 K
— Literature Data Regression

101 ;
i“#*@ “ ~ u~irra~ated N-Rea.tw Fuel

-
m.

‘cd

$ ;

●

.

10° “o

“E*

a)
%
&
f=!

.+

8
lo- 3? .

P
.

.
.

lo~
I

1.5 2.0 2.5 3.0 3.5

100WT (K-l)

Figure S.1. Comparison of KW Basin SNF and Unirradiated N-Reactor Fuel Oxidation Rates
with Literature Data for Uranium in Oxygen-Free Water Vapor

vii



... -—. .. . . . — —.—. ———



Acknowledgments

The campaign to ship SNF samples from the K-Basin to Pacific Northwest National Laboratory for
characterization activities was made possible through the dedicated efforts of the operations staff at the
K-Basin and Duke Engineering and Services, Hanford SNF characterization group under the management
of Ronald Omberg and his associates, Bruce Makenas, David Bergmann, and Leo Lawrence. The authors
also extend our appreciation and thanks to the hot cell technicians of the Postirradiation Testing
Laboratory (PTL) and the Radiochemistry Processing Laborato~ (Shielded Analytical Laboratory), who

wereinvolvedinpreparationof the TGA test samples.

ix



-.. ..—...- _ .-— ———— .

. I



Quality Assurance

This work was conducted under the Quality Assurance Program, Pacific Northwest National
Laboratory (PNNL) SNF-70-001, SAY Quality Assurance Program, as implemented by the PNNL SAW
Characterization Project Operation Manual. This QA program has been evaluated and determined to
effectively implement the requirements of DOE/RW-0333P, OffIce of Civilian Radioactive Waste
Management Quality Assurance Requirements and Description (QARD). Compliance with the QARD
requirements is mandatory for projects that generate data used to support the development of a permanent
High-Level Nuclear Waste repository. Further, the U.S. Department of Energy has determined that the
testing activities that generated the results documented in this report shall comply with the QARD.
Supporting records for the data in this report are located in the permanent PNNL SNF Characterization
Project records (Oxidation of K- West Basin Spent Nuclear Fuel In Moist Helium Atmosphere).

xi



..—---

-.

.



Acronyms

CVD

DSC

IPS

kPa
Kw

MS
MWd

PTL

QA
QARD
QMS

SFEC
SNF
SEM

TGA

UHP

vppm

wppm

cold vacuum drying

differential scanning calorimeter

Integrated Process Strategy

kiloPascal
105-K West

mass spectrometer
megawatts-days

Postirradiation Testing Laboratory

Quality Assurance
Quality Assurance Requirement Description
quadruple mass spectrometer

single fuel element canister
spent nuclear fiel
scanning electron microscope

thermogravimetric analysis

ultra high purity

X-ray diffraction

volumepartspermillion

weight parts per million

...
X111



. . .— — —--. — ..— ——— —— .—

.

.



Summary .................................................................................................................................................

Acknowledgments ...................................................................................................................................

Quality Assurance ...................................................................................................................................

Acronyms ................................................................................................................................................

1.0

2.0

3.0

4.0

5.0

Introduction .....................................................................................................................................

Experimental ...................................................................................................................................

Oxidation Test Results ....................................................................................................................

3.1 OxidationofKWBasinSNF..................................................................................................

3.1.1 SNF Sample Mass Loss ...............................................................................................

3.1.2 Disintegration of SNF ..................................................................................................

3.1.3 SEM/XRD Examinations of Oxidation Products ........................................................

3.2 Oxidation of Unirradiated N-Reactor Fuel .............................................................................

Oxidation Kinetics ..........................................................................................................................

4.1 KW SNF Oxidation Rate ........................................................................................................

Discussion .......................................................................................................................................

5.1

5.2

KW SNF Oxidation ................................................................................................................

5.1.1 SNF SampleMass Loss...............................................................................................

5.1.2 SNF Sample Disintegration .........................................................................................

5.1.3 SNF Oxidation Rate .....................................................................................................

Oxidation of Unirradiated N-Reactor Fuel .............................................................................

5.2.1 Unirradiated N-Reactor Fuel Oxidation

xv

Rate ..............................................................

...
111

ix

xi

...
X111

1.1

2.1

3.1

3.1

3.5

3.8

3.8

3.12

4.1

4.1

5.1

5.

5.

5.2

5.3

5.4

5.4

I



.. .. —-

6.0

7.0

8.0

Conclusions .....................................................................................................................................

Future Work ....................................................................................................................................

References .......................................................................................................................................

Appendix A - SNF and Unirradiated N-Reactor Fuel Oxidation Results in
Helium/Water Vapor Atmosphere ..................................................................................................

Appendix B - SEM/XRDPhotomicrographsof SNFOxidationProductsand
Results of Drying Calcium Oxalate ................................................................................................

Appendix C -

Appendix D -

,

Statistical Analyses of SNF Oxidation Data ....................................................................

Data Integrity Review Team (DIRT) Activity Summary ................................................

6.1

7.1

8.1

A.1

B.]

c.

D.

●

,

.



Figures

1.1 N-Reactor Mark IVFuel Element ~sembly .............................................................................. 1.3

2.1 Schematic of the TGA/MS/DSC System .................................................................................... 2.2

2.2 SNF Sample in Quartz Crucible without Platinum Mesh ............................................................ 2.3

2.3 SNF Sample in Quartz Crucible Covered with Platinum Mesh ................................................... 2.3

2.4 End View of the Damaged Region of the SNF Element 4378. The S1A-J came
from the 900 Sector shown by the two arrows . ........................................................................... 2.5

2.5 Sectioning Diagram of SNF Element 4378 Showing Test Sapl= ............................................. 2.5

3.1 Oxidation Rate of KW SNF in Moist Helium at Different Temperatures:

TGARun96at211°C,TGARun89at 163°C,TGARun98at 129°C,
TGA Run 92 at 105”C, and TGA Run 94 at 77°C ....................................................................... 3.2

3.2 Plots of SNF Weight Change versus Time in Varying Moist Helium Gas Flow Rates:
(a) 160 cchnj (b) 80 CC/rnjand (c) 75 dm ................................................................................. 3.6

3.3 Photograph of the TGA System Showing the Top Heat Shield Covered with
Uranium Oxide Particulate from the Oxidation of S~ ............................................................. 3.7

3.4 Results of TGA Run 80 Showing Photograph of Disintegrated SNF Sample 5-S IA-J2B1 after
Oxidation in Moist Helium ........................................................................................................ 3.9

3.5. Results of TGA Run 81 Showing Photograph of Disintegrated SNF Sample 5-S lA-J2A2 after
Oxidation in Moist Hefium ........................................................................................................ 3.10

3.6 Results of TGA Run 82 Showing Photograph of Disintegrated SNF Sample 5-SIA-J4B after
Oxidation in Moist Hetium ........................................................................................................ 3.11

3.7 PhotomicrographofSNFOxidationProductShowingRangesofParticleSizeshorn
Submicrontoabout50 Microns................................................................................................. 3.12

3.8 Photomicrograph of Unirradiated N-Reactor Fuel Oxidation Product ......................................... 3.13

4.1 Regression Analysis of the Initial Segment of SNF Weight Change versus Time Da@
TGA 81 Unirradiated N-Reactor Fuel Oxidation Rate ................................................................ 4.1

xvii



-...—. .——.—. ——..—

4+2

4.3

4.4

4.5

5.1

1.1

3.1

~.2

Regression Analysis of KW Basin SNF Complete Weight Change

Versus Time Data, TGA 82 ............................................................................................................ 4.2

Regression Ana]ysis of KW Basin SNF Complete Weight Change

Versus Time Data, TGA 96 ............................................................................................................ 4.2

Oxidation Rate of KW SNF and Unirradiated N-Reactor Fuel in Moist Helium ........................... 4.3

Comparison of KW SNF and Unirradiated N-Reactor Fuel Oxidation Rates with

Literature Data for Uranium in “Oxygen Free” Water Vapor ......................................................... 4.4

SNF Sample 5-S 1A-A 1A with Microcracks Filled with UH3 Precipitates
(i.e.. black regions with “Halo”) ..................................................................................................... 5.2

Tables

Alloy Composition of N-Reactor Fuel ............................................................................................ 1.2

Summary Results for KW SNF Oxidation in Moist Helium .......................................................... 3.3

Summary Results for Unirradiated N-Reactor Fuel Oxidation in Moist Helium ............................ 3.4

...
XVIII



)

1.0 Introduction

The N-Reactor spent nuclear fuel (SNF) stored at the Hanford 100-Area K-Basins comprises fiel
assemblies made of a metallic uranium core that was co-extruded with an inner and outer sleeve of
Zircaloy-2 under high pressure and elevated temperature (Figure 1.1). The co-extrusion formed a diffu-
sion weld between the uranium core and the Zircaloy-2 cladding. The metallic uranium core of the fuel
was not pure uranium but contained alloy elements to yield the alloy 601 whose composition is listed in
Table 1.1. Uranium alloy 601 was developed to improve the irradiation performance of the N-Reactor
fuel in the core of the reactor. The major impurities in alloy 601 that may influence the reaction kinetics
of the N-Reactor fuel are aluminum, carbon, iron, silicon, nickel, copper, and chromium. The inner and
outer elements were assembled (Figure 1.1) and irradiated in the N-Reactor to an averaged bumup in the
range of about 0.9 to 2.7 MWd/kgU (Abrefah et al. 1994). After discharge, the SNF materials were put
into the water-filled K-Basins (i.e., 105-K West and 105-K East), where they have been stored for periods
ranging from 12 to 28 years. Storing the discharged fuel assemblies in a water basin resulted in severe
corrosion in some of the uranium cores. This was due to various breaches (created during discharge and
subsequent handling in the basins) in the cladding material. The corrosion damage due to the reaction of
metallic uranium with water,

U + (2+x)H20 = UOl+X+ (2+x) H2 1.1

has generated SNF material whose subsequent oxidation kinetics could be significantly different from the
initial uranium alloy 601 material. Several factors could influence the SNF reactivity (Pearce 1989) but
the two important factors consequential to the severe corrosion that may affect its oxidation kinetics are
the increased surfdce area due to roughening of the exposed uranium surface and the potential generation
of uranium hydride inclusions in the uranium matrix.

Corrosion of metallic uranium by water forms uranium oxide(s), which is non-adherent and spans due
to the large volume change associated with the transformation. The volume change of the surface oxide
film sets up stresses in the substrate material that cause the substrate uranium matrix to develop cracks
(Baker et al. 1966). The embrittlement of the uranium material by irradiation is likely influencing crack
formation in the SNF material. and creating additional surface area. The spalling oxide also creates a
rough uranium surface, which further increases the reaction surface area of the exposed uranium.

A fraction of the hydrogen generated by the corrosion reaction of water with uranium migrates into
the uranium matrix and precipitates out as uranium hydride. The high surface area of the uranium hydride
inclusions can significantly change the oxidation behavior of the corroded uranium matrix. In fact, the
enhanced reactivity of metallic uranium in moist air has been ascribed to probable formation of
a transitory uranium hydride phase ahead of the oxidation front (Bennett et al. 1975). It is therefore
expected that a uranium matrix having a sufficient concentration of the hydride phase may show

significant enhancement in reactivity.

1.1
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Table 1.1. Alloy Composition of N-Reactor Fuel

Element ~
Aluminum I 700-900

Beryllium 10

Boron 0.25

Copper 75

Hydrogen 2.0
I

Iron 300-400
,

Magnesium 25

Manganese 25

Nickel 100

Nitrogen “175
Silicon 124

Zirconium 65

Uranium Balance

(a) wppm = weight parts per million

The proposed drying process (Gerber 1996), cold vacuum drying (CVD), for the K-Basin fuel, will
subject the degraded SNF to an environment of helium mixed with water vapor. Hence the reactivity of
uranium in the moist helium atmosphere is crucial information for safety analysis and process control of
the CVD process. The SNF project has reviewed the literature to establish the reaction rate equation to be
used in their analyses. The experimental program reported here, using samples taken from one of the
K-West Basin SNF is to validate the rate expressions for SNF developed using literature results. Conse-

quently, only limited experiments within the CVD processtemperature and vapor pressure regime were
performed to compare with the available literature database. This report summarizes the observations for
the completed tests. The limited SNF data are compared with the reviewed literature data for the
temperature range of interest.
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2.0 Experimental

The testing was conducted using a Netzsch STA 409 Thermogravimetric/Differential Scanning
Calorimeter/Mass Spectrometer (TGA/DSC/MS) skimmer graphite furnace system in a glove box. A
schematic representation of the testing system is shown in Figure 2.1. The system is made up of four
chambers; a MS chamber, an intermediate chamber, a sample reaction chamber, and a balance chamber.
The MS chamber houses the quadruple mass spectrometer (QMS), and it is pumped by a turbomolecular

pump to a baseline pressure of about 10-7Torr. The intermediate chamber separates the MS chamber

from the atmospheric reaction chamber and is pumped by a mechanical pump to a base pressure of about
10-3Torr without a load. The sample chamber houses the thermogravimetric sample carrier, which has
the sample thermocouple (i.e., S-type) and connects to the analytical balance. Gas inlet and outlet lines
are connected to this chamber for supplying the reactant gas. The sample crucible, with dimensions of 15
mm outside diameter, 12 mm inside diameter, a depth of 5.2 mm, and a height of 7 mm, is mounted at the
end of the sample carrier (Figure 2.1). The material for the crucible is quartz. Some of the experiments
were conducted with an open crucible as shown in Figure 2.2.

