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ABSTRACT

Westinghouse Hanford Company (WHC) and EG&G-Idaho are
jointly conducting a long-term, low-temperature, spent-
fuel, whole rod and crud behavior test to provide the
Nuclear Regulatory Commission (NRC) with information to
assist in the licensing of light water reactor (LWR)
spent-fuel, dry storage facilities.

Readily available fuel rods from an H. B. Robinson Unit 2
(PWR) fuel assembly and a Peach Bottom-II (BWR) fuel assem-—
bly were selected for use in the 50-month test. Both intact
and defected rods will be tested in inert and oxidizing
atmospheres. A 230°C test temperature was selected for the
first 10-month run. Both nondestructive and destructive
examinations are planned to characterize the fuel rod behav-
ior during the 5~yr test. Four interim examinations and a
final examination will be conducted. Crud spallation behav-~
ior will be investigated by sampling the crud particulate
from the test capsules at each of the four interim examina-
tions and at the end of the test.

The background to whole rod testing, description of rod
breach mechanisms, and a detailed description of the test
are presented in this document.
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A TECHNICAL DESCRIPTION OF THE NRC
LONG-TERM WHOLE ROD AND CRUD PERFORMANCE TEST

I.  SUMMARY.

Westinghouse Hanford Company (WHC) and EG&G-Idaho are jointly conduc-
ting a long-term, low-temperature, spent-fuel, whole rod and crud behavior
test to provide the Nuclear Regulatory Commission (NRC) with information to
assist in the licensing of light water reactor (LWR) spent-fuel, dry storage
facilities. |

Readily available fuel rods from an H. B. Robinson Unit 2 pressurized
water reactor (PWR) fuel assembly and a Peach Bottom-II boiling water reactor
(BWR) fuel assembly were selected for use in the 50-month test. Both intact
and defected rods will be tested in inert and oxidizing atmospheres. A 230°C
test temperature was selected for the first 10-month run because of the
reported uncertainty in temperature (250 + 10°C) required for the formation
of the U308 oxidation product from UO2 coupled with the temperature control
instrumentation uncertainties of *+10°C. The intent is to test just below the
temperature where significant'quantities of U308 form in an unlimited air
atmosphere. The test temperature will be raised just below 250°C for sub-
sequent runs if the rod examination after the first run indicates that this
is feasible.

Both nondestructive (NDE) and destructive examinations (DE) are planned
to characterize the fuel rod behavior during the 5-year test. Four interim
examinations and a final examination will be conducted. Crud spallation
behavior will be investigated by sampling the crud particulate from the test
capsule at each of the four interim examinations and at the end of the test.

The background to whole rod testing, description of rod breach mecha-
nisms, and a detailed description of the test are presented in this document.
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IT. OBJECTIVE

The objective of this. project is to provide the NRC with information fo

confirm or estabish spent-fuel, dry storage licensing positions relative to:
1) Tong-term, Tow-temperature (<250°C) behavior of spent-fuel rods in dry
storage and 2) radioactive contamination potential of crud from cladding for
dry storage. The basic need for this data is to:

1)

Confirm long-term, low-temperature (<250°C), spent-fuel, dry storage
performance predictions based on theoretical analyses and on.results
from high-temperature, short-term laboratory tests

Determine the nature and behavior of crud Yayers as a function of dry

storage time

Determine the potential radioactive crud contamination (e.g., spalling,
characteristics) for dry storage.

LONG-TERM, LOW-TEMPERATURE PERFORMANCE

Dry storage of spent fuel in unlimited air below 250°C is thought to be

viable. This is based on a number of considerations:

1)

If there is an unlimited air atmosphere, less than 10% of the cladding
wall would be expected to oxidize in a 100-year storage period

Analyses and testing have indicated that below 250°C there are no
expected cladding breach mechanisms for normal rods

For very conservative worst-case analyses, stress corrosion cracking
(SCC) of the cladding is a possibility, but the only consequence should
be a release of fission gas with no particu1ate‘fue1 release due to the
low temperature

Since rod breaches occurring in-reactor are not routinely identified.
and sorted out, it is assumed that some rods with pin hole breaches
3



will enter dry storage; below 250°C the UO2 peliet, if in contact with
air, oxidizes to U307 with 1ittle density change and, as a result,

the fuel pellet (or pieces) structure is maintained and no stress is
imposed on the cladding

Therefore, any study of the long-term, spent-fuel performance below

250°C should concentrate on three points:

Both

. Determining if any unforeseen cladding breach mechanisms appear

. Relating fuel performance to the lifetime predictions based on
SCC models

. Determining the long-term behavior of breached fuel rods

BWR and PWR spent fuel are being tested in the program because they

represent the two major generic fuels in the spent fuel population.

B.

BEHAVIOR OF . CRUD

The questions of concern regarding crud during dry storage are:

N Will it spall from the rods?
. How much crud will spall from the rods?
o Will respirable-size particulate occur?
o How radioactive is the crud?

To experimentally address these yuestions, the total dry storage cycle of
loading the storage facility, the storage period, and the decommissioning

must
well
gram
crud
seen
rods

be considered. For the four generic types of storage (cask, silo, dry
and vault), the time frame of importance will be different. The pro-
will attempt to answer the four gquestions about crud by determining
contamination potential from specimens subjected to the environments
during the three stages of the dry storage cycle. Both PWR and BWR
will be included in the program.




ITI. BACKGROUND

The WHC is providing the technical lead for a low-temperature, long-
term rod and crud performance program using PWR and BWR spent fuel rods.
Testing is being conducted by EG&G-Idaho at the U.S. government facilities
operated at the Idaho National Engineering Laboratory (INEL). This task is
being performed for the NRC.

A.  STORAGE CONCEPTS AND LICENSING

There are four main containment systems for dry storage of spent fuel
presently under consideration by utilities: 1) vault, 2) cask, 3) dry well,
and 4) silo.(]) These storage containment systems may have either active
or passive cooling and provide for storage of rods either as intact assemb-
lies or disassembled and consolidated, close-packed rod arrays. The two
main differences between intact assemblies and close-packed rod configura-
tions relative to fuel rod performance are a higher heat load per unit
volume and the possibility of rod damage due to the consolidation process.
Proper design of the containment system could ensure that maximum tempera-
ture limits will not be exceeded for the consolidated rods. The amount of
cladding damage caused by consolidation is présent]y unknown, but should be
established in the future. While in storage, the fuel performance depends
only on the temperature and the atmosphere. The atmospheric composition and
temperature limits in a particular storage mode will be governed to a great
extent by the need to store breached fuel and the necessity to use a secon-
dary canister. The economic penalty of the canister fabrication may be
offset by the relaxation of the temperature and atmospheric requirements.

The NRC indicates three time periods of interest for these systems:
fuel emplacement, storage, and decommissioning.(z) During these periods

9
.

the following conditions related to fuel performance must be satisfied:(d)



o The fuel cladding must be protected against degradation and gross

rupture.
o There mustvbe surveillance to ensure limiting conditions are met.
. There shall be adequate safety under normal and accident
conditions.
° Releases to the environment shall be within acceptable limits.

Potential fuel cladding degradation and breach mechanisms need to be
evaluated and understood under a range of dry storage environmental condi-
tions for these licensing requirements to be met.

B.  ANALYSIS OF CLADDING DEGRADATION MECHANISMS

Four degradation mechanisms have.been 1dent1fied(3) that might cause
cladding breach during dry storage: 1) stress-rupture, 2) SCC, 3) hydriding,
and 4) external oxidation. While each of these potential breach mechanisms
could be active under certain storage conditions, control of the spent fuel
environment during storage can ensure that cladding breach will not occur.

Spent fuel rods are potentially susceptible to failure by stress-
rupture since the internal pressure in the rod produces a tensile hoop stress
in the cladding wall. Factors generally contributing to shorter rod life-
times due to stress-rupture are high Lemperatures, high internal gas pressure
and, incipient cracks in the cladding wall that might be produced in-reactor.
While this mechanism was originally thought to be the most probable cause of
breach,(3) high-temperature testing(4) has indicated that this may not be
the case. At the temperatures bLeiny considered for dry storage, additional
data are required to confirm that lifetimes based on stress-rupture exceed
the anticipated 100-year storage period.

SCC, as an active degradation mechanism in Zircaloy®-clad fuel rods,

is not well understood.(]) The corrosive environment responsible for SCC

~

®Zircaloy is a registered trademark of Westinghouse Electric Corp.,
Specialty Metals Division, Blairsville, PA.
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in fuel rods comes from the fission products generated during irradiation.
The specific agent causing SCC has not been positively identified, although
iodine is thought to be the prime candidate.(s) Gamma radiolysis of solid
CsI(6) to produce localized ijodine vapor [thought to be responsible for in-
reactor SCC(7)] may not be active during storage, thus reducing SCC effects.
Presently available data seem to indicate that SCC will not be an active mecha-

nism at the temperatures and cladding hoop stresses expected in dry storage.