The SNF sample was loaded with one surface (i.e., either a uranium cut surface or the attached
Zircaloy) in contact with the bottom of the quartz crucible. To minimize an observed sample loss during
the oxidation reaction in the first few experiments, a crucible cover constructed from 52-mesh and
100-mesh platinum gauze was used in all subsequent tests. A photograph showing a test sample covered
with the platinum gauze in shown in Figure 2.3. The sample chamber was resistively heated by graphite
elements that are protected by a vacuum of about 10-3Torr. The analytical balance chamber houses the
electrobalance and a gas inlet to the chamber that allows it to be purged by ultra high purity (UHP)
helium. The temperature of the analytical chamber was maintained at ambient conditions by a series of
heat shields in the sample chamber and water cooling at the joint that separates this chamber from the
heated sample chamber.

The reactantgas mixture of UHP helium and water vapor was generatedusing a bubblersystem. This
consists of a cylindrical stainless steel reservoir filled with de-ionized water and heated by a Neslab RTE
111 constant temperature bath. The temperature of the bubbler water is measured by a type-K thermo-
couple. Routing the moist-helium gas mixture through the normal inlet of the TGA system resulted in
operational problems with the mechanical portion of the balance. These problems were caused by the
premature condensation of water vapor that subsequently damaged the balance compensation mechanism.
The gas system was reconfigured to enter the test chamber at a different location with the balance
protected from the moisture atmosphere with a dry UHP helium gas. The balance was repaired and
completely realigned and calibrated. Measurements were conducted using a material with well-known
waters of hydration to verify balance operations and sample temperatures. Measurements with calcium
oxalate (Appendix B) duplicated the expected behavior for the known waters of hydration. The gas
handling system was protected with heat tape at approximately 100”Cto minimize moisture condensation
from the gas bubbler operating at approximately 50°C. The partial pressure of the water vapor in the gas
mixture was measured by a moisture monitor. The output of the moisture probe was stored by HP Data
Acquisition/Switch Unit 34970A.
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Figure 2.2. SNF Sample in Quartz Crucible without Platinum Mesh

Figure 2.3. SNFSamplein QuartzCrucibleCoveredwithPlatinumMesh
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The SNF samples used for the oxidation studies were sectioned from the damaged region of a
damaged/corroded end of SNF element SFEC5,4378 shown in Figure 2.4. In this figure, the end cap has
been removed to show the remaining metallic Itiel material afier corrosion. The 90° sector SFEC5,4378-

S 1A-J (henceforth referred to as “5-S 1A-J”) which was subsectioned to generate the small TGA test
samples was partly attached to the end cap as indicated in Figure 2.4. The sectioning diagram of the
sector 5-S 1A-J for the TGA test samples is shown in Figure 2.5. The 90° sector was first subsectioned
longitudinally into four pieces of approximately 22.5° sector angles. The 22.5° sector piece identified as
one of 5-S 1A-J 1 was slit longitudinally in between the inner and outer cladding as shown in Figure 2.5.
The fuel bonded to the outer cladding was then identified as 5-S 1A-J 1A and the other bonded to the inner
cladding as 5-S1A-J 1B. The slitted pieces were finally cut into the TGA test pieces and were identified
as5-SIA-JI Al, -Jl A2 .. . .-JlA6, and5-SIA-JIBl, -JlB2 .. . .-J1B6. The 22.5° sector piece 5-S 1A-J2 was
similar]y subsectioned. Sector piece 5-S 1A-J3 was stored in UHP argon as an archive sample. The last
piece. 5-S 1A-J4, was cut into five samples, 5-S 1A-J4A, -J4B, -J4C, -J4D, and –J4E, and only the three
middle pieces were considered for TGA testing.

The regular-geometrical-shaped SNF samples were used in the as-cut condition without any further

preparation. The samples used were weighed before and after testing and their dimensional measure-

ments were recorded. Before- and after-test photographs of the test samples were also taken. The
samples were oxidized under the flowing gas mixture of helium/water vapor at a constant temperature and
approximate system pressure of one atmosphere. The temperature was constant for each run but varied
from run to run. Prior to each oxidation test, the sample chamber was purged with the UHP helium for
more than an hour after loading the sample. The sample was then heated at a constant rate (i.e., either

10°C/min or 5°C/min) to the desired temperature while flowing UHP helium at a rate of about 75 to
200 cm5/min through the sample chamber. After heating the sample to the isothermal temperature, the

UHP helium gas was reconfigured to pass through the bubbler to pick up water vapor and supply the
moist helium to the sample. The water in the bubbler had been sparged with helium for more than
2 hours at about 50”C to remove most of the dissolved oxygen. The sample temperature was then
maintained at isothermal condition for the duration of the test, which ranged between 8 hours and 6 days.
This isothermal condition was followed by cooling to ambient temperature. The sample weight change
was continuously monitored by the electrobalance throughout the test. The off-gas stream, however, was
not monitored by the attached QMS due to the high background of moisture in the system. The samples
had either four or five cut uranium surfaces and the other surface(s) was bonded with cladding
(Zircaloy-2) material.

Unirradiated N-Reactor fuel samples were also oxidized in the moist helium atmosphere using the
same experimental steps. The unirradiated samples were sectioned from an inner unirradiated N-Reactor

fuelelement.Unlikethe SNFtest samples,theseunirradiatedsampleswerepolishedusing600-grit
sandpaper to give shining metallic surfaces before testing. The pre-test characterization of these samples
were weight and dimensional measurements. These unirradiated samples were not photographed.

. I
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Figure 2.4. End View of the Damaged Region of the SNF Element 4378. The S1A-J
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Figure 2.5. Sectioning Diagram of SNF Element 4378 Showing Test Samples

2.5



3.0 Oxidation Test Results

3.1 Oxidationof KW Basin SNF

Theoxidationresultsof all the K-West SNF samples in helium-water vapor atmosphere showing the

rate of weight change behavior together with before- and after-test photographs of tie samples are given
in Appendix& Figures A.1 through A. 17. The temperature range studied was between 76 and 21 l°C and
can be classified as five temperature groups. The groups in decreasing order of temperature are

a)

b)

c)

d)

e)

two tests at about 21O”Cshown in Figures A 15 and A 16 (TGA Runs 96 and 97)

five tests around 160”C shown in Figures Al to A3 and A8 and A.9 (TGA Runs 80 to 82 and
88 and 89)

three tests at an approximate temperature of 130”C shown in Figures A7, A lO, and A 17
(TGA Runs 86,91, and 98)

four experiments (TGA Runs 83 to 85 and 92) were performed at approximately 100”C and are
shown in Figures A4 to A6 and A 11

three tests were performed at about 75°C (TGA Runs 93,94, and 95) and are shown in
Figures A12 through A. 14.

The rate of weight gain by the KW SNF in the moist helium for one sample in each temperature
group listed above is shown in Figure 3.1. For these selected runs, the rate of weight change (i.e., slope of
the weight change versus time plot) follows linear oxidation kinetics. Other tests that gave similar linear
rate of weight change but are not shown in Figure 3.1 are TGA Runs 82 (Figure A.3) and TGA Run 96

(l?igure A.15). The plots in Figure 3.1 also show that the rate of weight gain by the KW SNF decreases
with decreasing temperature suggesting an Arrhenius behavior for the reactivity of KW SNF material
with moist helium For cases where the weight change versus time plots showed erratic behavior
(Figures A2, A4, A5, A7, and A8), only segments of the data where the sample gained weight will be
considered in determining the oxidation kinetics, and a linear kinetics will be assumed Inmost cases,
the weight gain segment of the data occurred at the initial stages of the tests. There is also a group of the
weight change versus time plots (Figure A 1, A6, A 10, and A 11) where the samples showed weight
gains throughout the tests but the weight traces were affected by mass losses. For the latter group, the
entire weight change versus time was analyzed realizing that the error associated with the estimated rate
of change was higher. The portions of the weight change versus time data analyzed are indicated in the
plots shown at Appendix A

The testing parameters and the summary results of all the runs for the KW SNF are listed in
Table 3.1. The tabulation is in an increasing order of the TGA Run numbers. The missing consecutive

TGARunnumbersweretestsusingtheunirradiatedfiielsamplesandtheyareincludedinTGARuns
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Figure3.1. OxidationRateof KW SNF in MoistHeliumat DifferentTemperatures:
TGARun96at 211”C, TGA Run 89 at 163”C, TGA Run 98 at 129”C,
TGA Run 92 at 105”C, and TGA Run 94 at 77°C

listed in Table 3.2. The sample identifications (ID) in Table 3.1 trace each sample to a specific location
of the SNF element 4378 as was discussed in Section 2.0. The digit ’5’ in all tie IDs hates these samples
to the single fuel element canister (SFEC) that was used in shipping the SNF element horn the KW Basin
to the PTL facility for destructive characterization. The before-test weights of the SNF samples in
Table 3.1 range between 1526 mg and 3516 mg. ”These sample sizes are smaller than those used in the
dry air oxidation campaign (Abrefah et al. 1998a), and they were cut smaller to minimize some of the
experimental difficulties that were experienced during the dry air oxidation studies. The after-test sample
weights in Table 3.1 were measured knowing there were difficulties in keeping all the oxidation products

together with the sample. The sample control difficulties were due to(a) the spallation of the oxides

formed by the reaction and (b) the dispersibility of the oxide formed by the reaction of KW SNF with the
moist helium. Additionally, sample transfer activities from the glove box to”the hot cell where the weight
measurements were performed increased the potential of sample loss and the uncertainty in the after-test
weight measurement data; therefore, the after-test weighing data in Table 3.1 should only be considered
as qualitative information. The consequence of the after-test sample loss was an indication of no weight
changes in Table 3.1 for SNF samples tested at low temperatures (TGA Runs 83, 84,85, and 93).

.

.

.
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Table 3.1. Summary Results for KW SNF Oxidation in Moist Helium

Snmplc Characteristics
I I

82 5-SIA-J4B 1.94 3244

83 5-SIA-J2B3 1.08 1621

84 5-SIA-J2B4 1.16 1607

85 5-SIA-J4C 204 3470

86 5-SIA-J4D 1.94 3516

88 5-SIA-J1A2 1,51 2236
I ,

89 I 5-SIA-J1A3 1.55 I 2234

91 5-SIA-J1A4 1.46 2243

92 5-SIA-J1A5 1.48 2189

,93 5-SIA-J2A3 1.68 2634

94 5-SIA-J2A4 1.70 2652
I ,

95 I 5-SIA-J2A5 1.79 I 2500

96 5-SIA-J2A5 1.79 NA”

97 5-SIA-J2B2 1.11 1526i , .-
98 I 5-SIA-J2B5 1.18 I 1643

I I 1

ID= Identification
ThesnmcSNFsnmple5-SIA-J2A5 wasusedin TGA
test weightforTGA95).

I Testing Pmnmcters Regression Anrdysis
I I I I

Weight Vapor Linear Oxidation
After Ternp FfowRate Press. Slope Rate Rnte/~Pmo
(mg) (“c) (cchdn) (Id%) “ (mghin) R2 (nlg/cn12/hr) (ntg/cn12/lrr/*pn) Comments

1545 161 80 5.7 0.0127 0.97 0.6145 0.2574 Completedrda

2640 161 160 7.6 0.0139 I 1.00 ,0.5245 0.1903 Partirddatn

. 3266 160 75 5.8 0.0138 1.00 0.4268 0.1772 Completedata

1621 100 70 5.7 0.0013 0.98 0.0722 0.0303 Pmiialdata

1607 99 75 5.6 0.0012 0.95 0.0621 0.0262 Pnrtinl dntn

3470 98 75 5.8 0.0004 0.91 0.0118 0.0049 Completedntn

3470 I 133 I 75 I 6.1 I 0.0024 I 1,00 I 0.0742 I 0.0301 I Partirddal~

2168 I 162 ! 200 I 7.4 I 000066 ! 0:99 ! o.2622 I 0.0964 I Pmtirddata

2102 I 163 100 7.2 0.0047 1.00 0.1819 0.0678 Completedata

2214 134 I 100 I 7.2 I 0.0012 I 0!95 I 0.0493 I 0.0184 I Completedn~~

2186 105 100 7.3 0,0006 0.97 I 0.0243 0.0090 Completedat~

2633 I 76 100 I 7.2 I 0.0004 0.97 0.0143 I 0.0053 I Partialdat?
I I I I

..
I I I I

2651 I 77 100 I 6.5 0.0003 0.92 0.0106 0.0042 Completedata

NA” 78 100 6.3 0.0003 0.90 0.0101 0.0040 Completedata

2557 211 100 7.2 0.0270 1.00 0.9050 0.3373 Completedata

1495 I 211 100 6.7 0.0156 1.00 I 0.843 0.3257 Completedata

1633 I 129 I 100 j 6.8 I 0.0023 I 1.00 I 0.1169 I 0s3448 I Completedata

Iuns95 and 96 and in betweenthe ronsthe samplewasnot weighed(i.e., no before-test weightforTGA 96 and noaftcr-



Run

75

77

79

87

90

Table 3.2. Summary Results for Unirradiated N-Reactor Fuel Oxidation in Moist Helium

UNS5-A6 1,33 1603

UNS5-A8 1.52 1963

UNS5-A9 I 1.00 I 1516

UNS5-A1O 1.67 2463

ID= Identification

%=-l-%%
+--K-

162 I 75

162 I 100

Crs

%J=~Gi’

Press. (I&a)
7.7

8.2

7.9

7.6

7.4

--T-
++-l-%
-+%--l+

0.00388 I 1.0

0.00741 I 1.0

%&l-+%%Comrncnts
Complotc dnta

Complete data

Pm-tialdata

Completedata

Complete data
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The initial geometric surface areas of the SNF samples in the third column of Table 3.1 range from

1.08cm2to 204 cm2.Theseareaswereestimatedfromdimensionalmeasurementsthatexcludedthe
surfacesthatwerestillattachedtotheZircaloycladding.Anyirregularitiesassociatedwiththecut
surfaceswere not considered in the estimate of the surface areas. The sample temperature and the gas
stream water vapor partial pressure for each run are listed in Table 3.1. These data are the averaged
values measured over the range of the isothermal period of the test. Typical variations fkom the mean of
these two parameters were very small as shown in the statistical analyses report (Table C. 1 of
Appendix C).