Zircaloy hydriding has been a matter of concern for in-reactor fuel rod
performance(s) and thus deserves attention with regard to storage. The
primary storage concern relates to the orientation of the hydrides formed
in-reactor. Proper processing of the Zircaloy during fabrication of the
tubing and quality control of the moisture 1imits in the fuel pellets result
in the in-reactor formation of an acceptable concentration of hydrides, which
are circumferentially oriented. Reorientation of the hydrides during storage
to a radial direction {perpendicular to the hoop stress) could result in
severe degradation of the cladding mechanical properties. However, reorien-
tation of hydrides usually requires high tensile stresses(g) and is, there;
fore, not likely to be active under expected storage conditions.

Oxidation of Zircaloy results in a brittle film, which is created at

" the expense of the relatively ductile base metal. The degradation of the
cladding mechanical properties will dictate temperature and oxygen levels
allowed during-spent fuel storage. (ladding oxidation may limit the maximum
storage temperature in an unlimited air atmosphere. Whole rod tests conduc-
ted in air will automatically incorporate the effects of oxidation on stress-
rupture behavior for the test time and temperatures. However, oxidation data
must be generated for longer times to fully account for cladding oxidation

effects.

B]ackburn(3) analyzed each of the mechanisms discussed above and
determined that stress-rupture was the most likely breach mode, although
there was uncertainty about SCC. Blackburn's stress-rupture analysis was
based on the 95% tolerance level of stress-rupture properties for unirra-
diated Zircaloy and assumed that the cumulative damage fraction (CDF)



technique is valid. It did not allow for cladding crack development or
synergistic oxidation effects. The model provided conservatism by assuming
an internal rod pressure approximately two to three times that occurring in

a normal PWR fuel rod and an engineering safety factor of about 1.5 on the
cladding stress.

Based on his ana]ysis,(3) Blackburn recommended a maximum allowable
cladding temperature of 380°C for spent fuel storage in a nonoxidizing atmos-
phere. The 1imit is based entirely on stress-rupture considerations for
spent PWR fuel assemblies; higher temperatures could be allowed using stress-
rupture considerations only for BWR fuel assemblies. Estimates of reliable
maximum allowable temperatures based on SCC considerations were not possible
because of the limited SCC data base and resulting uncertainties in the

analysis. Further work to verify potential SCC effects was recommended.

C. WHOLE ROD TESTING

Blackburn's predictions(3) are dependent on the validity of the under-
lying assumptions with regard to the breach mechanisms, as well as the clad-
ding material properties and fuel rod physical condition. Direct verification
of these predictions is not possible in a laboratory time frame. However, the
predictions can be shown to be conservative by varying the internal rod pres-
sure and/nr temperature. Experimentally, temperature is Lhe easiest to vary;
this also allows the internal environment of the intact irradiated rod to be
preserved.

Originally, the cladding was considered part of the multibarrier system
for the disposal of spent fuel. At 380°C cladding temperature, the package
design was such that the temperature limits on the geology were not exceeded.
Economically, it was feasible tu use the highcst possible geolongy tempera-
ture; therefore, tests were conducted Lu determine the maximum allowahle
cladding temperature for spent fuel. Accelerated high temperature (480°C to
570°C) tests were conducted(4) on intact PWR rods (normal irradiated rod
pressure of 350 psi) to determine the dominant mode of cladding breach and
degree of cladding degradation. Since in-reactor irradiation hardening



anneals quickly above 350°C, the results obtained at the higher temperatures
would have to be confirmed at the lower storage temperatures where the
cladding would retain the irradiation hardening.

Test temperatures in the accelerated high temperature tests for the
Office of Nuclear Waste Isolation (ONWI) were dictated by the desire to obtain
cladding breaches in reasonable times (5] year). Well characterized rods
were used(]0'13) so that if breach did not occur, the extent of the degrada-
tion could be determined. The details of the tests have been previously des-

cribed.(q)

Normally, in a pressurized tube test, the pressure will remain
constant and the cladding hoop stress will increase as the cladding creeps.
In this test, the pressure and, hence, the cladding stress dropped as the
cladding strained. This is due to the small volume of gas present and the
fuel pellets occupying most of the internal rod volume. Cladding breach did
not occur because of creep strain up to 15% and the resulting drop in stress.
A number of physical changes or absence of physical changes were observed

that ultimately affect cladding lifetime. These are:

. No detectable release of fission gas
. Cracking of the external oxide layer
o Formation of oxygen-stabilized alpha Zircaloy layer between

the cladding and the Zr0p

o Penetration but blunting of cracks in the oxygen-stabilized
alpha Zircaloy

. Large amounts of cladding creep
When these observations are factored into Blackburn's mode]s,(3) &
100-year cladding lifetime based on the stress-rupture mechanism can be

(14)

temperatures as high as 425°C. This prediction. is sfi]] based on unirradi-
ated stress-rupture properties, which are probably representative above
370°C. Below 350°C, there will be incomplete annealing of the irradiation
damage during the storage lifetime; therefore, the use of unirradiated

obtained by extrapolation using the Larson-Miller technique for storage

stress-rupture properties and extrapolation of the higher temperature whole
rod test results may be inappropriate.



The United States Department of Energy (U.S. DOE) through the Commer-
cial Spent Fuel Storage Program is initiating a whole rod test under the
technical direction of WHC at Battelle Columbus Laboratory (BCL) to study
performance below 350°C where minimal cladding annealing is expected to
occur. Five characterized PWR fuel rods from Turkey Point Unit 3 are being
tested for six months at 325°C. The rods are being pressurized prior to
testing to ~1300 psia. The test will be used to provide a partial basis for
establishing a minimum time/temperature relationship to describe spent fuel
cladding integrity in terms of the cladding hoop stress for fuel storage in
an unlimited air atmosphere. The Larson-Miller method(]4) will be used to
relate the test data to longer times and different storage temperatures.

While the test at 325°C will give bounding information concerning clad-
ding integrity with respect to the SCC and stress-rupture mechanisms, it will
not be geared to study the overall rod performance over the wide range of
atmospheric and rod conditions included in the present test.

D.  RELATED DEMONSTRATION PROJECTS

(15)

While other types of fuel [metals, carbides,(]6) HTGR(]G)] have been

tested under dry storage conditions in large numbers, there have only been
two sma]l-sca]e(|7’|8) demonstrations of LWR spent fuel dry storage in the U.S.
These are both being conducted at the Nevada Test Site (NTS) using PWR fuel

from Turkey Point Unit 3. The fuel was extensively characterized(10-13)

prior
to insertion into the tests. The decay heat rating ranged from 1 to 2 kW/
assembly. The dry surface storage demonstration (DSSD)(]7) consisted of two
assemblies in drywells and one assembly in a concrete sealed storage caisson.
The test was started in early 1978. Storage temperatures were in the range
of 150°C. The C]imax(]8) spent fuel test consisted of eleven assemblies in
the Climax mine. The test temperature was ~250°C when the test started in

early 1979.
Major test parameters of demonstration and whole rod tests are given in
Table 1. The DSSD and Climax tests will demonstrate the feasibility of dry

storage of spent fuel rods in intact assemblies. The NRC tests have a wider

10



range of conditions and expand the source of rods used to establish a data
base. Demonstration and whole rod tests are different ways of obtaining per-
formance information. Both are expected to yield significant results
although the whole rod tests are somewhat more controllable.

E.  STATUS OF FUEL OXIDATION STUDIES

If a breached fuel rod is unknowingly placed in dry‘un1im1ted air stor-
age or if a breach occurs in a fuel rod while in dry storage, fuel oxidation
rather than cladding degradation may become the controlling mechanism for the
release of contamination. This contamination can result from three sources:

o Particles of fuel breaking away from the peliet
. Gases released from the oxidized fuel
o Crud flaking off cladding

To determine the propensity for contamination, oxidation rates and

oxidation products must be known.

It is inappropriate to state that there is some temperature above which
UO2 oxidizes in air. UO2 oxidizes at all temperatures but the oxidation rate
and final oxidation product are strongly temperature dependent. Numerous stud-
ies(19727) jndicate that below about 250°C, the U0, oxidizes to Ug0,, which
has approximately the same density as UOZ' Above 250°C, the U0, uvxidizes to
U308’ which has a much lower density. This lower density results in fuel
swelling and a disruption of the fuel matrix. The majority of fuel oxidation
studies hdve been c¢onducted on very fine powders with a high surface area,
SA > 1 m2/g. Pellets were used only at high temperatures. The measurements
on irradiated UO2 are not definitive enough to say whether oxidation rates
are higher or 1ower(28) than for unirradiated U02. The most recent work on

(29) confirmed earlier work. Oxida-

UO2 oxidation by Boase and Vandergraaf
tion studies below 350°C included investigation of both powder and pellet frag-
ments. The irradiated powders did not tend to show a higher oxidation rate than

the unirradiated U02.

11
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TABLE 1

MAJOR TEST PARAMETERS OF U.S. LWR SPENT =UEL STORAGE
DEMONSTRATIONS AND WHOLE ROD TESTS -

Reactor Rod - Temp  Burnup Duration
Sponser Rod Type ~Type Reactor* Condition Atmosphere (°C)  (GWd/t) (yr) Status
ONWI psspi17) PWR TP Intact Inert ~150 30 4 Ongoing
ONWI Climax(18) PWR P Intact Inert 7250 30 3 Ongoing
ONW1  Wholz Rod{4) PWR TP Intact Inert/ 480 30 1/3 to 1 Complete
: Limited Air 510
570
DOE Whole Fod PWR TP Pressurized Inert/ 325 30 1/2 9/82%*
UnTimited Air
NRC Wholz2 Rod PWR HBR Intact/ Inert/ 230 30 5 9/82%*
Defected Unlimited Air
NRC Whole Rod BWR PB Intact/ Inert/ 230 12 5 9/82%**
Defected Unlimited Air
*TF = Turkey Pgint

HBE

Peach Bottom-11
**To Be Initiated

H. B. Zobinson Unit 2




Boase and Vandergraaf(zg) investigated the results of fuel oxidation in
a Canadian fuel element. Holes or slits were placed in the cladding of both
irradiated and unirradiated rods. The rods were then placed in an oxidizing
atmosphere between 250 and 375°C. As expected, the fuel oxidized to U3O8,
~put a stress on the cladding due to the lower U308 density, and the ho]e in
the cladding extended. The velocity of the fuel oxidation front was deter-
mined metallographically. At 300°C, the oxidation front velocity and crack
extension velocity are approximately equal. Once again, irradiated fuel
tended to oxidize faster and the cracks extended faster. Boase and Vander-
graaf's data, shown in Figure 1, are not suitable for spent fuel performance
predictions. First, the data are fit with a bilinear form with a break of
slope at ~300°C. The scatter in the data allows it to be fit equally well
with a single linear fit since there is no physical reason to expect a break
in the activation energy at 300°C. Second, while there is no data below
250°C, the higher temperature data are extrapolated through this temperature
where oxidation products are known to change in order to make prediction
about lower temperature behavior. Third, the holes and slits in the study
were very large compared to that which would be expected in an undetected,
in-reactor breach or in-storage SCC breach; thus, a continuous supply of
oxygen to the fuel pellets is assumed. While the size of the defect should
not matter at temperatures below 250°C, above 250°C the ability of the
defect to 1imit oxygen ingress would bias any results on fuel rod perfor-
mance. The Boase and Vandergraaf(zg) data provide a starting point for cal-
culdlions of possible performance of defected rods. Such calculations are
made in Appendix C. Additional data need to be generated to describe in more
detail the fuel oxidation behavior below 250°C and in fuel rods that have
tight stress-corrosion cracking type breaches. '
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IV. PHILOSOPHY OF TESTING

A.  WHOLE ROD PERFORMANCE

The whole rod tests represent an intermediate position between labora-
tory testing of small segments and demonstration testing of whole assemblies.
or groups of assemblies. In some instances, such as studying rod/hardware
interaction, demonstration testing is clearly preferred. In other instances,
such as well controlled breach inducement, laboratory testing is preferred.
Since storage programs look for the weak link in rod performance, whole rod
testing offers some distinct advantages:

o It is more economical than demonstration testing, which requires
extensive facilities. H

o One whole rod is equjva]enf in material volume to ~24 laboratory
samples.

. The complete rod, which has materials properties gradients along
its length due to in-reactor temperature and fluence gradients,
is tested.

. The internal atmosphere that controls many of the breach

mechanisms in the rod is not disturbed.

. The test conditions can be controlled and varied more precisely
than in a demonstration.

. Six whole rods are statistically equivalent to a whole
assembly.

For these reasons, WHC views the whole rod test as the preferred method
to study fuel rod performance for the stated objectives.

BWR rod segments have been tested in the laboratory but have never been
part of a whoTe rod or demonstration test. This test will provide the first
testing of BWR rods, which represent ~40% of the spent fuel population.
Although BWR rods operate with much lower internal pressure (2 to 10 atm)
and have a thicker cladding (0.032 in. to 0.045 in.) than PWR rods (20 to
30 atm and 0.022 in. to 0.030 in. cladding), the BWR rods have approximately
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the same breach statistics as PWR rods.(3]) The BWR rods also tend to
release more fission gas;(32) hence, more corrosive fission products
accumulate in the rod gap, at least in the unpressurized BWR vintage, than
in the PWR rods. Thus, the BWR fuel rods have some attributes that make
them more susceptible to breach and other attributes that make them less
susceptible to breach. This test will compare BWR and PWR rod performance
directly in both inert and oxidizing atmospheres. It is important to know
the initial condition of the material being tested. Both NDE and DE may be
necessary. The type of information gained from each of these examinations
is given in Tables 2 and 3. The NDE provide information on gross changes in
the rod condition while DE enables the detection and measurement of smaller
or slow, subtle changes that might be taking place. For example, examining
rods for gross changes occurring in-reactor, NDE is most often used counsist-
ing of only an eddy current examination or a visual. Or, for example, in
whole rod testing, NDE is useful where gross change$ such as excessive creep
are expécted; but the more significant information is expected to be that
determined by DE, e.g., metallography, ceramography, hardness testing, etc.

Examinations to be used on the rods in this test were selected on the
basis of the resources available and how best to meet the test objectives
(each of which requires a differenl initial fuel rod characterization):

1) To determine the contamination potential and performance of
defected rods

2) To determine the degradation potential of intact whole rods

3) To determine the contamination potential due to spallation of
crud from the nladding surface

Contamination from a defected rod can originate from three sources:

. Oxidation of the fuel pellet, which disrupts the grain struclure
and releases fission gas residing on the grain boundary

o Splitting of the cladding due to stress imposed by the oxidizing
fuel and fallout of the fuel particulate from the split cladding

. Spallation of crud due to the cladding strain or other factors

16



TABLE 2

NONDESTRUCTIVE EXAMINATION USES

Visual Eddy Current
Gross Cracks Large Incipient Cracks
Crud Condition Breaches in UO2 Water-Inundated Rods
General Rod Condition Gross Pellet Cladding Interaction
Rod Length Oxide Thickness with Specialized EC
Profilometry Gamma Scan
Cladding Dilation Fluence Profile
Pellet/Cladding Mechanical Gross Pellet Condition
Interaction

Fuel Column Height
Fuel Pellet Gap
Crud Profiles with Some Scanners

TABLE 3

DESTRUCTIVE EXAMINATION USES

Fission Gas Analyses ~ Ceramography
Fission Gas Release Grain and Void Size Pellet
Cladding Stress Pellet Cracking
Internal Rod Volume . Fuel Cladding Chemical Interaction
Metallography Mechanical Property
Hydride Urientation Hardness-Annealing
Cracks in Cladding Strength
Oxide Thickness Ductility
Fuel Cladding Chemical Interaction Embrittiement
 Diffusion Zones ’
Crud Thickness ' Fusion Analysis
Grain Size : ) Gas Content in Cladding

Burnup Analysis

Burnup
17



Hence, information is needed on three rod features:

o Physical condition of the fuel pellet
. Extent of cladding splitting
. Crud spallation

The condition of the pellet can be measured by using gamma scanning to
look for loss of the pellet-to-pellet interface peaks. Since the absence of
interface peaks on the gamma scan output is a gross change in the fuel, a
pretest gamma scan is not needed. Splitting of the cladding requires visual
knowledge of the breach site prior to testing, hence, a visual examination is
required. The excessive spallation of the crud is a comparative result with
the spallation from intact rods and, as described in a later section, will
be measured at each interim test. Therefore, to aécomp]ish Objective 1,
"Determine the contamination potential and performance of defected rods,”
the only necessary pretest examination is visual inspection of defected
rods.

To determine the degradation potential of intact rods requires assur-
ance that the rods are intact. Although the individual test rods from the
H. B. Robinson Unit 2 assembly have not been eddy current examined, over
20 companion rods have been examined and only one of those rods showed any
suspect area; hence, while it would be preferable to have eddy current on
the H. B. Robinson Unit 2 rods, there is sufficient characterizalion of the
assembly to preclude the need for eddy current examination of the actual
test rods. A1l of the Peach Bottom-II rods have undergone both ultrasonic
testing and eddy current testing, and General Electric has confirmed in
writing that all the test rods are sound.

Since the results from higher temperature whole rod tests indicate that
the performance at 230°C should be benign(4) and the amount of expected

(33-37) 45 below the detectable limits of present profilo-

cladding creep
meters, profilometry is not needed. Eddy current examinations will not be
conducted during the first interim examination but will be conducted during

the second and subsequent examinations to detect possible crack growth. An
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unbreached rod should have no mechanism for gross fuel pellet oxidation
to U308; hence, there should be no gross changes in the gamma spectrum
received from the fuel pellet itself. A visual examination should be con-
ducted to ensure that the general condition of the rod is not changing.

As indicated in Table 3, the DE give useful information about small
changes in the cladding and fuel behavior. Therefore, there should be a
good DE data base prior to testing. This data base already exists for the
H. B. Robinson Unit 2 fuel rods and no further pretest DE is needed. The
Peach Bottom-1I destructive characterization is weak and should be enhanced
with additional metallography/ceramography, fusion analysis and hardness
testing, which can be done after the first destructive interim examination
on samples set aside for this purpose in an inert atmosphere. To satisfy
Objective 2, "Determine the degradation potential of intact whole rods,” a
visual examination of the rods is necessary along with the additional DE of
Peach Bottom-II fuel.