The weight change plots for some of the tests involving the KW SNF such as Figure A.2 showed a
behavior that can best be described as erratic response of the system. This erratic response was due to
the nature of the oxidation product and will be discussed in Section 3.1.1. Another important observation
is the breakup or disintegration of the SNF sample after oxidation and that will be discussed in
Section 3.1.2. The scanning electron microscope (SEM) and the X-ray dillkaction (XRI)) analyses
of the oxidation product, and the disintegrated SNF sample will be discussed in Section 3.1.3.

3.1.1 SNF Sample Mass Loss

Thefust sevenSNFsamplete$tswereperformedwitha quartzcruciblethathadanopentop. The
oxidation of the SNF generated a black oxide and a substantial fraction of the powder was readily
dispersible by very low flows such that when the TGA furnace was opened to unIoad samples the
oxidation product was easily blown by the flow of air through the glove box. The dispersible behavior of
the oxidation product resulted in weight measurement difficulties during the testing. The open crucible
conjuration resulted in mass losses during the oxidation process, even for tests where the gas flow rate
was low. Consequently, an erratic weight trace was measured for the tests with the open crucible top as
shown in Figure 3.2a (TGA Run 81). The total mass loss estimated horn the decreasing slopes of
Figure 3.2a yielded about 11.4 mg. This suggests Ihat a minimum of about 11.4 mg of the oxidation
product was entrained in the gas stream and was carried away from the sample crucible. If the oxide
product is assumed to be mainly uranium dioxide, UOZ,then this calculated mass loss constitutes about
4 weight% of the total oxidation product. The total weight of the oxidation product for TGA Run 81 was
estimated nom a linear extrapolation of the initial slope of the weight change in Figure 3.2a. The
extrapolated weight gain by the sample is given by tie equation

()Aw
Aw= — x ‘elapd

& ~iri~

where(Aw/At)titj,lis theinitialslope(=0.0139mghnin)andALIq,~is thetotalelapsedtime
(=2536 rein). The total weight of the uranium oxide product is then given by AW/32 x 270, which is
about 280 mg.

3.1

The mass loss was strongly dependent on the reactant gas flow as shown in the decreasing gas flow
plots of Figures 3.2 (TGA Runs 80 through 82). By decreasing the reactant gas flow rate ffom
160 cc/rein (TGA Run 81) to 75 cchnin (TGA Run 82), we were able to decrease sigtilcantly the mass
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Figure 3.2. Plots of SNF Weight Change versus Time in Varying Moist Helium Gas Flow Rates:
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loss to improve the weight trace measurement. Most of the oxidation product that was blown out of the
crucible ended up on the heat shields below the sample crucible and some ended up in the balance
chamber. Figure 3.3 shows a photograph of alumina heat shields covered with uranium oxide
particulate. Most of the oxidation product in Figure 3.3 was collected on the first heat shield. The mass
loss for TGA Run 82 showed significant improvement compared to TGA Run 80 even though the flow
rate was decreased slightly from 80 to 75 cc/rein. This improvement may also be due to the increased
sample size (i.e., 3.3 g for TGA Run 82 compared to 1.5 g for TGA Run 80).

A single 52-mesh platinum cover was used in TGA Run 88 (Figure A.8) with a gas flow of about
200 cc/rein to determine whether that could prevent the mass loss and the results were negative.
However, combining 52-mesh and 100-mesh platinum covers and folding them to generate a four-layered
(i.e., two of 52-mesh and two of 100-mesh) platinum gauze plus lowering the reactant gas flow rate to
100 cc/rnin yielded a minimum particulate loss and reliable weight trace as shown in Figure A.9
(TGA Run 89). This configuration was used in all the subsequent tests (TGA Runs 89 through 98) and
the gas flow rate was fixed at 100 cc/rein to augment the containment of the particulate in the sample
crucible. The potential for mass transfer effect for the platinum gauze cover and the low reactant gas flow
was evaluated by testing an unirradiated N-Reactor fuel sample in TGA Run 90. The oxidation results,
Figure A.22, for the unirradiated run (TGA Run 90) using the new cotilguration and the low gas flow rate
was within the experimental spread with a test (TGA Run 75) performed at 200 cc/rein without the
platinum cover.

Figure 3.3. Photograph of the TGA System Showing the Top Heat Shield Covered with
Uranium Oxide Particulate from the Oxidation of SNF
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3.1.2 Disintegration of SNI?

Three of the KW SNF samples disintegrated after oxidation in the moist helium atmosphere. The
before- and after-test photographs of these samples are shown in Figures 3.4 through 3.6 together with the
respective weight versus time traces for these samples. In Figure 3.4 the after-test photograph shows a
large piece of the sample with the cladding still attach@ a smaller piece and a powdery fraction that was
generated by the sample breakup, and the oxide horn the oxidation reaction. The particle size distribution
of the powder has not been determin@ but a particle size as large as a millimeter or higher was observed.
The only evidence of potential sample disintegration horn the weight trace measurement is the weight
spike at a time of about 2200 minutes followed by a relative sudden weight increase at a time of about
2300 minutes into the run. The observed irregularity of the weight trace throughout the run, however,
was mainly due to mass loss effects described in Section 3.1.1.

The unique property of the three samples that disintegrated was that they all came flom the SNF
element location (Figure 2.5) very close to the corrosion front. Sample 5-S IA-J2B 1 for TGA Run 80
(Figure 3.4) was the f~st piece under the rough corrosion surfa~, sample 5-S IA-J2A2 for TGA Run 81
(Figure 3.5) was the second piece after sample 5-S IA-J2A1 which broke into pieces in storage and
therefore could not be teNe&{ and sample 5-S lA-J4B for TGA Run 82 (Figure 3.6) was the next closest
piece to rough surface corroded piece 5-S IA-J4A.

3.1.3 SENUXRDExaminations of Oxidation Products

Some of the oxidation product generated by the KW SNF reaction with moist helium were analyzed
by SEM to determine morphological features of the spalled oxide and the size of the particles. Some
selected SEM photomicrographs are shown in Figures B.1 through B. 11 of Appendix B. There are two
different morphological forms of oxidation products: 1) rock-type particles shown in Figures B.2, B.3,
and B.7; and 2) sheet-like particles which are laminar flakes, reminiscent of scales (Figures B. 1, B.8, and
B.11). The particle sizes ranges from the very fine subrnicron particles (Figure 3.7) which contributed to
the observed mass loss during the tests to the flakes larger than one hundred microns in diameter.

The XRD spectra of the disintegrated SNF products from TGA Runs 80 and 82 are shown in
Figures B. 12 through B. 15. Both the unprocessed intensity plots (Figures B. 12 and B.14) and the
background subtracted plots (Figures B. 13 and B. 15) identified metallic uranium as part of the
disintegrated powder for the two samples analyzed. The high background signal of the intensity plots
(Figures B. 12 and B. 14) was due to changes in the XRD sample preparation, The XRD slide was covered
with transparent tape to prevent spreading of the powdered sample in the system and the large peak was
due to the transparent tape material. Usually, the method used to prevent spreading of contamimtion in
the XRD has been mixing a fine crushed powder sample in a collodiam This will have increased the
potential of oxidizing any metallic component of the SNF powder. The covering of the samples with the
tape substantially reduced the intensity of the peaks of the samples. Hence the subtracted spectra

(Figures B.13 and B.15) are noisy but still showed the identified peaks for metallic uranium.

1The broken pieces of 5-S IA-J2A1 could not be used because we wanted to use regular geometrical
shaped samples whose initial surface area could be calculated from dimensional measurements.
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5-S 1A-J2B 1 after Oxidation in Moist Helium
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Figure 3.7. Photomicrograph of SNF Oxidation Product Showing Ranges of

Particle Sizes from Submicron to about 50 Microns

3.2 Oxidation of Unirradiated N-Reactor Fuel

The results for the five unirradiated N-Reactor fuel samples oxidized in the moist helium atmosphere
are shown in Figures A. 18 through A.22. Three of these tests were performed at a temperature of about
160”C (TGA Runs 75, 87, and 90). The differences between these runs were flow rates and sample
loading configuration. TGA Run 75 was the first test conducted after the system was configured and
calibrated for the moist-helium oxidation studies and was run at 169°C with a flow rate of 200 cc/rein.
TGA Run 87 was performed to determine the effect of mass transfer on the reactivity of the test samples
afier introducing a single platinum mesh cover for the sample and reducing the gas flow rate to about
75 cc/rein. TGA Run 90 was performed to ascertain the potential effect of mass transfer on the reaction
rate when the test samples were covered with the four-layered platinum mesh. All three of these tests for
unirradiated N-Reactor fuel material gave continuous weight gain without any indication of a mass loss as
seen with the KW SNF. Visual examination of the fuel sample and the TGA system heat shields did not
show distribution of oxidation products on the TGA system heat shields. The two lower temperature runs

(TGA 77 and 79),however,gavea weighttrace(FiguresA.19andA.20)withsomeripples, Thiscould
be due to regular system noise and/or a small mass loss effect on a very small weight change.
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The morphology of the spalled oxide scales was examined using the SEM. The photomicrograph of
the oxide is shown in Figure 3.8 and it shows the sheet-like scale similar to what was described in

Colmenares’ (1984) report. Generally, the very fine particulate seen in the oxide for the KW SNF were
not generated in the unirradiated samples.

Figure 3.8. Photomicrograph of Unirradiated N-Reactor Fuel Oxidation Product
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4.0 oxidation Kinetics

4.1 KW SNF OxidationRate

The oxidation behavior of the KW Basin SNF in the moist helium atmosphere for the temperature
range tested (Figures A.1 through A.17) was analyzed assuming a linear oxidation mechanism, which is
consistent with experimental observations and with a data summary for uranium oxidation given by
Pearce and Kay (1987). The rate of weight change for each SNF run was analyzed by a linear regression

Et to a set of weight change data using an equation of the form

AW=a+rt 4.1

where AW is the weight change, a is the intercept on the weight change axis for cases where that axis did
not start at zero point, and r, the slope of the fit, is the rate of weight gain in mg/min. The SNF sample
weight change versus time plots in Figures A.1 through A.17 were grouped into two categories for the
regression analyses. The first group comprised the SNF samples that experienced significant mass loss,
Figure 4.1, and gave a weight change trace that was erratic. The second group comprised the remaining
runs in which the SNF sampled showed either small (Figure 4.2) or unmeasurable (Figure 4.3) mass loss.
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Figure 4.1. Regression Analysis of the Initial Segment of SNF Weight Change versus
Time Data, TGA81 Unirradiated N-Reactor Fuel Oxidation Rate

4.1



..—. — —-—... —__ __

40
.

30 -
s
g
o

a
a

~
o

-lo , I , t 1 , , I * I , 1 , * *

o 500 1000 1500 2000 2500 3000

Figure 4.2.

14

-2

Figure 4.3.

Time (Minutes)

Regression Analysis of KW Basin SNF Complete Weight Change
Versus Time Data, TGA 82

# t # 1 I I 1 m # 1 # a 1 n 1 1 1 * I 1 1 1 8 9 I * s I 1

0 100 200 300 400 500 600

Time (Minutes)

Regression Analysis of KW Basin SNF Complete Weight Change

Versus Time Data, TGA 96

.

4.2



Forthegroupof runswheretheSNFsamplelosta significantfractionoftheoxidationproduct,
Figure 4.1 (TGA Run 81), the weight change versus time plot shows an increasing and decreasing weight
change. The linear oxidation rate for such weight change data was determined by analyzing the initial
segment of tie weight trace where the sample showed a continuous weight gain. The analysis assumed
negligible mass loss during tie beginning of the test because there was a minimal amount of oxidation
products formed This exercise was used to extract oxidation rates from these tests to compare with the
literature data and the other SNF experiments with relatively no mass loss problem. TGA Runs 83,84,
86, and 88 were analyzed in a similar way. The results of these analyses were differentiated from the rest
of the SNF tests results in the Amhenius plot, Figure 4.4, where they are compared to the unimadiated
N-Reactor fuel data and in Figure 4.5 where all the TGA runs are compared to the literature data. The
literature data came from a group of publications that are summarized in a report by Trimble (1998). The
estimated oxidation rates for these tests are represented as open circles and labeled as ‘partial SNF data’
in the legend.