To .accomplish Objective 3, "Determine the contamination potential due
to spallation of crud from the cladding surface,” knowledge concerning the
crud condition on the rods is required. This will be established with a
combination of visual examinations and DE. The visual will provide an over-
view of the crud on the rod. The DE will include metallography to look at
crud adherence and crud removal to establish both the chemical composition
and volume of crud. Results of the crud removal will allow a pretest gamma
scan spectrum to be determined so that the crud can be followed starting at
the first interim examination,

After characterization, each rod is placed in an individual capsule.
By proper choice of the atmosphere and pressure in the capsule, the whole
assembly performance can be simulated and the breach detection enhanced.
This is difficull, if not impossible, in whole assemblies where tight
breaches many times go undetected. TIn the present case, since the internal
capsule pressure is not being coﬁtinuous]y monitored, argon with 1% helium
was chosen as the capsule fill gas to provide an inert atmosphere and to
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allow leak detection. Sufficient air pressure will be placed in the other
capsules to simulate an unlimited air atmosphere.

Based on the results of other whole rod tests(4) and laboratory stud-

1es,(24’38) the performance of whole intact rods in either an inert or oxi-

dizing atmosphere is expected to be benign at 230°C. No cladding creep,
(33-37) gas release from the pe]]ets,(39’40) or breaches are expected. It is
not anticipated that any changes will be observed in the tests; but to verify
that this is the case, interim examinations will be conducted each year on

the rods. These will include:

o bas analyses of the capsule atmosphere to determine if breaches

occurred
. Crud collection and visual examination to assess crud spallation
. Gamma scanning for changes in the crud structure and pellet
structure

° After the second and fifth year, a DE of one rod for any cladding
annealing, excessive cladding oxidation or other changes in the
cladding or pellets that would indicate noticeable or conceivable
degradation of the fuel rod over a 100-year storage period

In whole rod tests designed to follow specific expected physical
phenomena, the test duration is set so that the phenomena will be measurable
hased on current knowledge. Five years provides a reasunable testing time
frame for a number of reasons:

1) Four interim examinations and a final examination should provide a
sufficient number of measurements Lo determine the rate of any detected
changes taking place.

2) A 5-yr tesl covers the perind of greatest temperature drop. Spent
fuel still generates ~4.2 kW/assembly (PWR) or 1.4 kW/assembly (BWR)

41) If an assembly was placed

one year after removal from the reactor.(
into storage at this time, after 5-years storage the same assembly would

generate 20% of the initial power.(4]) Since the temperature of the
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rods will be proportional to the heat generation, the temperatures
should have dropped substantially from the initial storage drop.

3) Very slow rate phenomena significant relative to 100 years should be
detectable in 5 years. Continuation of the test is possible should
that be desirable.

Although the optimum way to describe the behavior for 100 years is to

store or test for 100 years, this is not practical. The 5-yr test provides
data in a reasonable time frame and could provide lead test rods for future

surveillance if the test results dictate the necessity.

B.  CRUD CONTAMINATION

The NRC requirements in 10 CFR 72(2) that -relate to spent fuel behav-
jor for dry storage system licensing are summarized in the background section
of this report. Each requirement or condition has been specified to minimize
release of radioactive contamination from the fuel rod. Release of radio-
active crud from the surface of the fuel rod by spallation or other mecha-
nisms is, therefore, of concern and should be addressed as an integral part
of the whole rod performance program. Information generated with regard to
the quantity and nature of crud released from fuel rods under conditions
anticipated for dry storage facilities will provide needed information for
the design and licensing of these facilities.

Crud is largely a mixture of hematite (Fe203) and magnetite (Fe304)
that deposits from the coolant water on the exterior of the cladding. It may
contain some fission products or actinides, which were released to the cool-
ant due to gross, in-reactor breaches and from residual fuel in the coolant/
fuel system. Crud thereby poses a potential source of radioactive contamina-
tion from spent fuel throughout the storage cycle. Crud deposits range from
a dense adherent layer to a flaky porous layer.
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To assess crud release during storage, specific knowledge of the fuel
rod crud prior to emplacement in the facility is required. Studies to
assess the nature of crud on both PWR and BWR fuel rods have been conduc-
ted, (42-45)

the elements that should be present in the crud on the test rods. Specific

These studies will provide a partial basis and guidance for

quantitative measurements and analyses of the character and radioactivity of
the crud will be conducted on companions to the test rods to provide an ini-
tial condition for the crud behavior aspect of the test. In addition, four

interim examinations and a final examination over a 5-year period will
provide information on the crud spallation behavior of the test rods as a

function of time. The examinations will include collection of crud from the
test capsules as well as from filters placed in line withAa gas sampling
bottle. Quantitative determihations on the‘co11ected particulate will be‘
made including radioactivity measurements. The spallation rate as deter-
mined by these examinations will provide a basis for extrapolation of the
crud behavior to longer storage periods. The extrapolation of crud quanti-
ties and calculation of radioactivity levels will provide needed information
for design and licensing of spent-fuel, dry stofage facilities.

C. DEFECTIVE ROD PERFORMANCE

[t is anticipated that even with in-reactor pool sipping, some assem-
blies that contain rods with pinhole SCC bredches will be placed in dry
storage. The behavior of these breached rods will depend on the size of the
breach, storage atmosphere, and storage temperature.

If the rods are stored in an inert atmosphere container that does not
leak, the behavior should be benign (whether the breach is large or small)
since there is no mechanism to change the characteristics of the fuel pel-
let. A larye crack can be defincd as one which allows the free ingress of
oxygen and outgress of fissiun gases but does nul allow pellet particles or
fragments to leave the rod. A gross breach can be defined as one that would
allow pellet particles or fragments to mechanically dislodge from the rod.

7
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If the rods are stored in an oxidizing atmosphere, then the storage
temperature and possibly the size of the breach becomes important to deter-
mine rod behavior. Pertinent questions relative to test and storage at a
temperature <250°C are given in Figure 2. The ultimate question in each
case is: "Will the cladding split open releasing fuel particulate contami-
nants and how fast?" Even if oxidation to U3O8 occurs a long time after
storage initiates, the U308 has a lower density than U0, and, hence, will
result in fuel pellet expansion and stressing of the cladding. The Cana-
(29) found in CANDU fuel that above 250°C a relatively large (1-mm) ini-
tial defect propagated to expose more fuel. Differences between the Canadian
fuel rods and the U.S. LWR fuel rods are given in Table 4. The LWR fuel has a
cladding wall approximately twice the thickness of the Canadian fuel, so the

dians

cladding stress will be half. In any fuel though, a considerable cladding
strain would result from fuel oxidation from UO2 to U3O8 and there is a dis-
tinct possibility that above 250°C, the cladding will split if O2 contacts
the fuel pellet. :

For a large crack, 0, will come in contact with the fuel. Above 250°C,
U02 will oxidize to U3O8. The major question is whether or not the cladding
stress is sufficient to split the cladding. Below 250°C, the literature
seems to indicate that the stable reaction product is U3O7. There is some
question as to whether U307 is the final reaction product below 250°C or if
the reaction kinetics for the 2 U3O7 + 02 + 2 U308 are so slow that tests have
not been conducled fur Lime periods 10ng enough to observe U308' If U3O7
is the stable reaction product, then there should be no detrimental rod beha-
vior, since the density of U3O7 and U02 are nearly the same and there would
be little if any stress on the cladding.

If the breaches are SCC-type tight cracks, there are additional ques-
tions. Can the 02 penetrate the breach? Will corrosion products close
the opening? If the answer is yes, then storage of rods with SCC-type
breaches in an oxidizing atmosphere above 250°C might be possible,
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Breach Size

Storage
Temp Large Small
1) Is U307 final reac- |1) Will 0, penetrate
tion product? SCC-type crack?
T<250°C 2) Rate of reaction? 2) Is U307 final

reaction product?
3) Will cladding split?
3) Rate of reaction?

4) W11 cladding split?

FIGURE 2. Questions Concerning Breached Rod Behavior in Unlimited Air
Storage Test at 230°C.

TABLE 4

COMPARISON OF LWR AND CANDU FUEL

Fuel Characteristic ' BWR PWR
Fuel density (g/cc) 10.3 | 10.3
Pellet diameter (mm) | - 12.4 9.29
Gap (mm) 0.25 0.18
wall thickness (mm) - 0.81 0.62
Smear density 0.87 0.87
Cladding strain necessary to 10.1 10.0

accommodate fuel swelling (%)
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CANDU
10.6
14.25
0.08
0.38
0.95
12.4



The current study will examine the behavior of rods with large defects
(1arge defects are used since placing SCC-type cracks in a whole rod is
jmpractical at the present time) in inert and oxidizing atmospheres. As
described previously, the test in argon is expected to be benign. The rod
will be examined visually to look for crack growth and gamma scanned to look
for fuel relocation indicative of the UO2 to U398 conversion. Gas release
from the pellets will also be used as a method of detecting pellet geometric
disruption. Filters will be placed at the end of each capsule to collect
the airborne oxide particles that might exit the rod if U3O8 forms. Weight
change measurements have also been suggested, based on Canadian work, to

measure the rate of fuel oxidation. Weight change measurements are ana-
lyzed in Appendix D and are shown not to be suitable. The Canadian(zg)
measurements may have been possible due to the much smaller rods, which

allow a more sensitive in-cell balance to be used.

In summary, the primary thrust of breached whole rod performance is to
determine over a time frame accounting for the largest temperature drop in
the fuel rod:

e  Any unforeseen degradation during storage in an inert atmosphere

. Amount of cladding degradation due to fuel oxidation (i.e.,
cladding splitting)

. Dispersal of particulate, especially respirable particulate, if
cladding splitting occurs
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V. SCOPE OF WORK

Eight rods covering the eight conditions encompassed by the combina-
tions of rod type (BWR or PWR), atmosphere (inert, unlimited air) and rod
condition (intact, defected) are to be tested (see Table 5). Two additional
rods were chosen for initial crud analysis. The choice was based on initial
evaluation of characterization data. The rods will be tested according to
the specifications in Table 6 and periodically examined for rod and crud
performance. This section provides the basis for rod selection and test
specifications along with a description of the associated hot cell work.

r

A.  CHOICE OF TEST RODS

The cost of obtaining LWR fuel from reactor sites is high due to trans-
portation costs. A survey of available fuel stored at EG&G indicates that
adequate fuel is available. There are>present1y five assemblies in the EG&G
TAN Facility storage pool. Pertinent data for these assemblies are given in
Table 7. H. B. Robinson Unit 2 fuel appears to be a "normal" PWR assembly

as borne out by rod characterization.(46)

The Dresden fuel did not undergo
any unusual reactor operations, but it is a very old fuel design not at all
typical of present-day BWR fuel. Two out of nineteen Peach Bottom-II assem-
blies were found leaking via sip testing. Pellet-to-cladding interaction
(PCI) and hydriding breaches were found in the assemblies with the PCI being
much more severe in the unimproved fuel type. The breaches were apparently
caused by control rod manipulation not in accordance with the fuel vendor's
fuel preconditioning recommendations. The characterization data on rods
from these assemblies, was gathered and rods selected for the test after

analysis. No characterization was done on Assembly E-00161.

The H. B. Robinson Unit 2 assembly is well characterized in all aspects
(see Figure 3). Generally, there is little variation in characteristics
over the cross section of the assembly. Extensive eddy current traces showed
no indication of any cladding incipient cracks. Based on the characteriza-
tion in the literature, any of the rods would probably be suitable for the



TABLE 5

RODS FOR THE LOW-TEMPERATURE, WHOLE-ROD TEST

28

Capsule
Pressure
Reactor Assembly Rod Capsule @ 23°C
Type Reactor* & Rod No. Condition**  Atmosphere (psi absolute)
PWR HBR B0O-5-08 Intact Ar + 1% He 15 + 1
PWR HBR BO-5-G7 Defected Ar + 1% He 15 +1
BWR PB2 PH 462-E5 Intact Ar + 1% He 15 + 1
BWR PB2 PH 462-D6 Defected Ar + 1% He 15 +1
PWR HBR BO-5-B8 Intact Air 15 + 1
PWR HBK BO-5-E7 Defected Air Open capsule
: with filters
BWR PB2 PH 462-E4 Intact Air 15 + 1
BWR PB2 PH 462-E3 Defected Air Open capsule
with filters
PWR HBR BO-5-J7 Crud --- ---
BWR PB2 PH 462-E6 Crud --- -—--
*HBR = H.B. Robinson Unit 2
PB2 = Peach Bottom-II
**Intact = No through-cladding cracks
Defected = Will have mechanically machined breach
Crud = Rod to be cut for crud examination



TABLE 6

TENTATIVE TEST SPECIFICATIONS

Parameter

Test Temperature First Run

Test Temperature Later Runs

Test Duration

Rate of Temperature Rise

Rate of Temperature Drop

Temperature Monitoring
Electronically '
Manually

Defect Size

*Test temperature of 230°C was

Specification

230°C*
230 - 245°C**
50 mo (5 runs at 10 mo each)

- <50°C/h

<50°C/h

Continuously

Once each working day

0.030-in. diameter hole through
cladding wall at the fuel center-
line & at one end of fuel column

arrived at considering the range of

.uncertainty (240 to 260°C) associated with the UOp + U30g conversion
and uncertainties in the temperature control equipment (+10°C).
**Exact temperature depends on results of first run interim rod NDE,

TABLE 7

AVAILABLE FUEL ASSEMBLIES

Assembly
BO-5 PH 467 PH 006 E-00161 UNOO64

Reactor* HBR PB2 PB2 Orl Dri
Type PWR -~ BWR BWR BWR BWR
Array - 15x15 7x7 7x7 6x6 6x6
Discharge Date 6/74 3/76 3/76 2/73 9/75
Burnup (GWd/t) 30.5 12.9 9.5 19.8 23.8
Power Level 230 to - 330 330 -—- -—-

(W/em) 175
Cladding - Iry-4- Zry-2 iry-2 Iry-2 Iry-2
Rod Pressurized Yes No No No No
EG&G Coffin =~ C A B D H
Initial 1.9 to 2.5 avg 1.1 avg 1.83. 1.79 to

Enrichment (%) 3.1 : 2.34
Rods Available 138 33 © 37 28 11
Fuel Column

Length (in.) 144 144 144 108 108
Other --- . Improved --- --- -—--

Design

*HBR = H. B. Robinson Unit 2

PB2 = Peach Bottom-II

Dr1 = Dresden 1
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FIGURE 3. Characterization of H. B. Robinson Unit 2 Assembly BO-5.




NRC testing purposes. The five rods picked for the test are shown by loca-
tion in the assembly in Figure 3. Rods, which are to remain intact were
picked from positions away from control rods and bounded by well character-
ized rods. The rod to be cut for initial crud analysis was chosen central
to the assembly where it would not receive coolant edge effects.

Although the Dresden assemblies represented the higher burnup BWR fuel,
 no fuel was chosen from the two Dresden assemblies. This was for a number

of reasons:

. The assemblies are either not characterized or only minimally
characterized. '

. Only edge rods are available in the assembly with some
characterization.

® This is a very old fuel design with shortened fuel rods.

. The fuel rods are 1 to 3 yr older than the Peach Bottom-II fuel.

The amount of characterization on both Peach Bottom-II assemblies is
approximately equal. Two rods have had fission gas analyses, and metallo-
graphy was done on one or two rods (see Figure 4). A1l the rods have under-
gone eddy current inspection at poolside. General Electric has stated that
eddy current inspection showed no incipient crack indications in any rods
except those that breached. Assembly PH 462 was chosen to supply the rods
since it: 1) had the higher burnup of the two Peach Bottom-II assemblies,
2) contained improved fuel more similar to the standard 8 x 8 fuel now used,
and 3) had a higher enrichment. .The lower burnup (12 GWd/t vs 25 GWd/t
burnup presently attained) of the Peach Bottom-II fuel is not of major
concern since:

1) Irradiation hardening, yield strength, and ultimate strength of the

cladding has saturated; hence, additional burnup should not change the

mechanical properties of the cladding.
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2) Gas release is already higher than would be the case for a modern vin-
tage 8 x 8 rod. Modern pressurized BWR fuel has a gas release of <1%
up to 25 GWd/t. The Peach Bottom-II fuel had a gas release of almost
3%. Since the fission product release is approximately proportional to
the burnup, if one considers the volume of the fuel and surface area of
the cladding, the Peach Bottom-II rods have an internal fission product
concentration that is nearly the same as a pressurized rod from an
8 x 8 assembly.

3) The in-reactor breach of rods is usually associated with power transi-
ents, not burnup. The Peach Bottom-II assemblies underwent reactor
operations that are unusually severe for BWR assemblies.

Care was taken not to choose tie rods, spacer rods, or gadolinium rods
for.testing. Tie rods and spacer rods, while identical to other rods in fuel
configuration, are either too long or too wide for testing purposes. Gado-
linium rods are different than normal fuel rods due to a mixture of Gd203
with the U02. Since these assemblies had in-reactor problems due to control
rod insertions, test rods were picked from the region of the assembly away
from the control rod blade. Since the assembly has a multizoned enrichment,
the test rods were chosen to have the same enrichment as the characterized
rods. Within these constraints, there are only eight rods available. There
is no particular justification for the five picked from the group of. eight.
The position of the five rods i3 shown in Figure 4.

A summary of the characterization examinations performed on fuel rods
from assemblies selected for the dry storage test is presented in Table 8.

Initial characterization recommendations are also summarized in Table 8.

B.  TEST SPECIFICATIONS

Test specifications include test temperature, rate of rise-to-
temperature, rate of drop-from-temperature, monitoring of test, capsule
atmosphere and pressure, and defect sizes. The rate of rise-to-temperature,
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TABLE 8

SUMMARY OF EXAMINATIONS CONDUCTED ON FUEL FROM H. B. ROBINSON UNIT 2
ASSEMBLY BO-5 AND PEACH BOTTOM-II ASSEMBLY PH 462

No. of Initial Recommended
Reactor Assembly Type of Test Tests Characterization
HBR BO-5 NDE
Visual 18 Visual on Each Test Rod
Eddy Current 18
Profilometry 18
Gamma Scan 22
DE
Fissiun Gas Analysis 26 Crud Characterization
Burnup Analysis 2
Fuel Ceramography 3
Cladding Metallography 7
PB2 PH 462 NDE
Eddy Current 49 Visual on Each Test Rod
Visual 2
. DE
Fission Ras Analysis 2 Burnup Analysis, Cladding
Cladding Metallography 2 Metallography & Fuel
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rate of drop-from-temperature, and monitoring of the test are the same as
was used in the successful high-temperature, whole-rod test.(4) The rest
of the specifications were set after analyses of the following concerns:

. Breach detection sensitivity

o Cladding oxidation

o Fuel oxidation

o Cladding annealing

. Effects of possible excursions

. Measurement tolerances

The conclusions of the analyses of these concerns are presented here.
Further details are found in the appendices.