The second group of SNF test results which showed continuous weight increases with time,
Figures 4,2 (TGA Run 82) and 4.3 (TGA Run 96), were analyzed using all the weight trace data. Other

SNFresdts thatwereanalyzedthiswaywereTGARuns80,85,89,91,92,97,and98,Theoxidation
rates for these SNF tests are represented as filled squares in Figures 4.4 and 4.5, and labeled as ‘complete
SNF data’ in the legend
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Figure 4.4. Oxidation Rate of KW SNF and Unirradiated N-Reactor Fuel in Moist Helium
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Literature Data for Uranium in “Oxygen Free” Water Vapor

The summaryresults of the linear regression analyses of all the KW SNF data are given in the last
five columns of Table 3.1. The generated SNF oxidation rates were normalized to the water vapor
pressure by dividing the rates by the square root of vapor pressure in kPa and the results are shown as an
Arrhenius plot in Figure 4.4. The rate constant for KW SNF oxidation in moist helium was estimated for
Figure 4.4 by a linear regression fit to the SNF complete oxidation rate data (filled squares) to an
Arrhenius expression of the form

k= hexp(-E,/RT) 4.2

where IGis the pre-exponential factor, E. is the activation energy, R is the gas constant, and T is absolute ,
temperature in Kelvin. The regression analysis gave a KW SNF rate constant

k = 4.53x105 exp(- 13.3/ RT)mg I cm’ /hr/& 4.3

4.4



where the activation energy is in kcal/mole. The literature data for the temperature range of interest from
several experimenters listed in the references were subjected to the same normalization and plotted
together in Figure 4.5 for comparison with the KW SNF oxidation rate.

The oxidation of unirradiated N-Reactor fuel material in a moist helium environment also showed

linear kinetics. The effect of sample mass loss on the weight trace for the unirradiated samples was in

most cases negligible. The regression analyses, therefore, utilized the complete test data and were fitted
with Equation 4.1. The rate constants obtained for the unirradiated N-Reactor fuel samples are shown in

‘Figures 4.4 and 4.5 as filled triangles for comparison.
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5.0 Discussion

5.1 KW SNF Oxidation

The limited oxidation experiments using samples sectioned from the corroded/damaged KW SNF
element 4378 in moist helium atmosphere gave different experimental dit%culties. The difficulties were
caused by two main observations.

1.

2.

The makeup of the spalled oxide contains a fraction that was fine and dispersible, such that the low
reactant gas flow (75 to 200 cc/rein) was adequate to agitate the powder and suspend it in the gas
stream. This resulted in mass loss from the sample and made the small weight gain measurement
very difficult.

Three of the SNF samples tested disintegrated during the oxidation process. SNF sample disintegra-
tion strongly depends on the initial state of corrosion damage to the fuel and not so much on
the treatment.

Thefirstobservationalsomadeit necessaryto reducethereactantgasflowratetoa levelthathad
increased potential for air in-leakage. Even low concentrations of oxygen in the gas stream can poison
the moisture reaction with uranium as reported in Colmenares (1984). Consequently, lower oxidation
rates could be measured.

Steps were taken to minimize any of these effects on the KW SNF oxidation and generate an
oxidation rate that can be compared to the literature database. The general observation from the limited
data (Section 4.1) suggests that the KW SNF oxidation rate in moist helium falls at the lower boundary of
95% prediction interval (Figure 4.5) of the literature data. A discussion for the comparison of the SNF
results with the literature data for unirradiated uranium will be in Section 5.1.3.

5.1.1 SNF Sample Mass Loss

The SNF samples showed significant weight loss even though the sample crucible had enough
volume to contain the oxidation product. As shown in Figure 3.2, the mass loss was strongly dependent
on the reactant gas flow rate. This observation suggests that the particulate were carried by the flowing
gas stream out of the crucible onto the heat shields below (direction of the gas flow was fi-omthe top to
bottom, Figure 2.1). The approximate dimension of the sample chamber tube is one inch (2.54 cm) in

diameter which gives across sectional area of about 5 cmz. The range of gas flow rate for the tests was

75 cc/rein to 200 cc/rein resulting in gas velocity range of about 15 cm/min to 40 cm/min. The only
probable way for such low velocity gas flow to blow out the particulate from the sample crucible is that
very small particles were generated by the oxidation process. Submicron particles have been observed for
corrosion products resulting from the water corrosion of the SNF at the K-Basin (Abrefah et al. 1998b).
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Other data that support the generation of dispersible particles by the oxidation process were the
significant mass loss during TGA Run 88 (Figure A.S). Even though a 52-mesh size platinum was added
to the sample crucible as a cover to minimize the mass loss, the sample still lost a significant fraction of
its oxidation product.

The oxidation products for the unirradiated N-Reactor fuel samples differed from the dispersible
oxidation product of the SNF. The unirradiated samples generated sheets of oxidation products that were
not easily dispersed by the gas flow and therefore, showed negligible mass loss even for runs that had no
platinum gauze cover.

5.1.2 SNF Sample Disintegration

The observed behavior of sample disintegration of the KW SNF sample after oxidation maybe
explained by the results of the metallographic examination (Marschman et al. 1997) of samples taken
from the same damaged region of the SNF element. Two examples of the photomicrographs in the
Marschman et al. (1997) report are shown in Figure 5.1. Microcrack networks were observed in these
samples from the damaged region, and the heat tinting technique (described in Marschman et al. 1997)
gave an indication that some of these cracks were filled with uranium hydride. From these photo-
micrographs, it can be postulated that when a SNF sample similar to the one shown in Figure 5.1 is being
oxidized, the microcracks and the hydrides act as easy pathways for the oxidation. This is in part due to
(a) relatively easy diffusion path for the oxidant (O for dry air and OH for the water vapor) and (b) the
increased reactivity of high-surface area uranium hydride. The volume increase associated with the oxide

;“c ;.-’ ., .\% ,

‘.. ., .’.

.

.

Figure 5.1. SNF Sample 5-S lA-A1 A with Microcracks Filled with
UHSPrecipitates (i.e., black regions with “Halo”)
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formation causes the cracks to open up and consequently break the sample into smaller pieces. This
hypothesis explains why only samples very close to the damage/corrosion region (i.e., 5-S IA-J2B1,
5-S lA-J2A2 and 5-S IA-J4B) of the KW SNF element are susceptible to disintegration.

The three samples that disintegrated during oxidation in moist helium were (a) a first corroded end
piece, 5-S 1A-J2B 1, and (b) two second pieces, 5-S IA-J2A2 and 5-S lA-J4B. For case (b), the first piece
was either a highly corroded sample with irregular geomet~ (5-S lA-J4A) or broke up into pieces during

storage and handling (5-S 1A-J2A1), and for these reasons could not be used for the TGA testing.

The disintegration process showed some temperature dependency (i.e., only samples tested at
temperatures above 150°C disintegrated) in the moist helium oxidation studies. However, the key feature
for the influence of temperature maybe the extent of oxidation, which increases with increasing
temperature. The dominant parameter for disintegration of the SNF samples is the initial microstructural
state, that is, the presence of microcracks. The presence of uranium hydride in the microcracks will
enhance the process for disintegration but is not a necessary property. The supporting data for the initial
microcracks concept is the observation that SNF samples distant fi-omthe corrosion front did not
disintegrate even though they were oxidized at either the same temperature (TGA Runs 88 and 89) or at
higher temperatures (TGA Runs 96 and 97).

5.1.3 SNF Oxidation Rate

The oxidation rate of KW.SNF in moist helium for the temperature range tested follows linear
oxidation kinetics. This observation is the same as the oxidation behavior reported in the literature for
other metallic uranium in “oxygen free” moisture. The linear oxidation mechanism for the SNF is
supported by a non-protective oxide layer that is also non-adherent and spans off the uranium substrate at
soon as it reaches a certain thickness. The linear oxidation behavior of the SNF and, for that matter other

metallic uranium, suggests that the migration pathway for the HZOmolecule and its dissociation radicals
(H and OH) maybe through cracks and fissures in the oxide layer to the oxide/metal interface where they
can react with the uranium substrate. There may be a very thin oxide layer at the interface as witnessed
by Condon et al. (1983) which has a limited effect on the transport of the OH radical to the oxide/metal
interface.

The experimental oxidation rates for the KW SNF compares reasonably with the literature reviewed
data (Figure 4.5) for unirradiated metallic uranium but generally falls below the mean of the literature
data. The lowering of measured oxidation rates for the KW SNF maybe due to an oxygen poisoning
effect that was difficult to control and measure accurately for this study. An experiment performed after
the SNF oxidation run with an oxygen probe downstream from the sample reaction chamber indicated
oxygen concentrations as high as 80 vppm (volume parts per million) in the reactant gas stream. The
input UHP helium gas supply was confirmed by the same oxygen analyzer to have oxygen concentrations
in the range of about 1.5 vppm for high flow rate and 8.6 vppm for a low flow rate of about 30 cc/rein.
This observation is an indication that the source of high oxygen concentration in the gas stream during the
test was in-leakage from various connections including the balance box that is not perfectly sealed for
these low oxygen concentrations. The oxygen concentrations measured using the same run configuration
are within the ranges where the literature report of Colmenares (1984) indicates a potential lowering of
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the oxidation rate. Additional tests using the KW SNF sample in oxygen concentrations below the
threshold limit of about 10 vppm were not investigated for this campaign to assess what is the exact
reduction factor for the SNF. However, if it is assumed to be the same as the literature value, then the
experimental SNF oxidation rates can be multiplied by the maximum factor estimated fi-oma figure in
Colmenares’ (1984) report (Figure 32 of page 309). A rough factor of about 7 for the averaged vapor
pressure of all the SNF experimental runs was estimated. Multiplying individual KW SNF oxidation rate
by this factor will move them up to be in very close agreement with the literature data.

A linear regression fit to the selected oxidation rates of the KW SNF, which had continuous weight
gain data with limited effect of experimental uncertainties due to effects such as mass loss or balance drift
(TGA Runs at about 75”C), yielded an activation energy for the rate constant of 13.3 kcal/mole. This
value agrees very well with the activation energy for the literature data, estimated to be about 11.1 kcal/
mole. The agreement in the activation energies is another indication that the KW SNF material reactivity
in moist helium is not significantly different from reaction of other metallic uranium in “oxygen free”
water vapor.

5.2 Oxidation of Unirradiated N--Reactor Fuel

The main objective for running oxidation experiments using the unirradiated uranium sectioned from

an N-Reactor fuel element was to establish the baseline oxidation rate for the alloy 601 uranium material
and to assess how the data compares with oxidation rates for similar literature material. In other cases,
these tests were performed when we changed the system configuration to determine any significant effect
on the oxidation rate. Because of the limited scope, only a few experiments were carried out using the
unirradiated material.

5.2.1 Unirradiated N-Reactor Fuel Oxidation Rate

The oxidation behavior of the unirradiated N-Reactor fuel samples also follows the linear oxidation
mechanism for the temperature range tested. The oxide scale produced by the reaction was non-adherent
and spalled off as scales. Generally the oxide generated by reacting unirradiated samples with moisture
was much less dispersible than the KW SNF oxidation products. The polishing of the unirradiated
samples did not significant y influence the reactivity of these samples compared to the diamond-sawed
KW SNF. This observation is supported by the linearity of the weight gain because oxide film on the
surface of the uranium sample proved to be unprotective.

The oxidation rate of the unirradited N-Reactor fuel samples agree reasonably with the KW SNF and

in comparison,falls below the mean for the literature data. The low ratesmay be ascribed to the same
oxygen poisoningeffect.

. I
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6.0 Conclusions

The oxidation behavior of the KW Basin SNF in the moist helium atmosphere and the temperature
range of 10O°Cto 211‘C follows the linear oxidation kinetics. The oxidation product was non-adherent
and spans off generating an oxide powder with other observed properties. The XRD analysis of some of
the oxide powder identified hyperstoichiometric uranium oxide as the main chemical phase.

The calculated oxidation rate of the KW SNF compares reasonably with the reviewed literature data
for unirradiated metallic uranium but generally falls on the boundary of the 95% prediction interval for
the literature data. The lower oxidation rates measured could be due to oxygen poisoning effect. The
SNF oxidation rates agree reasonably with the rates for the unirradiated N-Reactor fiel samples.

A fraction of the spalled oxidation products for the SNF samples consisted of very small particles that
were resuspended in the gas stream and carried away to other parts of the system with most of it settling
on the heat shield below the sample crucible. SEM analysis of part of the oxidation product shows
particle sizes ranging from submicron to chunks larger than hundreds of microns. The unirradiated

N-Reactor fuel samples generated a very small quantity of these fine particulate. The blown out
oxidation product resulted in the sample mass loss that was resolved by using four-layered platinum
gauze made from a combination of 52-mesh and 100-mesh sizes of platinum.

Three of the SNF samples studied disintegrated into small particulate after or during the oxidation
tests. The disintegration occurred for samples that may have matrix damage (i.e., microcracks) resulting
from in-storage corrosion and tested above 150”C. The other samples tested above this temperature that
did not show the same disintegration behavior may have minimum matrix damage. XRD analyses of
particulate from the disintegration process identified metallic particles.
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7.0 Future Work

Theoxygenconcentrationsobservedinthe gasstreamwereabovethethresholdthatwasreportedin
the literature to affect metallic uranium reaction with water vapor. It will be prudent to run a few
experiments using both the unirradiated N-Reactor fuel and the KW Basin SNF samples to determine
what the lowering factor is for the TGA system and the test configuration used. Such a test matrix is
recommended for an extended investigation so that the SNF data could be accurately compared to the
literature. The lower temperature tests on the TGA system were always a challenge. However, we
learned enough during these tests that given longer times such experiments could be performed to
generate reliable oxidation rates at and below 75°C using a different system or by changing the
configuration of the TGA system used in this study. Additionally, experiments should be performed
using samples taken from other K-Basin SNF elements to strengthen the inference that the observed
oxidation behavior applies to the whole K-Basin SNF inventory.
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Appendix A

SNF and Unirradiated N-Reactor Fuel Oxidation Results
in Helium/Water Vapor Atmosphere
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Appendix B

SEM/XRD Photomicrographs of SNF Oxidation Products
and Results of Drying Calcium Oxalate
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Figure B.2. Photomicrographs of SNF Oxidation Products Showing Chunks and Small Particulate Oxides
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Figure B.3. Photomicrographs of SNF Oxidation Products Showing the Rock-type Oxide Particles
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Figure B.5. Photomicrographs of SNF Oxidation Products Showing Carbide Inclusions
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Figure B.S. Photomicrographs of SNF Oxidation Products Showing Some Morphological Features of the Oxide Particles
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Figure B.9. Photomicrographs of SNF Oxidation Products Showing Transgranular Spallation of the Oxide Scale
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Figure B.11. Photomicrographs of SNF Oxidation Products Showing Sheets of Oxide Particles
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Figure B.13. Background Subtracted XRDSpectrum of the
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Appendix C

Statistical Analyses of SNF Oxidation Data

Greg Piepel and Sharon Cebula
Statistics Resources

Pacific Northwest National Laboratory, Rlchland, WA

This report summarizes statistical analyses of data from oxidation of K-West spent nuclear fuel (SNF)
in a moist helium environment. Specifically, several Thermogravimetric Analysis (TGA) oxidation tests
(defined in terms of temperature, flow rate, and vapor pressure) were performed using K-West SNF
samples. The data from these TGA tests were statistically analyzed and compared to unirradiated
oxidation rate data from the literature.

C.1 Objectives

The objectives of the statistical work were to:

1. Estimate, for each TGA test, the unnormalizedoxidation rate (mg/min)and its uncertaintyusing
weight change(mg) versus time (rein) data.

2. Estimate, for each TGA test, the uncertainties in test and sample parameters: temperature (“C),
surface area (cm2), and vapor pressure (kPa).

3. Propagate, for each TGA test, the uncertainties in unnormalized oxidation rate, surface area, and

vapor pressure through the equation

k= r/(AXP0”5), C.1

where k is the normalized oxidation rate (mg/hr/cm2/kPa0”5),r is the unnormalized oxidation rate
(mg/min), A is the surface area (cm2), and P is the vapor pressure (kPa).

4. Assess whether K-West SNF normalized oxidation rates k are different from literature values.

5. Assess the value of additional TGA tests over a wider temperature range.

Unnormalized oxidation rates (weight gain per unit time) are typically normalized to account for
differences in surface area. In this case, they are also normalized with respect to vapor pressure, to allow

comparing the oxidation rates of K-West SNF with those from literature data.
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The following sections discuss the statistical work performed to address these objectives.
Specifically, Section C.2 discusses the estimation of unnorrnalized oxidation rates and their uncertainties.
Section C.3 discusses the estimation of uncertainties in temperature, vapor pressure, and surface area.
Section C.4 presents the error propagation method and results. Section C.5 compares the K-West and
literature oxidation rate data, while Section C.6 assesses the value of performing additional TGA tests
over a wider temperature range. Section C.7 provides a brief summary and conclusions of the work.

C.2 Estimating Unnormalized Clxidation Rates for K-West SNF

Using AW = weight change (mg) versus t = time (rein) data, “unnormalized” oxidation rates r
(mg/min) and their uncertainties were estimated using least squares regression. Specifically, the linear
regression model

AW=a+rt C.2

was fit by ordinary (unweighed) least squares regression for all, or various subsets of, the (t, AW) data

for eachTGA test run. Theslopecoefficientr is the desiredestimateof unnorrnalizedoxidationrate
(mg/min). For many of the TGA test runs, it was necessary to truncate a small amount of the early time
data corresponding to testing start-up artifacts. In other cases, it was necessary to truncate data beyond a
particular time where weight losses (often alternating with periods of weight gain) occurred.

Least squares regression soflware yields estimates of the coefficients a and r in Eq. C.2, as well as
standard deviations of the estimates. Estimates of r and the corresponding standard deviations for each
TGA test run are reported in the “Regression of Weight Change vs. Time” portion of Table C. 1. The
estimates and standard deviations of a are not of interest, and therefore are not reported. Also reported in
Table C.1 are the Rz values for each regression, where Rz is a number between Oand 1 representing the
proportion of variation in response values (AW, in this case) accounted for by the fitted model.

The standard deviations of the r coefficients in Table C. 1 are quite small relative to the r coefficients

because of the large number of(t, AW) data points used to fit Eq. C.2 for each TGA run. Also, those
standard deviations do not include test sample-to-sample variations or lab-to-lab testing variations. It is
expected that these sources of variation will be much larger than the tiny standard deviations of slope (r)
estimates for a given regression. One way to estimate these larger sources of variation would be to

performreplicatetests(i.e.,havingthesamevaluesof testparameters)ondifferenttest samplesat
differentlabs. However, no such replicate tests have been performed as part of the TGA testing with the
same parameters even though similar experiments were done.

One alternative for obtaining a better estimate of uncertainty in the unnorrnalized oxidation rater for
a given test sample is to make use of localized time periods of (t, AW) data where the test sample gained
weight. Several of the tests showed periods of weight loss (or decreased weight gain), followed by
periods of weight gain. Using such localized weight gain data to estimate oxidation rates maybe
somewhat questionable because of preceding periods of weight loss or slowed weight gain. However,
plots of the data showed that such localized areas of weight gain often had slopes (oxidation rates) similar
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Table C-1. Statistical Results for Oxidation Tests of K-West SNF in Moist Helium

Regression of
Test Parameters \Veight Change vs.Time Oxidation Oxidation

Vapor Press. Slope *SD Rate Rate/(P)m Time Range of
TGA A Temp. Mean + SD‘b) (mg/min) (S1ope/A) (mg/hr/ Data Used
Run (cm’) Mean *SD ~C) (KPa) x lo~ Rz (mg/hr/cm2) cm2/kPaOs). (rein- rein)

80 1.24 161.04+ 0.33“] 5.58+ 0.16 12726.8* 42.1 0.970 0.6158 o.z607 13-2729

81 1.59 160.65 + 0.05 7.37 * 0.16 13879.6 + 36.3 0.998 0.5238 0.1929 56-279

161.30 * 0.09 12605.7 * 67.3 0.995 0.4757 0.1752 1000-1175

160.86 + 0.14 11094.4 * 129.5 0.983 0.4187 0.1542 1275-1400

82 I.94 160.45*O.18(’) 5.76* 0.45 13800.6* 9.0 0.999 0.4268 0.1778 9-2712

83 1.08 100.13+ 0.25 5.7‘c’ 1306.6* 7.3 0.981 0.0726 0.0304 58-672
100.01* 0.33 1753.7* 6.6 0.996 0.0974 0.0408 58-325
99.41+0.16 948.4* 2.4 0.997 0.0527 0.0221 1700-2200

84 1.16 98.96* 0.11 5.58* 0.28 921.9* 7.6 0.972 0.0477 0.0202 103-526
98.99+ 0.10 1099.3* 5.0 0.994 0.0569 0.0241 103-400
98.76● 0.22 1226.2* 5.8 0.988 0.0634 0.0268 ]~()&1750

85 2.04 98.17+ 0.25 5.91* 0.22 376.6&2.3 0.905 0.0111 0.0046 26-2952
98.37* 0.22 3608.7*75.5 0.922 0.1061 0.0437 26-220
98.004=0.07 447.4* 2.4 0.986 0.0132 0.0054 500-1000
98.19*0.18 757.3* 3.0 0.986 0.0223 0.0092 1100-2000
98.52* 0.30 1224.7* 6.6 0.991 0.0360 0.0148 2650-2952

86 1.94 132.75+ 0.11 6.10* 0.70 2416.9+=4.8 0.997 0.0747 0.0303 91-830

132.73* 0.04 1585.4* 15.1 0.978 0.0490 0.0199 1515-1760
88 1.51 162.01* 0.14 7.49+0.19 6635.7k 52.1 0.985 0.2637 0.0963 47495

162.33* 0.10 3821.3* 28.5 0.993 0.1518 0.0555 700-820
162.31* 0.07 4835.8* 42.3 0.991 0.1922 0.0702 1190-1310

89 1.55 163.22* 0.38’” 7.40* 0.36 4682.0* 3.4 0.999 0.1812 0.0666 23-2717
162.30+ 0.83 5885.8+ 37.6 0.991 0.2278 0.0838 23-250
162.32* 0.65 4988.1* 31.4 0.985 0.1931 0.0710 23J100

91 1.46 134.12+0.13 7.27* 0.25 1564.0* 6.8 0.974 0.0643 0.0238 39-1452
134.12* 0:14 1706.3* 6.8 0.982 0.0701 0.0260 39-1200
134.28+ 0.10 2949.5* 5.8 0.999 0.1212 0.0450 39-300
134.07*o. 11 1497.2* 2.5 0.997 0.0615 0.0228 300-1200

92 1.48 105.29*0.14 7.26* 0.18 557.9* 2.0 0.966 0.0226 0.0084 43-2892
105.43+ 0.17 1997.0* 16.0 0.987 0.0810 0.0300 43-250
105.35* 0.08 764.4* 1.2 0.998 0.0310 0.0115 250-1000
105.34* 0.16 920.0* 3.3 0.992 0.0373 0.0138 1800-2450

93 1.68 75.68* 0.08 7.18+0.19 377.5* 2.3 0.971 0.0135 0.0050 180-1010
75.68* 0.07 352.1* 1.7 0.983 0.0126 0.0047 206-961
75.68+ 0.08 502.0* 4.9 0.956 0.0179 0.0067 1150-1990
75.60* 0.06 277.9&1,7 0.977 0.0099 0.0037 4580-5230

94 1.70 77.26* 0.37 6.59+ 0.18 294.5 * 1.3 0.923 0.0104 0.0040 2897-8667
77.75* 0.06 616.1+2,0 0.996 0.0217 0.0085 3500-4000
77.09* 0.13 473.6&1.5 0.985 0.0167 0.0065 5000-7000

95 1.79 77.71* 0.21 6.38* 0.25 272.0+ 1.4 0.898 0.0091 0.0036 2897-8667

77.97* 0.12 2130.4+17.1 0.986 0.0714 0.0283 41504450
77.83* 0.21 2176.6* 32.6 0.968 0.0730 0.0289 5700-5900
77.69&0.08 452.7● 1.0 0.994 0.0152 0.0060 6150-7950
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Table C-1. (Contd)

Regressionof
TestParameters WeightChangevs.Time Oxidation Oxidation

VaporPress. Slope*SD Rate Rate/(P)os Time Range of
TGA A Temp. Mean* SD‘b) (mglmin) (SIope/A) (mglhrl Data Used
Run (cm’) Mean + SD (“C) (KPa) x 104 R2 (mg/hr/cm’) cm2/kPaO”s) (min-min)

96 1.79 210.66* 2.23 7.15+0.15 27044.1+ 33.S 0.999 0.9065 0.3390 18-498

97 1.11 211.40*0.91 7.15* 0.26 15585.9+37.0 0.997 0.8425 0.3151 24498

98 1.18 128.80+ 0.69 6.86* 0.18 2251.2&2.7 0.996 0.1145 0.0437 11-2894

(a)

(b)

(c)

Temperaturerampsat the startor endof test runswere truncatedpriorto computingmeansand standarddeviations.
Vaporpressurerampsatthestafi (orinone case.theend) oftestmns\vere tmncatedbeforecomputingmemsand stmdard deviations.The
timerangesof data usedmaynot matchthoseused for computingmeansandstandarddeviationsfor temperature.or for the regressionsof
weightcharge versustime.
Vaporpressuredata fortiis test\\erenotprovided,s othememm dstmdwdd eviationcouldnotb ecalculated. Thevahre reportedisthe

oneprovidedwith the data.

to slopes for initial portions of the data used for the primary determination of oxidation rate. Hence, using

localized areas of weight gain data provides for multiple estimates of oxidation rate for a given test

sample, which therefore provides for an estimate of uncertainty of oxidation rate for a given test sample.
Such an estimate of uncertainty will not include test sample-to-sample variations or lab-to-lab testing
variations. Still, such an estimate of oxidation rate uncertainty should be better than the very small

standard deviation of the slope resultingfrom a regressionof weight gain versus time.

Table C.1 reports the multiple estimates of unnormalized oxidation rate for those TGA test runs with
multiple localized weight gain periods (i.e., TGA 81, 83, 84, 85, 86, 88, 89,91, 92,93,94, and 95). Other
test runs (TGA 82, 96, 97, and 98) had consistent linear trends between weight gain and time over
substantially the whole test period, so only one estimate of unnormalized oxidation rate is given in
Table C.1 for those runs. For each TGA run, the unnormalized oxidation rater (slope, mg/min) listed
first in Table C. 1 is the one corresponding to the largest time period of data deemed reasonable for
estimating oxidation rate. Oxidation rates”r listed second, third, . . . are based on subsets of the initial time

periodin somecases,or on latersubsetsin othercases. The“TimeRangeofDataUsed”columnin
Table C. 1 reports the time ranges (in minutes) of data used to estimate each oxidation rate (slope) via
least squares regression.