1. Test Temperature

It is desirable to operate the test at the highest possible temperature
yet have some assurance that the U0, will not convert to U308 during the
test. A general literature survey(%9'27) indicates that UO2 converts to U308
above 250 + 10°C. Below this temperature, UO2 converts to U3O7. The errors
on the temperature controlling system are: controllers (+5°C), thermocouples
(+2.5°C), and zero point compensators (+0.5°C). Combining these possible
temperature errors with a lower bound on the U308 formation temperature leads
to a test temperature of 230°C. If the first interim NDE indicates satisfac-
tory rod performance, the temperature for subsequent runs will be raised but

still remain <250°C.
2. Defect Size

Four rods will be defected with a 0.030-in. diameter hole drilled at
the centerline and at one end of the fuel column in the fuel rod. Care will
be taken to just penetrate the cladding. The defect will be photographi-

cally characterized prior to testing. These holes will represent large
defects in the cladding as compared to SCC-type cracks..
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3. Internal Atmosphere and Pressure

Four rods will be tested in a dry inert atmosphere and four rods in an
unlimited cell air atmosphere. The inert atmosphere was chosen based on
leak detection capabilities. The unlimited air tests were divided into two
groups: 1) intact rods enclosed in capsules with sufficient air supply so
the oxygen won't be depleted by cladding oxidation and 2) defected rods in
open capsules with fi]fers on both ends.

There are no provisions for on-line monitoring of the capsule pressure
or gas composition; therefore, if a breach vccurs, it will not be detected
until the end nf a run. There are three detectable gases in the fuel rods:
xenon, krypton and helium. If heljum is used as the capsuie gas, only xeuun
and krypton can be used as leak detectors. With a 1-atm capsule pressure,

a 1.8% gas leak would be detectable in the H. B. Robinson Unit 2 rods. A
smaller breach would be detectable in the Peach Bottom-II rods due to the
lower initial fill pressure. If argon is used for a capsule gas and helium
as the leak detection gas, the size of a detectable leak is decreased by two
orders of magnitude. For this reason, argon is used as fill gas with 1%
helium in the inert capsules. See Appendix A for details of leak detection.

Two in-line filters will be connected in series at both ends of each
test capsule open to the cell atmosphere. Selection of particulate filters
was based on observed fuel particle sizes of 8 to 11 um that were ejected

from ruptured fuel rods.(47)

A 15-um filter will be used to catch large
particulate and allow fuel particles similar to those observed by Lorenz to
pass through. A 2-um filter will be placed at the exit to collect all of

the particles that pass through the 15-um filter.

The two intact rods need to be placed in a closed capsule, otherwise
there is no way of detecting a breach. As calculated in the appendix, even
at an upper test temperature of 250°C, only ~1 atm of air is needed to accom-
modate cladding oxidation in the closed air without significantly depleting
the oxygen. Uuring the course of the test, <0.02% of the cladding should be

oxidized. Should a breach occur in a closed capsule containing air, the
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maximum possible extension of the fuel oxidation front should be no more than
1 inch. Whether all the oxygen is depleted during the remainder of that run
depends on the time in the run when breach occurs and the kinetics of fuel
oxidation.

4. Crud Sampling

One Peach Bottom-II (BWR) fuel rod and one H. B. Robinson Unit 2 (PWR)
fuel rod that were companions to the test rods will be cut into three equal
segments each, maintaining longitudinal orientation and identification.
These fuel rod segments will be shipped to the EG&G Test Reactor Area (TRA)
for crud analysis. ‘

At the TRA hot cells, 8-in. sections will be designated and cut from
each of the two fuel rods. The remaining fuel rod segments should be stored
in an inert atmosphere for subsequent examination needs. The crud will be
either scraped, chemically removed, or machined from a known area over the
entire surface along at least 3 in. of each section. All of the crud will
be collected from this operation. The following measurements and examina-
tions will be conducted on the crud from each section:

\

. Radioactive measurement (gamma-beta and alpha)
. Weight and volume determination
. Ge(L1) gamma detection for composition

. Physical characteristics, e.g., adhesion, particle size, color,
composition, etc,

Collection of all particulate from the test capsules at each interim
examination and at the end of the test will be used to establish the quan-
tity and rate of crud spallation. Care will be taken to collect all par-
ticulate from the test capsules. This will be accomplished by dumping the
capsule contents (after rod removal) intu a clean container and wipiny the
inside of. the capsule with a swab. Collection of the particulate from the
capsule filters will ensure that all of the particulate is accounted for in
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the analysis. The radioactivity measurement, weight and volume determina-
tion, and Ge(Li) gamma analysis for composition will be conducted on each of
the crud samples from the capsules and filters.

Based on the data generated from the measurements on the crud samples,
calculations will provide a quantitative assessment of the total, initial
amount of crud on each type of fuel rod (PWR and BWR), its chemical compo-
sition, and radioactivity level. In addition, crud spallation quantities
measured at each interim will provide the basis for establishing spallation
rates and a predictive model for extrapolation purposes. Together with the
radioactivity measurements and calculations, the model can be used to assess
the impact of spallation during the dry storage of spent fuel in light of
radivactive contamination.

C. HOT CELL SPECIFICATIONS

The general hot cell test specifications and some of the specific test
specifications are given in the following:

1. General Specifications

The whole rod testing program will be conducted by EGRG in the TAN
Facility hot cells under thé technical direction of WHC to determine the
long-term, low-temperature behavior of both intact and Lreached rods in air
and inert atmospheres. In addition, the behavior of crud in a static situ-
ation will be determined. Intact rods presently in the EG&G TAN Facility
storage pool [H. B. Robinson Unit 2 (PWR) and Peach Bottom-II (BWR)] will be
moved into the TAN hol shop. Eighl rods will be precharacterized by a visual
examination. Two PWR rods dand two BWR rods will he defected with small
holes. These rods plus two intact PWR rods and two intact BWR rods make up
the test loading. The rods will then be placed in individual capsules of a
whole rod furnace test rack, backfilled with air or argon/1% helium to a
specified pressure, and leak checked or capped with filters, then inserted
into the furnace, The furnace will be brought to a specified temperature
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(230°C) over a two-day startup period and controlled to within *5°C for the
duration of the test. Dual and independent over-temperature shutdown pro-
tection will be provided. Manual monitoring of the test rack temperatures
will be conducted every working day. While at temperature, ten evenly
spaced axial thermocouples will be monitored.

Five 10-month test runs will be conducted. At the end of each run, gas
samples will be taken from each capsule and analyzed for xenon and/or helium
as a double check for small rod leaks. Between runs, the rods will be
removed for visual inspection of the rods in general and defects in partic-
ular and y~scanning of selected rods; smears and crud collection will be con-
ducted on the encapsulation tubes. The radioactive species present in the
crud and an approximate measure of the crud quantity will be determined. At
the completion of two years of test time, the intact BWR rod in an inert
environment will be withdrawn for meta]1ographic/miérostructura] analysis to
determine any change in fuel rod materials conditions. Such DE for deter-
mining active degradation mechanisms is absolutely necessary to use these
tests as predicting tools for 1onger'terh rod performance. It is expected
that there will be no significant degradation mechanisms discovered by the
examinations, and the seven remaining rods will confinue under test. This
will include the yearly visual inspection of the rod and defect sites, gamma
scanning and crud evaluation tasks, and the completion of the tests with DE
of selected rods. Should a significant degradation mechanism be found at
any time, WHC will make an evaluation and recommendations for program
modification to the NRC.

Concurrent with the first whole rod run, laboratory analyses will be con-
ducted on two companion rods to establish the initial state of the crud.
Samples will be taken along the length of the rod. These segments will be
abraded over a known area to dislodge all the crud. The crud will be
collected and counted in a Ge(Li) detector to determine the quantities of
radioactive species present. These data will be used to establish the total
amount of crud on the rods at the start of the whole rod test.

~
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2. Specific Test Specifications

During the course of the experimentation, examination and operation,
specifications for the following work will be issued:

II
I11

Pretest Rod Examination and Capsule Preparation
Furnace Qualification Loading: Cycle 1 Operation
TRA Crud Removal and Examination

First Interim NOE

Cycle 2 Operation

Second Interim NDE

Replacement Rod Pretest Charactcrization

First DE

Cycle 3 Operation

Third Interim NDE

Cycle 4 Operation

Fourth Interim NDE

Cycle 5 Operation

Final NDE
Final DE

~

Final Crud Removal and Examination

= Waste Disposal

Whenever possible, techniques used in other whole rod tests and

standard hot cell procedures will be followed.