The multiple unnormalized oxidation rates r for a given TGA test in Table C. 1 cannot be considered
as resulting from independent random sampling of oxidation rate periods. Still, for TGA tests for which
multiple values were available, the multiple values were used to compute standard deviations for each
TGA test. These standard deviations were then “pooled” to yield a common estimate of uncertainty in
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oxidation rates across the TGA tests.* Because the unnormalized oxidation rates r span almost two orders
of magnitude, standard deviations were computed after taking the natural logarithm (In) of each r.z The
standard deviation estimates of In(r) for individual TGA runs ranged from 0.11 to 0.54, excluding TGA
85 (with 0.91) and TGA 95 (with 1.07). Excluding the TGA 85 and 95 standard deviations, the pooled
standard deviation of in(r) was 0.31 ln(mg/min), which may also be expressed as 0.31 ln(mg/hr).3 This
value was deemed appropriate as an estimate of uncertainty in unnormalized oxidation rates for TGA tests
80,81,83,84,86,88,89, 91,92,93, and 94. As mentioned earlier, TGA’runs 82,96,97, and 98 had only
one estimate each of unnormalized oxidation rate, and hence there was no basis for computing a standard
deviation of in(r) for these runs. It was decided to use 0.12 In(mghn-)as the estimate of the uncertainty of
In(r) for these runs, because the three smallest standard deviations for the TGA runs with multiple

deterrninations of r had standard deviations close to 0.12. Although the basis for this value is very

limited, it is at least consistent with the expectation that there should be less uncertainty for TGA tests
with essentially straight weight gain versus time relationships. Finally, a standard deviation of
1.00 ln(mg/min) was chosen to represent the uncertainties of the TGA 85 and 95 runs. The 0.31,0.12,
and 1.00 ln(mg/min) values discussed above are used for the error propagation work in Section C.4.

An advantage of using the natural logarithm transformation is the approximate relationship

SD[ln(y)]s RSD(y), C.3

where y = a random variable, SD = standard deviation, and RSD = relative standard deviation. Hence, the
pooled SD[ln(r)] = 0.31 maybe interpreted as the unnormalized oxidation rater havingaRSDof0.31, or
a percent relative standard deviation (’YoRSD)of31%. The SD[ln(r)] values of 1.00 for TGA 85 and 95,
and 0.12 for TGA 82, 96, 97, and 98, may be interpreted as ‘1oRSDSof 100’%0and 12°/0,respectively.
Hence, there is a considerable range of estimated uncertainties in the TGA unnormalized oxidation
rates r.

1The only purpose of estimating the standard deviation of unnormalized oxidation rate for each TGA run
and pooling the estimates is to provide direction for selecting the middle of three variance values to
propagate in the error propagation work discussed in Section C.4. Hence, it is not of concern that the
usual assumptions of independent random samples for computing sample statistics (such as mean and
standard deviation) may not be completely appropriate.

2 The natural log transformation is commonly applied in statistics to homogenize standard deviations in
cases where uncertainties tend to increase as the magnitude of a variable increases.

3The standard deviation of in(r) is the same regardless of whether r is expressed in mg/min or mglhr
units. This is because the units conversion factor is multiplicative, which becomes additive after the
natural log transformation. Standard deviations are not affected by the addition of a constant to random
variables.
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A final alternative for estimating uncertainties in oxidation rates is to use literature data containing
replicate tests, and assume the uncertainties for such data also apply to the TGA runs. This alternative
provides for capturing test sample-to-sample and lab-to-lab variations. This alternative is discussed in

Section C.5. 1, which addresses the literature data.

C.3 Uncertainties in Temperature, Vapor Pressure, and Surface Area

During TGA tests, temperature and vapor pressure were monitored essentially continuously. The data
were used to estimate the means and standard deviations of temperature and vapor pressure for each TGA
test. For many of the test runs, it was necessary to remove temperature and vapor pressure “ramps” at the
beginning or end of the test runs. These “ramps” are an inherent part of test stafi-up and shutdown, but
should not be used to characterize the mean and standard deviations during the bulk of the test. In the
case of temperature, means and standard deviations were calculated for the various time periods of data
used to estimate local weight gain slopes (unnormalized oxidation rates r), as discussed in Section C.2.
The means and standard deviations for temperature and vapor pressure are reported in Table C.1.

The temperature means reported in Table C.1 range from roughly76to211°C. The temperature
standard deviations range from 0.05 to 0.83”C, except for a standard deviation of 2.23°C for TGA run 96.
Hence, variations in temperature over the course of a test were relatively small. Of course, these
estimates of uncertainty on]y address precision and not accuracy. Accuracy of the measured temperatures
cannot be addressed using the data provided.

The vapor pressure means reported in Table C. 1 range from roughly 5.6 to 7.5 kPa, while the standard

deviations range from 0.16 to 0.70 kPa. There is no evidencethe standard deviation is related to the

magnitudeof vapor pressure. Hence,the separate estimatesof vapor pressure standarddeviation for each
TGA test were pooled to obtain a combined “average” estimate of uncertainty. This was done by simply
averaging the variances (squared standard deviations) for the TGA runs.] The resulting vapor pressure
pooled standard deviation was 0.294 kPa. This value is referred to in Section C.4.

Surface areas of TGA test samples were calculated using dimensional measurements. The
dimensional measurements are subject to very little uncertainty, possibly only 1 mil per dimension (i.e.,
length, width, and height). If only these very small dimensional measurement uncertainties are con-
sidered, the uncertainty in surface area is essentially negligible. Based on irregularities in dimensional
shapes, John Abrefah estimated the uncertainty in surface area to range from 1 to 10’XO.This range is
considered to be a range of O/ORSDvalues in Section C.4.

‘ Becauseof the largenumber of data points used to computevapor pressure standarddeviations, it was
decided not to use the very large numbersof degrees of freedom to pool the separate standard deviations
(as is usually done). The pooled standard deviation estimate was only used as guidance for selecting a
range of vapor pressure standard deviations to use for error propagation.
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C.4 Error (Variance) Propagation

Errorpropagationmethods(sometimescalledvariancepropagationmethods)provideforcalculating
theapproximatevarianceofa functionof variables,whichareeachsubjectto error(uncertainty).Error
propagation methods were applied to propagate uncertainties in unnormalized oxidation rate (r), surface
area (A), and vapor pressure (P) through Eq. C. 1 to get a combined variance (and standard deviation) of
the normalized oxidation rate k for each TGA run. Actually, because of the wide range of k values for the
TGA tests, variances and standard deviations of In(k) were obtained via error propagation. The first-order
error propagation formula

Var[ln(k)]=Var[ln(r)] + [lZSD(A)]z+(1/4P2)*Var(l’), C.4

is based on a first-order Taylor-series expansion of Eq. C.1 after a natural logarithm transformation of
both sides. The variance terms Var[ln(r)], [RSD(A)]Z, and Var(P) in Eq. C.4 represent estimates of
uncertainty for r, A, and P, respectively. Three estimates of uncertainty were used for each of these terms
in order to provide a range of estimated variances (and standard deviations). The following paragraphs
describe how the three estimates of uncertainty for each variable were obtained.

As mentioned in Section C.2, the 0.31 ln(mg/min) pooIed standard deviation estimate of uncertainty
in h(r) was deemed applicable to TGA tests 80, 81, 83, 84, 86, 88, 89, 91, 92, 93, and 94. For these tests,
the estimates 0.15, 0.30, and 0.60,for SD[ln(r)] were used in the error propagation. The 0.15 value

represents approximately one-half of the pooled standard deviation, while 0.60 represents approximately

twice this value. These three values span the range of separate estimates of uncertainty seen in the K-
West SNF data for TGA tests 81,83,84,86, 88, 89,91,92,93, and 94. As discussed in Section C.2, the
standard deviation estimate of uncertainty in in(v) was 0.12 ln(mg/hr) for TGA runs 82, 96, 97, and 98.
This led to the choice of estimates 0.06, 0.12, and 0.24 for SD[ln(r)] to be used in the error propagation
for TGA runs 82,96,97, and 98. For TGA runs 85 and 95, the estimates 0.5,1.0, and 1.5 for SD[ln(r)]
were used in the error propagation.

As mentioned in Section C.3, the combined (across TGA runs) vapor pressure standard deviation was
0.294 kpa. The standard deviations of the individual test runs ranged from 0.15 to 0.70 kPa. Based on
this observation, values of approximately one-half and triple the combined standard deviation were used
to cover this range. The vapor pressure standard deviation estimates 0.15, 0.3, and 0.9 kPa were used in
the error propagation. “

As mentioned in Section C.3, the relative uncertainty associated with surface area is thought to be
between 1% and 10%. YoRSDvalues of 1%, 5’%0,and 10% (actually RSD values of 0.01,0.05, and 0.10)
were used in the error propagation.

Table C.2 contains the error (variance) propagation results. The propagated variances associated with
the variables unnormalized oxidation rate (r), vapor pressure (P), and surface area (A) are listed in the

columns, along with the total variance (Total), total standard deviation (Total Stan. Dev.), and total

O\ORSD(Total YORSD) estimates. Note that there are three rows of estimates for each run. The first row
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Table C.2. Results from Propagating Variances of Slope, Vapor Pressure, and Surface Area

Through the Equation for Normalized Oxidation Rate (k)

Vm-imrce(b)

Vapor Surface Total Standard Total %
Run Levels(’) Slope (r) Pressure (P) Area (A) Total (k) Deviation(b)(k) RSD (k)
80 smallest 0.0225 0.000181 0.0001 0.022781 0.151 15.1

middle 0.0900 0.000723 0.0025 0.093223 0.305 30.5

largest 0.3600 0.006504 0.01 0.376504 0.614 61.4
81 smallest 0.0225 0.000104 0.0001 0.022704 0.151 15.1

middle 0.0900 0.000414 0.0025 0.092914 0.305 30.5

largest 0.3600 0.003728 0.01 0.373728 0.611 61.1
s~ smallest 0.0036 0.000170 0.0001 0.003870 0.062 6.2

middle 0.0144 0.000678 0.0025 0.017578 0.133 13.3
largest 0.0576 0.006104 0.01 0.073704 0.271 27.I

83 smallest 0.0225 0.000173 0.0001 0.022773 0.151 15.1
middle 0.0900 0.000693 0.0025 0.093193 0.305 30.5
targest 0.3600 0.006233 0.01 0.376233 0.613 61.3

84 smallest 0.0225 0.000181 0.0001 0.02278 t 0.151 15.1

middle 0.0900 0.000723 0.0025 0.093223 0.305 30.5
l~~es[ 0.3600 0.006504 0.01 0.376504 0.614 61.4

85 smallest 0.2500 0.000161 0.0001 0.250261 0.500 50.0
middle 1.0000 0.000644 0.0025 1.003144 1.002 100.2
largest 2.z5(I0 0.005798 0.01 2.265798 1.505 150.5

86 smatlest 0.0225 0.000151 0.0001 0.022751 0.151 15.1
middle 0.0900 0.000605 0.0025 0.093105 0.305 30.5
largest 0.3600 0.005442 0.01 0.375442 0.613 61.3

88 smallest 0.0225 0.0001 0.0001 0.022700 0.151 15.1
middle 0.0900 0.000401 0.0025 0.092901 0.305 30.5
largest 0.3600 0.00361 0.01 0.373610 0.61I 61.1

89 smallest 0:OZ25 0.000103 0.0001 0.022703 0.151 15.1
middle 0.0900 0.000411 0.0025 0.092911 0.305 30.5
largest 0.3600 0.003698 0.01 0.373698 0.611 61.1

91 smallest 0.0225 0.000106 0.0001 0.022706 0.151 15.1

middle 0.0900 0.000426 0.0025 0.092926 0.305 30.5
largest 0.3600 0.003831 0.01 0.373831 0.611 6t.1

92 smallest 0.0225 0.000107 0.0001 0.022707 0.151 15.1

middle 0.0900 0.000427 0.0025 0.092927 0.305 30.5
largest 0.3600 0.003842 0.01 0.373842 0.611 61.1

93 smallest 0.0225 0.000109 0.0001 0.022709 0.151 15.1
middle 0.0900 0.000436 0.0025 0.092936 0.305 30.5
largest 0.3600 0.003928 0.01 0.373928 0.611 61.1

94 smallest 0.0225 0.00013 0.0001 0.022730 0.151 15.1
middle 0.0900 0.000518 0.0025 0.093018 0.305 30.5
largest 0.3600 0.004663 0.01 0.374663 0.612 61.2

. I

. I
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Table C.2. (Contd)

Variance(b)

Vapor Surface Total Standard Total ?4.