The current specific test specifications issued are: 1 - Pretest Rod

Examination and Capsule Preparation and II - Furnace Qualification Loading:

Cycle 1 Operation.
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VI. EXPECTED RESULTS AND APPLICATIONS

The most 1ikely first mode of spent fuel storage will be in an inert
atmosphere at a relatively low temperature, 200 to 250°C. There may be some
undetected breaches placed in storage. There is a desire on the part of a
number of utilities to relax the requirement of an inert atmosphere and use
unlimited air storage. The present test was designed to allow the NRC to
assess the feasibility and licensability of spent fuel dry storage under such
conditions. Critical to this assessment is the measurement of crud spalla-
tion and the observation of cladding or fuel degradation or no degradation
by NDE and DE. Other tests have been designed to accelerate possible degra-

(14)

dation mechanisms by the use of increased temperature and pressure or to

study the behavior of casks and drywe]]s(]4']8) with minimal monitoring of

the fuel behavior.

The present test will fill the void between the accelerated tests and
demonstration tests by periodically (1-yr intervals) examining the condition
of spent fuel stored under expected or postulated conditions for a period of
time long enough to allow the storage temperature to drop significantly after
emplacement (5 yr). Particular attention will be paid to contamination Fhat
might be caused by fuel and fission product loss through defects and spalling
of the exterior crud layer.

Past studies(B) and tests(4)~indicate that after the 5-yr period, those
rods that were initially intact should remain intact with either the air or
inert atmosphere. The DE of the test rods should confirm that immeasurable
degradation of the cladding or fuel pellet has taken place. Annealing of the
irradiation hardness, c]addfng grain growth, hydride reorientation, stabi-
lized alpha Zircaloy growth, or excessive oxidation are not expected to take
place. No additional gas or fission products are expected to be released
from the pellet to the rod plenum.
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It is also expected that those defected rods stored in the inert atmos-
phere will have benign performance. No fallout of the fuel or oxidation of
the fuel is expected. The expected results from the defected rods in the
unlimited air atmosphere are somewhat more tentative. Significant litera-

care(19-21)

indicates these rods should also have benign performance, but
there is uncertainty cast on the expected performance by the uncertainty

in the oxidation kinetics of UO2 and some recent Canadian work.(zg) While
this test is not designed to study the oxidation kinetics of U02, the visual
and gamma-scan examinations should give insight into the rate at which U0,

converts to U308’ if indeed it does.

The hehavior of the external crud on fuel rods has not been considered
in detail in previous tests. With the use of filters and smears, Lhe pres-
ent test should determine at what rate crud spalls from the rod and if
respirable particulates are formed. Because of the uncertainties and lack
of pertinent daté, no predications are made with regard to the results of

this aspect of the test.

The fuel rod decay heat drops by 80% during the first 5 yr of storage.
The present test will allow NRC to determine if satisfactory performance can
be accomplished for this period of time. The combination of NDE and DE will
allow projections of probable performance past the 5-yr time frame. The work
on the defected rods will help the NRC specify the degree of surveillance
that might be necessary during dry storage to determine the necessity of
secondary canisterization below 250°C.
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LEAK DETECTION

There are two ways to detect if a leak occurs in a rod during a run:

. Pressure rise in the capsule
. Mass spectrographic analysis of the capsule gas

Since the capsule pressure is going to be monitored only at the beginning and
end of each run and since the mass spectrographic method is more accurate, only
the mass spectrographic method will be considered further.

Let y be the volume of gas in the capsule and M be the fraction of tracer gas
in the rod. If Vr is the total gas in the rod of which a fraction (f) 1eaks
out, then the total gas in the capsule after the leak is y + fVr. The total
amount of tracer gas in the capsule is fMVr. Therefore, the percentage of
tracer gas in the capsules

fMVr
y + fVr

x 100

has to be greater than the detection 1imit of the mass spe&trometer (D), if
a leak is to be detected. This implies that to detect a tracer gas, the
fraction of gas leaked (f) must satisfy the equation:

D |
f > oo m ooy (A-1)

Pertinent rod and capsule characteristics are given in Table A-1, and based on
Table A-1, the fraction of tracer gas (M) can be calculated as shown in

Table A-2.

For a detection limit of 1 x 1072
to 1 atm, the internal net capsule volume is equal to the capsule gas volume
(y). The data in Tables A-1 and A-2 can be used to calculate the minimum
detectable leak for each tracer gas using Equation (A-1). This is shown in
Table A-3.

%, D =0.01. Since the capsules are filled
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TABLE A-1

ROD AND CAPSULE CHARACTERISTICS

Characteristics H. B. Robinson Peach Bottom
Rod Volume (cc) 25 + 1WA1-A3) 73.7{A%)
Vr = Gas Volume (cc) 370 + 10(A1-A3) 127.0(A%)
Xenon Volume (cc) 3.5 + 0.8(A3) 42.0(A3)
Krypton Volume (cc) 0.37 + 0.03(A3) 5.53(A%)
Internal Rod Pressue (psia) 220 1_14(A]—A3) ~ 25.3(A%)
Net Capsule Volume (cc) 632* 376.0*
Capsule Pressure (psia) 15% 15.0%
*See Appendix B.
TABLE A-2
FRACTION OF TRACER GAS (M)

__Gas H. B. Robinson Peach Bottom

Kryplun 1x 1073 4.35 x 1072

Xenon 9.5 x 1073 0.33

Heldiim 0.989 0.626

TABLE A-3
DETECTION LIMITS (f)
Reactor Krypton Xenon Helium
H. B. Robinson 0.19 (19%) 1.8 x 1072 (1.8%) 1.7 x 10”% (0.022)
Peach Bottom 0.006 (0.6%) 7.8 x.107% (0.08%) 4 x 107™% (0.042)
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If helium is used as a capsule fill gas, then krypton or xenon should be used
as the tracer gas, and detection sensitivity would be decreased. An argon
inert atmosphere was chosen so that helium could be detected, thus decreasing
the size of the smallest leak that can be detected.

In order, though, to Teak check the Swage]okc’sea]s on the capsules, it is
necessary to put some helium in the argon fill gas. Once again, if the amount
of gas in the capsules is y and the fraction of tracer gas in the capsule is x,
then the volume of tracer is yx. After a leak from the rod occurs, the amount
of tracer in the capsule will be yx + VrMf. Let the mass spectrometer detect

a fractional change of z (i.e., 10% increase means z = 1.1). The final fraction
of tracer in the capsule will be:

yx + VrMf
y + Vrf

This must be greater than zx or:

therefore,

Vr(M - zx) (A-2)
One percent helium in the argon is sufficient for Swage]oﬁg leak checking so
X = 10'2. Using the values in Table A-1, the Teak sensitivities in Table A-4

are generated from Equation (A-2). These limits are approximately an order of
magnitude higher than those given in Table A-3 where no helium tracer was in
the argon gas. This would indicate that xenon should be the primary rod leak
detection gas for the Peach Bottom rods, and helium will continue to be the
primary leak detection gas in the H. B. Robinson fuel.

®Swage1ok is a registered trademark of Crawford Fitting Co., Solon, OH.
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TABLE A-4

LEAK.DETECTION LIMITS (f) FOR HELIUM GAS WITH
1% HELIUM IN ARGON COVER GAS

f (%)
Reactor z =3 z=1.1
H. B. Robinson 3.6 0.18
Peach Bottom 8.6 0.4
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CLADDING OXIDATION

Oxidation rates of Zircaloy in a dry air atmosphere must be used to set the air
pressure in the test capsule and to determine the effect of oxidation on the
ultimate fuel rod lifetime. There have been many oxidation studies in water and
steam, mostly at temperatures in excess of 500°C, but relatively few studies in

a dry atmosphere. The dry oxidation studies are also at temperatures above 500°C
B1) Thus, the extent
to which cladding will oxidize during testing or actual dry storage below 250°C

and were conducted for a short time (700 days was 1ongest).(

is based on extrapolation of data.

(Bz)indicate that Zircaloy oxidation is a two step

1/3

Studies by Hillner in steam
process. The first step, pre-transition, follows a "t'/~" dependence while the
second step, post-transition, follows a "t" dependence. This same two step

behavior and time dependence was observed by watson(B])

for oxidation of Zircaloy-2
in air between 500 and 700°C. In fact, both studies indicated approximately the
same time of transition as a function of temperature. This transition time can

be expressed as: V

7 exp[11,975/T(°K)] days (B-1)

ty = 6.73 x 10~
At reactor operating conditions (approximately 350°C cladding temperature) tran-
sition occurs in approximately 150 days. Thus, when the rods enter dry storage
or in this case testing, the exterior surface should have an oxide layer which
is already growing as a post—transifion oxide. It is not known whether the oxide
will continue to grow as post-transition oxide or revert to pre-transition oxide
growth rates at the lower storage temperatures. Since the oxide growth rate is
faster in post-transition, that rate will be used to determine 1ifetimes and to
set atmospheres.

(B3)

Boase and Vandergraaf compared post-transition oxidation rate data above 500°C

and found close agreement between oxidation in steam, water and air. The data
fit a straight-line Arrhenius plot given by the equation:

Rate (g/dmh) = 9.46 x 10° exp[-15810/T(°K)] (B-2)
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Equation (B-2) was used to extrapolate to the dry storage and testing tempera-
ture range, assuming that there is no mechanism change at the lower temperature.