Run Levels(a) Slope (r) Pressure (P) Area (A) Total (k) Deviation(b)(k)
95

RSD (k)
smallest 0.2500 0.000138 0.0001 0.250238 0.500 50.0

middle I.0000 0.000553 0.0025 ‘ 1.003053 1.002 100.2

largest 2.2500 0.004975 0.01 2.264975 1.505 150.5

96 smallest 0.0036 0.000110 0.0001 0.003810 0.062 6.2

middle 0.0144 0.000440 0.0025 0.017340 0.132 13.2

largest 0.0576 0.003961 0.01 0.071561 0.268 26.8

97 smallest 0.0036 0.000110 0.0001 0.003810 0.062 6.2

middle 0.0144 0.000440 0.0025 0.017340 0.132 13.2

largest 0.0576 0.003961 0.01 0.071561 0268 26.8

98 smallest 0.0036 0.000120 0.0001 0.003820 0.062 6.2

middle 0.0144 0.000478 0.0025 0.017378 0.132 13.2

largest 0.0576 0.004303 0.01 0.071903 0.268 26.8

I Smallest/middle/largestmeansthesmallest/middle/iargestestimatesof uncertaintyfor r, A, andP wereused.
) The totalstandarddeviationhas unitsofm@hr/cm2/KPa03,whilethe totalvarianceand its componentpartseachhas

unitsof [m#hr/cm21kPa0‘]2.

contains the estimates using the smallest levels of uncertainty for each of the variables listed above.

The second row contains the estimates using the middle uncertainty levels, and the third row contains the
estimates using the largest uncertainty levels. Hence, these combinations of uncertainties span the
smallest, middle, and largest total uncertainties possible given the specified low, middle, and high levels
of uncertainty for each variable.

The results in Table C.2 are very similar for the three groups of TGA tests for which separate
estimates of In(r) uncertainty were used. For the group containing TGA runs 80, 81, 83, 84, 86, 88, 89,
91,92,93, and 94, the total standard deviation of the natural log of normalized oxidation rates [In(k)] is
estimated to be between approximately 0.15 and 0.61, with a middle value of approximately 0.31. This

translates to ‘%oRSDvalues for normalized oxidation rate k ranging from 15!% to 61‘XO,with a middle value

of 3 lYo. The results are essentially the same for all TGA tests in the group. However, the smallest
uncertainty value may be more appropriate for some TGA tests in the group, while the middle or largest
uncertainties may be more appropriate for others.

For the second group, consisting of TGA runs 82,96,97, and 98, the %RSD values for normalized
oxidation rate k range from roughly 6°/0to 270/o,with middle values of 13°/0. These runs have lower
uncertainties than the first group because of the lower estimates of uncertainty used for the unnormalized
oxidation rate (r) values in the error propagation.
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For the third group, consisting of TGA runs 85 and 95, the %RSD values for normalized oxidation
rate k range from roughly 50°/0to 1510/0,with middle values of 10OO/O.These runs have higher
uncertainties than the first group because of the higher estimates of uncertainty used for the unnormalized
oxidation rate (r) values in the error propagation.

It is clear from the Table C.2 results that the uncertaintyin normalizedoxidationrates k k dominated
by the uncertainty in the unnormalized oxidation rates r. T_Jncertainties in surface area and vapor pressure

are small relative to the uncertainty in r, and hence contribute little to the uncertain~ of ~.

C.5 Comparison of Literature and TGA Oxidation Rate Data

The most important objective of this work is to assess whether K-West SNF normalized oxidation
rates (k values per Eq. C. 1) are different from literature values for unirradiated uranium. Preliminary
plots of in(k) versus 1000/T seem to suggest a linear relationship:

in(k) = c + d (1000/T) C.5

where In(k) denotes the natural logarithm of the normalized oxidation rate k (mg/hr/cm2/KPa), T is
temperature in Kelvin, and c and d are the intercept and slope of the line, respectively.

Unfortunately, the TGA test data are over a much narrower temperature range (349 to 484 K) than are
the literature data (293 to 1713 K). To compare oxidation rates and the oxidation rate-temperature
relationship for the literature and TGA tests, it was decided to focus on a truncated portion of the
literature data from 293 to 575 K. Over this truncated temperature range, the In(k)versus 1000/T
relationshipfor the literaturedata is approximatelylinear. The relationshipfor the TGA tests also appears

to be roughly linear, althoughthe relationship is muchnosier because of scatter in the small number of (T,
k) data points. Apparently there is reasonable cause to consider omitting some of the TGA data runs,
which may reduce the apparent scatter. However, it was beyond the requested scope to consider this in
the statistical analyses.

Even though the temperature range for the truncated literature data is much narrower than for the
untruncated literature data, it is still wider than the temperature range for the TGA test data. The
combination of a narrower temperature range and much smaller number of data points for the TGA test
data causes the uncertainty in the slope of the In(k) versus 1000/T linear relationship to be much greater
than the uncertainty in the slope for the literature data. This point is illustrated and discussed in Sections
C.5. 1 and C.5.2. Section C.6 assesses the value that would be added by performing one or two extra TGA
tests at temperatures closer to the 293 and 575 K extremes for the truncated literature data.

In the subsections that follow, the results of various approaches for comparing oxidation rates of
literature and TGA test data are presented.
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C.5.1 Linear Relationship Between In(Oxidation Rate) and Inverse Temperature

for Truncated Literature Data

One approach for comparing oxidation rates from literature and TGA test data is to: (i) fit and assess
a linear relationship between in(k) and 1000/T for the literature data, (ii) compute 95°/0prediction
intervals for normalized oxidation rate k on each of the TGA tests using the fitted relationship, and (iii)
determine whether the “measured” oxidation rate k for each TGA test is within its corresponding 95’%o
prediction interval. This approach assumes that the uncertainty in oxidation rates for the literature data is
representative of the uncertainty in oxidation rates for the TGA test data.

The results of fitting Eq. C.5 to the truncated literature data are given in Table C.3 and shown in
Figure C. 1. Note that 167 data points provided 166 total degrees of freedom, of which 113 were used to
estimate pure error and 52 were available to statistically test lack-of-fit. The lack-of-fit F-statistic had a

Table C.3. Results of Fitting the Line in(k)= c + d(l 000/T) to Literature and TGA Test Data

Truncated Literature Data TGA Test Data

[intercept) ‘a) 11.53 (0.25) 11.17(1.35)

(slope)”) -5.51 (0.09) -5.82 (0.54)
2 0.958 0.886

b) 0.503 0.562

Ire ErrorSD‘c) 0.400 0.305

:mp. Range (K) 293-575 ‘d) 349-484

) Values in parentheses following intercept and slope estimates are the standard
deviations of the estimates.

I) s = root mean squared error, ~vhichis an estimate of the experimental error
standard deviation if the fitted model does not have a statistically significant
lack-of-tit. Here, s has units of [n(mg/hr/cmz/kPao 5).

) Pure Error SD = estimate of experimental error standard deviation based only
on replicate or near replicate tests. In this case, replicate tests are those
conducted at the same (or essentially the same) temperature, because surface
area and vapor pressure differences are nominally accounted for via
““normalization”of oxidation rate per Eq. C.1. Here, “’PureError SD has units
of hr(mg/hr/cm%Pa0”5).

1) Threeoutlyingdatapointswere omittedbeforefittingthe line,although
becauseof the largenumberof data points,they had littleeffecton the fit.
However,omittingthesepoints didyield somewhatsmallerestimatesof ‘“s”
and “’PureError SD. This approachwas chosento be conservativein looking

for differencesink valuesbetweenthe literatureandTGAtests(i.e., this
approachincreasessIightlythe chanceof tindingsuchdifferencesto be
statisticallysignificant).
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Truncated Literature Oxidation Rate Data for Unirradiated Uranium

Between 293 and 575 K and the Fitted Least Squares Line

value of 2.85, which was highly statistically significant (>99.9°/0) because of the large degrees of
freedom. However, from a practical standpoint, a line fits the in(k) versus 1000/T truncated literature data
quite well (as seen in Figure C.1). Hence, it was deemed appropriate to proceed with using the fitted line
to make predictions and 95’%0prediction intervals for the TGA tests.

The “Pure Error SD” value of 0.400 for the truncated literature data (see Table C.3) can be interpreted

(per the approximation in Eq. C.3) as normalized oxidationfite k having %RSD= 40.0%. This estimate
of uncertaintyfork includes test sample-to-sample variations and lab-to-lab testing variations. The
%RSD = 40.0 estimate from the literature data maybe contrasted with the error propagation estimates of

uncertainty in TGA k values summarized in Table C.2. The propagated uncertainties for TGA k values do
not contain any sample-to-sample or lab-to-lab sources of variation, and yet have O/ORSDvalues from
error propagation in the ranges 6 to 280A, 15 to 61‘%o, or 50 to 150’?40depending on the group each TGA

test was in. These results suggest the TGA test data maybe subject to more uncertainty than the test data

from the literature. However, there are other possible explanations. Because the uncertainty in

unnormalized oxidation rates was dominant in the error propagation results, the ad-hoc method of using
localized weight gain data to estimate uncertainty may have yielded overestimates. Another explanation
is that there could be differences in uncertainty in literature tests of unirradiated uranium versus TGA
tests of K-West SNF. It was beyond the scope of this statistical analysis to address such issues.
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The line in Eq. C.5 fitted to the truncated literature data was used to make a prediction and 95% two-
sided prediction interval on k for each of the TGA tests. The results are given in Table C.4. For a given
TGA test, if the range of “measured” k values is within the corresponding 95’%0prediction interval, then
the TGA results cannot be declared significantly different from the mean k value for the literature data at
that temperature. If the range of “measured” k values for a given TGA testis outside the corresponding
95% prediction interval, the TGA results are declared significantly different fi-omthe mean k value for the
literature data at that temperature. In the long run, such “significantly different” conclusions would be

correct 95%ofthetimegiventhata 95%predictionintervalwasused. If therangeof“measured”k
values for a givenTGA test is partly insideand partly outsidethe corresponding95’%predictioninterval,
it is borderlinewhetherthere is a statisticallysignificantdifference.

Table C.4 shows, that of the 17 TGA tests, 6 have ranges of “measured” k values that are completely
outside the 95’%prediction intervals. In all 6 of these cases, the range of “measured” k values is below
the lower limit of the 95% prediction interval. Another 6 TGA runs had their ranges of “measured” k
values overlap the 95% prediction intervals, always on the lower end of the 95% prediction intervals. The
remaining 5 TGA tests (80, 81, 82, 83, and 84) had their k ranges completely inside the corresponding
95’%0prediction intervals. However, the k ranges tended to fall within the lower portions of the 95’%0
prediction intervals. Finally, if the K-West SNF tests were performed in the order of their TGA numbers,
it is worth noting that the first 5 tests had “measured” k ranges within the corresponding 95°/0prediction
intervals, while the final 12 tests did not.

Table C.4. Comparison of “Measured” k Values for TGA Tests to Predictions and 95’%Prediction
Intervals Obtained from Fitting Eq. C.5 to Truncated Literature Data

TGA Predicted k 95~o Prediction Interval on k Range of “Measured” k ‘a)
Test (mg/hr/cm2/KPa0.5) (mg/hr/cm2/kPa0.5) (mg/hr/cm2/kPa0.’)

80 0.312 0.1149-0.8477 0.2607

81 0.312 0.1149-0.8477 0.1542-0.1929

82 0.303 0.1115– 0.8232 0.1778

83 0.039 0.0144-0.1061 0.0221– 0.0408

84 0.038 0.0139– 0.1020 0.0202– 0.0268
85 0.036 0.0133– 0.0980 0.0054– 0.0437*
86 0.130 0.0479-0.3527 0.0199– 0.0303**
88 0.321 0.1182-0.8729 0.0555– 0.0963**

89 0.321 0.1182-0.8729 0.0666– 0.0838**
91 0.134 0.0496– 0.3647 0.0228– 0.0450**
92 0.048 0.0176-0.1290 0.0084– 0.0300*
93 0.014 0.0052– 0.0384 0.0037– 0.0067*

94 0.015 0.0055-0.0402 0.0040– 0.0085*
95 0.016 0.0057-0.0421 0.0036– 0.0289*
96 1.158 0.4244-3.1573 0.3390 **

97 1.158 0.4244– 3.1573 0.3151 **

98 0.114 0.0419– 0.3081 0.0437*

(a) An* indicates the range of “measured” k values overlaps the corresponding 95V0
prediction interval (PI), while ** indicates the range of “measured” k values is
comdetelv outside the corresponding 95°API.
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The results in Table C.4 strongly suggestthat the TGAtests tend to have lowernormalizedoxidation
rates k than do literature tests. There are two possible explanations for this. One possible explanation is
that the K-West SNF actually oxidizes at a slower rate than do the various unirradiated uranium samples
represented in the literature data. Another possible explanation is that the TGA testing process yields
normalized oxidation rates k that are biased low compared to the testing processes used to produce the
literature data. One possible explanation for the first 5 TGA tests showing less “bias” relative to the
literature data than the subsequent 12 tests is that the bias was changing over time. Presumably there are
other possible explanations. Whether or not the TGA testing process yields estimates of k that are biased
low must be addressed on the basis of knowledge of the testing process, and thus is not discussed further
here.

C.5.2 Linear Relationships Between h~(Oxidation Rate) and
Inverse Temperature for TGA Test Data

The results of fitting Eq. C.5 to the TGA test data are given in Table C.3 and displayed in Figure C.2.
The results from fitting Eq. C.5 to the literature data are also contained in Table C.3 to facilitate
comparisons. The line fitted to the TGA data had R*= 0.886, which is smaller than the R*= 0.958 value
for the line fitted to the literature data. The smaller Rzvalue could be due to larger scatter of the TGA
data about the fitted line (see Figure C.2). The larger scatter tends to support the earlier conjecture that

the TGAtest data maybe subjectto more uncertaintythan the literature data. The lowerR*value could
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also be due to the narrower temperature range of data for the TGA tests compared to the literature data.
The estimate of “Pure Error SD” for the TGA tests given in Table C.3 is based on near-replicate TGA
data (tests at nearly the same temperature). The “Pure Error SD estimate of 0.305 for the TGA tests is
somewhat smaller than the corresponding estimate of 0.400 for the literature data. However, the pure
error standard deviations (SDS) at different TGA test temperatures varied widely, with some small values
lowering the combined estimate.

An importantquestion is whether the slopes of the In(k)versus 1000/T relationship are different for
the TGA and literature data. If the slopes are different, that would indicate K-West SNF could have
higher normalized oxidation rates for some values of T than unirradiated uranium samples from the

literature data. Figure C.3 displays the TGA and literature data and their corresponding fitted lines. From

Table C.3 and Figure C.3, it is seen that the slopes of the in(k) versus 1000/T relationship are very close
for the literature and TGA data sets. Given the uncertainties in the slopes (see Table C.3), there is no
statistically significant difference between them. Neither is there a statistically significant difference
between the two intercepts. However, in the temperature range of the TGA data, Figure C.3 clearly
shows the TGA line is lower than the literature line. This difference agrees with earlier indications of
normalized oxidation rates for the TGA tests being lower than for the literature tests.
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C.6 Value of Additional TGA Tests Over Wider Temperature Range

It was noted in Section C.5 that the TGA test data covers a narrower temperature range than the
truncated literature data. This raises the question as to the added value of conducting additional TGA
tests over a wider temperature range. Additional TGA tests over a wider temperature range will reduce
the SD for the slope of in(k) versus 1000/T. In other words, a more precise estimate of the slope would be
obtained for the TGA data. In turn, it would be easier to detect a difference between the slopes of the

h(k) versus 1000/T relationship for the TGA and literature data.

The SD of the slope for the TGA data was recalculated assuming data were collected at one or two

additional temperature values. Additional temperature values were selected near the smallest (293K) and
largest (575K) temperature values from the truncated literature data. The calculation of the new SDS

(after adding one or two new temperature values) assumes there is no change in the mean squared error of
the linear fit of In(k) versus 1000/T. The selected new temperature values and the corresponding new SDS

are listed in Table C.5.

Table C.5 shows that the slope SD is reduced from 0.540 to 0.410 by including additional points at
T = 325 and 550K. The SD is reduced from 0.540 to 0.366 by including points at 300K and 575K.
Adding more than two additional data points, or even replicating some data points, would reduce the
SD further. The question is whether the reduction in SD of the slope for the TGA data would be
sul%cient to declare the slope significantly different than the slope for the literature data.

Table C.3 shows a slope of –5.51 for the literature data, and –5.82 for the TGA data. Assuming the
TGA slope would remain the same after adding additional temperature data points, the question becomes
whether the reduction in standard error would be sut%cient to declare –5 .82 significantly different from –
5.51. Because the difference in these two slopes (0.31) is so small, the reduction in SD from adding one

Table C.5. Valueof PerformingAdditionalTGA Tests Over a Wider TemperatureRange

1 T (K) Value of I Standard Deviation ~
Point(s) Added of Slope

no point(s) added 0.540
325 0.474

II550
I

0.458
J

325 and 550 0.410

I

no points added 0.540 I
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or two additional points would not be enough to declare the difference statistically significant. Of course,
there is always the possibility that additional TGA tests at temperatures more extreme than studied so far
would yield a slope for the TGA data with a larger difference compared to the slope for the literature data.
It is possible to perform statistical power analyses to determine the probability of declaring statistically

significant slope differences of different magnitudes given variousnumbersofTGAdatapoints.
However,sucha poweranalysiswasnotperformedbecauseofthe lackof strongevidencethat theTGA
tests of K-West SNF have a different slope compared to literature data.

C.7 Summary and Conclusions

Several statistical analyses were performed to achieve the primary goals ofi 1) estimating normalized

oxidation rates k (mg/hr/cmz/kPaO”s)and their uncertainties for TGA tests of K-West SNF in a moist
helium atmosphere, 2) comparing k values for literature unirradiated uranium tests and K-West SNF tests,
and 3) assessing the value of performing additional TGA tests on K-West SNF.

The statistical analyses did not find any evidence of K-West SNF having higher oxidation rates
compared to literature data. Rather, there was strong statistical evidence that K-West SNF has lower
oxidation rates than the literature data, or that the TGA tests performed on K-West SNF somehow yield
oxidation rates that are biased low compared to the literature tests.

Oxidation rates obtained from TGA testing of K-West SNF maybe subject to higher uncertainty than
the literature data. This statement requires some explanation, because fewer sources of uncertainty may
be present in the K-West SNF data compared to the literature data. The literature data presumably

includes unirradiated uranium sample-to-sample and lab-to-lab variations, whereas the TGA tests of

K-West SNF were performed in the same lab with possibly less variation in SNF samples. Replicate
literature data (multiple normalized oxidation rate values at the same temperature) provided an estimate of
40 YoRSD. Error propagation results for the TGA K-West SNF tests indicated uncertainties could be in
the 6 to 150 %RSD range depending on the specific TGA test and uncertainties in the quantities used to
calculate normalized oxidation rate. The error propagation results were dominated by the uncertainties
estimated for unnormalized. oxidation rates, which were determined using localized portions of weight
gain versus time data. These uncertainties in unnormalized oxidation rates maybe overestimates of the
true uncertainty, which is a possible explanation for the larger estimates of uncertainties in TGA test
results for normalized oxidation rate.

Finally, it is recommended that if additional TGA tests are performed in the future, statistical
experimental design principles and methods be employed so as to be able to adequately assess and
account for the effects of test and sample parameters on oxidation rate. Also, including several replicates
in the experimental design would provide for better estimates of oxidation rate uncertainty.
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Appendix D

Data Integrity Review Team (DIRT) Activity Summary

D.1 Purpose

The purpose of the Data Integrity Review Team was to help ensure the quality of results obtained in
laboratory studies to assess the kinetics of K-Basin spent fuel in a moist, inert gas environment. The team
was asked to review the entire experimental approach to evaluation .of spent fiel oxidation kinetics,
identi@ing vulnerabilities that could impact the quality of experimental results. Where appropriate, the
committee was to suggest modifications to experimental methods and possibly additional tests that would
lead to an improved understanding of the kinetics of spent fuel oxidation under anticipated storage
conditions.

The DIRT team was composed of the following:

G. Scott Barney – Babcock and Wilcox

Albin L. Pajunen – Duke Engineering Services

Larry R. Pederson – Pacific Northwest National Laborato~

Joel M, Tingey – Pacific Northwest National Laboratory

Each of the team members has expertise in the development and use of reaction rate data. The team
was assembled by and reported to DW Bergmann and JR Fredrickson, Duke Engineering Services. The
team met at least once weekly beginning in early November 1998 with J Abrefah, the cognizant PNNL
scientist for moist, inert gas oxidation studies.

It is the opinion of the DIRT that the experimentally determined oxidation rates for K-Basin spent
fuel are of high quality and accurately reflect the behavior of that fiel in a moist, inert gas environment.
Within identified limits, the use of thermogravimetric analysis to study spent fiel oxidation is appropriate
for this study. The origin of each sample used in the tests and experimental rate data corresponding to
each sample are well documented. Uncertainties associated with these measurements were carefully
considered. The reported results are in good agreement with literature values.
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D.2 Issues Considered by DIRT

A wide range of issues was discussed by the DIRT that could potentially affect the quality of
experimentally determined spent fuel oxidation rates in moist helium. These issues are summarized
below.

Degree That Chosen Samples Are Representative of K-Basin Spent Fuel: All seventeen samples on

which TGA tests were performed were taken from the damaged end of one K-West Basin fuel element.

Constraints of time and budget precluded examination of additional elements. Samples sectioned from

the spent fuel element contained varying degrees of matrix damage due to corrosion, ranging from minor

to severe. Somewhat higher oxidation rates were obtained for severely corroded samples, but the

obtained rates did not exceed literature results. Since kamples were cut from the damaged t%el element,

present studies did not address the effect on oxidation kinetics of the presence of a surface corrosion layer

formed during fuel storage in the K-Basins.

Applicability of the TGA Method: The DIRT has concluded that the TGA approach to studying spent
fuel oxidation is appropriate. Advantages include the ability to measure even very small weight gains due
to oxidation in a controlled atmosphere in real time and the ability to use small samples. Reaction
temperatures can be controlled precisely. However, even a very sensitive technique such as thermo-
gravimetric analysis has limitations in its applicability, which was established in the present study through
a series of background drift measurements and a careful analysis of error.

Surface Area: Oxidation rates are based on the exposed surface area of the spent fuel sample, not on
initial sample weight. Dimensional irregularities due to sample cutting, etc., could result in a surface area
greater than the geometric sample area used in data reduction, conservatively estimated at 10O/O.
Microcracks in damaged spent fuel samples will also result in a higher surface area than the geometric
value and will contribute to experimental scatter. Such enhanced rates due to microcracks merely reflect
the properties of the spent fuel. While rates determined for severely damaged samples were somewhat
greater than obtained for mildly damaged samples, the determined rates did not exceed that reported in
the literature.

Actual Surface Temperature versus Furnace Temperature: We expect that the actual sample
temperature and the indicated temperature in the TGA will be essentially identical, even though oxidation

reactions produce heat. Differences in actual sample and indicated temperatures will be minimized by

small sample size, good thermal conductivhy of the sample and TGA hardware, and relatively slow
reaction rates in the temperature range studied.

Sample Loss: Irradiation-induced strains in spent fuels can result in spallation of the oxidation product.

The oxidation product was partially lost from the sample cup in initial tests, leading to irregular weight

gain curves and an underestimate of oxidation kinetics. The addition of platinum screen covers to the

sample cup effective] y minimized this problem, preventing substantial oxidation product loss.
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Mass TransferLimitations: If thepotentialoxidationrateof spenthe] exceededtherateof reactant
flow in the TGA, reaction rates would be biased low. The use of platinum screens to minimize oxidation
product loss could somewhat exacerbate this possible problem. Experimental results do not support mass
transfer limitations, given that there was no dependence of reaction rate on gas flow rate, and that the
temperature dependence of oxidation kinetics followed simple Arrhenius behavior.

Sample Fragmentation: Some of the most damaged spent fuel samples fragmented during TGA tests,
particularly at temperatures equal to or greater than 160”C. Whether the samples fragmented or not
during the tests was well documented. Three tests that resulted in sample fia=wentation at 160”C yielded
oxidation rates somewhat higher than a test at the same temperature where the sample’did not fragment.
Experimental scatter due to fragmentation was similar to that of literature results.

Balance Drift: Drifls in the background of the TGA signal could add or subtract from actual weight
gains due to oxidation. Balance drift can exceed that of oxidative weight gain at low temperatures where
the reaction rate is very small. Extensive blank runs were performed overtime periods and temperatures
similar to those used in oxidation tests to ensure that balance drift did not significantly alter results.
Background runs were also performed where moisture was introduced into the carrier stream after first
equilibrating in dry helium. Such background runs helped to establish a minimum experimental

temperature at which meaningful kinetic data could be obtained.

Possible Oxygen Poisoning: It is possible that oxygen could have been present in the range of 30 to 80

ppm in the TGA, based on measurement of oxygen concentrations in the outlet gas from the TGA.

Oxygen levels above ti5 ppm are known to suppress the oxidation rate of uranium metal in moist inert

gas; reductions in rate by a factor of 7 to 8 have been observed for an oxygen concentration of 150 ppm.

Test configuration limitations may have led to the introduction of small concentrations of oxygen.

Infiltration of air downstream of the test chamber is the most probable source. Oxygen concentration

measurements were made downstream of the most likely infiltration point, so the actual oxygen

concentrations could well have been less than 80 ppm. When reaction rate results are adjusted for the

maximum effect of oxygen poisoning, reaction rate data for K-Basin spent fuel did not significantly

exceed the literature results for unirradiated uranium.

Uncertainty Analysis: From the earliest meetings of the DIRT, it was recommended that an extensive
analysis of experimental uncertainties be conducted. Preliminary propagation of error analyses conducted
by the team led to an estimate that the lowest temperature for which meaningful results could be obtained
was approximately 70°C. The minimum experimental temperature below which results were deemed
unreliable was revised upward, based on the results of a series of background tests conducted by J.
Abrefah and R. Sell. These tests included some where the balance was first equilibrated in dry helium

followedbymoistureintroduction.Atthecompletionofthetests,acarefilstatisticalanalysisofspent
fiel oxidation results was conducted by G. Piepel and S. Cebula, PNNL, which is attached to this report
as Appendix C. It was concluded from this statistical analysis that there was no evidence for K-West

Basin spent fuel to exhibit higher oxidation rates than given in the literature.
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D.3 Summary

The DIRT is satisfied that oxidation rate data obtained for K-West Basin spent fuel in moist helium
are of high quality and accurately represent the behavior of the fuel. The experimental approach used in
this study, thermogravimetric analysis, is appropriate for the study. After an examination of the results of
initial tests, modifications to the TGA were made to minimize measurement artifacts – specifically, the
loss of oxidation product from the sample vessel. From a thorough and careful analysis of measurement
uncertainties, the temperature range of applicability of the TGA technique was established. The
experimental results showed conclusively that oxidation rates of the examined K-West Basin fuel element
did not exceed that of literature results.
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