1. Oxidizing Atmosphere

At 230°C, the type 304 capsule material will have an immeasurably small oxida-
tion rate; therefore, only Zircaloy oxidation need be considered to determine
the oxygen supply in the capsule. The weight gain of the rod will be AtF,
where A is the surface area, t is the test time and F is the oxidation rate
given by Equation (B-2). Thus the amount of oxygen consumed (N) is given by:

N(moles) = AtF/32 (B-3)

The partial fil11 pressure of oxygen at room temperature (P) necessary to feed
the oxidation process can then be calculated from the ideal gas law PV = NRTRT’
where V is the net capsule volume and TRT is the temperature when the capsule
is filled. Note that the air is ~20% oxygen, the fill pressure of air required
to supply the necessary oxygen is 5P. During the experiment, in order not to
deplete the oxygen level in the.air completely but only to drop it to 15%; the

air pressure has to be further increased by a factor of 4 or:

RT
- AtF " RT .
Pairfatm) = 20 x 35= x — (B-4)

Combining Equations (B-2) and (B-4), the necessary fill pressure of air is:

2
oy 7 A(dm“)t(hr) [-15810]
Pyyp(psia) = 5.35 x 10 v(T%%érS eXR| 7oK (B-5)

The necessary physical parameters of the system are given in Table B-1.

Since every rod will not be de-encapsulated at each interim evaluation, there
must be enough oxygen to last for at least a 2-yr period or t = 1.752 x 104 hr.
The necessary air pressure in the capsules as a function of test temperature

is given in Table B-2.
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TABLE B-1
FUEL ROD AND CAPSULE CHARACTERISTICS -

Characteristics 4 H. B. Robinson Peach Bottom

Rod Surface Area (dm?) 13.07(84) 18.38B%)
“Capsule Volume (liter) 0.632 0.326
TABLE B-2

CAPSULE AIR PRESSURE (psia)

Temperature
(°C) H. B. Robinson Peach Bottom
£ 200 0.24 0.64
- 210 : 0.48 1.28
220 | 0.92 2.48
230 1.72 472
240 3.20 8.72
- 250 5.76 15.70

Based on the above calculations, one atmosphere of air should be sufficient to
supply the necessary nxygen in the closed capsules. Of course, in the open
filtered capsules, there is a continuous supply of air.

2. - Oxidation During Testing

The Zircaloy cladding will oxidize to Zr02. Therefore, for every mole of 02
weight gain, there is a mole of Zr oxidized. If the weight gain per unit area
of Zircaloy is divided by the density of Zircaloy (p), then the thickness of the
oxygen layer can be calculated. This thickness can be expressed using Equation
(C-2) as:

h(mil) = 1.66 x 10° exp[-15810/T(°K) ]t {hr)
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For a 50-month test, the total oxide layer expected is 1.34 x 10'3 mil at 230°C
and 4.45 x 10'3 at 250°C. Even for the higher temperature, the thinner-walled
H. B. Robinson cladding will have only 0.02% of the wall oxidized. This should
be an indiscernible amount and not affect the cladding stresses. It is inter-
esting to note that for a 50-year storage period, the expected cladding oxida-
tion should only be 0.24% of the cladding wall and once again not affect the
c]édding stress.
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FUEL OXIDATION

Two questions were addressed concerning fuel oxidation:

. In an unlimited air situation, how far will the oxidation
front extend?

. In a closed capsule, if a breach occurs, how much fuel will
oxidize before the O2 is depleted?

(c1) give an activation energy for the progression of the

Boase and Vandergraaf®

oxidation front below 275°C. The data is of such a quality that a second extrap-
olation could be made using all of the Canadian data, which gives a higher oxi-
dation rate. For the moment, it is assumed that the higher temperature data

(T »250°C) can be extrapolated below 250°C. The two oxidation rates are:

13

Vc (cm/min) = 1.23 x 10~ exp[-20933/T(°K)] T < 275°C (C-1)

1}

VH (cm/min) = 338 exp[-7612/T(°K)] all T (C-2)

It is not clear from Boase and Vandergraaf,(C]) whether the oxidation front is
defined in one direction from the breach or the total length of the oxidized
material. For conservatism, assume that the data is the front movement in
only one direction, and hence velocities in Equations (C-1) and (C-2) must be
doubled. Therefore, the length of fuel oxidized (L) in a time (t) will begin
from Equations (C-1) and (C-2) by: '

LC (in) 14 t(

5.81 x 10" t(hr)exp[-20933/t(°K)] (C-3a)

4

1]

LH (in) = 1.6 x 107 t(hr)exp[-7612/T(°K)] (C-3b)
Making the assumption that the defected rods will be examined at Teast once a
year, i.e., t = 8.74 x 103 hr, the expected length of the oxidation front or

cladding opening is given in Figure C1.
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FIGURE C1. Oxidation Front Length for 1-year Period at Temperature Based on
Two Different Oxidation Rate Predictions.

Based on Boase and Vandergraaf datay(C]) if in fact below 250°C the UO2 con=
verts to U308’ there should be splitting of the cladding. At 230°C for a year,
the two extrapolations of the oxidation rates predict a 37-in. difference in
the length of the split. 1If no splitting is seen, then one of two possibil-

ities exists:

Ihe oxidation rate of U0, is not linear but drops off precipitously
below 250°C. A curve through the Boase and Vandergraaf data might
indicate this.

7. Oxidation of UO% below 250°C results in U307 nol U30g and no stress is
placed on the cladding. .

Should no cladding cracking occur, which is the writer's projection, delineation
between these two cases can only be determined by post-test metallography and
Xx-ray examination of the rod.



During a period of duration t, the length of fuel oxidized will be Vt. If A is
the area of the pellet, the volume of fuel oxidized is VAt. The weight (W) of
the UO2 oxidized can be written as:

W= VAtof - ' (C-4)

where’b is the theoretical density of UO2 and f is the fraction of theoretical
density of the pellet. The number of moles of U0, that are oxidized (N ) is

uo,
= W/267.

given by NU02

As discussed in the main text, there is some uncertainty as to whether UO2 oxidizes
to U,0, or U,0, in the temperature regime of interest although most data says

377 378
U307 is the correct oxidation product. The two reactions are:
6UO2 + O2 > 2U307
(C=5)
3UO2 + O2 > U3O8

If the reaction product is U307; then the moles of 02 consumed (NOZ) is NU02/6-
On the other hand, if it is U308’ the moles of UO2 consumed is NUO2/3; There-
fore, the weight of the UO2 oxidized (W) is given by:

%) (C-6)

W= 267 Ny (¢

where (2) js a multiplication factor depending on the oxidation reaction.

Since the front propagates in two directions, the length of the UO2 oxidized is
-2Vt = L. Combining Equations (C-4) and (C-6), the length of the UO2 oxidized is:

L = 534 N (3)

" Rof 02 6 (C-7)
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The oxygen partial pressure in a capsule is PO = a1r/5 where P air is the

air pressure in the capsule. Using the ideal éas law, the number of moles of
oxygen in the capsule are given by:

-4

N, (mole) = P_. (psia)V__ (liter) x 5.53 x 10

0, air cap (C-8)

Equation (C-8) is based on the assumption that the cladding is not depleting
the 02 supply. This is not strictly correct, but the assumption does allow
the result to be made independent of when in the storage cycle the breach
occurs. Combining Equations (C-7) and (C-8), the oxidized fuel length is:

0.3 P_. (psia)vCa (liter) 3

L - Tair " p (é) (C-9)

Using the input from Table C-1. the axidized length for the H. B. Robinson
fuel ranges from 0.5 to 1.0 in., and the oxidized fuel length in the Peach
Bottom fuel ranges from 0.14 to 0.3 in. Substituting L = 2Vt into Equation
(C-9), it is determined that if breach occurs within the first 7 months of
testing at 210°C or above, the reaction should have gone to completion and
Lhe oxygen depleted.

TABLL C-1

FUEL AND STORAGE CHARACTERISTICS TO
CALCULATE FUEL OXIDATION LENGTH

Characteristics H. B. Robinson Peach Bottom
VC p(11ter) 0.632 0.326
f 0.92 0.94
2
Ape](cm ) 0.682 1.18
p 10.98 10.98
Pair(psia) 14.7 14.7
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Due to the uncertainties in the oxidation rates of UO2 and the final oxidation
state of uranium, the oxidation front could extend anywhere from 0 to 37 in.
at 230°C. It is our feeling that the fuel oxidation state will be U307 and
while there may possibly be a large oxidation front, no cladding splitting
due to the oxidation is expected. In the closed capsule, the oxidation front
should extend no more than 1 inch. Whether all the oxygen is depleted depends
on the time in the run when breach occurs. If breach occurs at the start of
the run, there is ample time for complete oxygen depletion.
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WEIGHING AS A MEANS TO STUDY
FUEL OXIDATION IN WHOLE ROD TESTS

Weight change was also suggested as a possibility for determining oxidation behav-
jor but was rejected due to it's insensitivity. Two cases can occur: (1) the
cladding breach does not extend, or (2) the breach does extend. Breach extension
can be established visually. If the breach does not extend, there are two sub-
events which might have occurred: (1) U307 formed, or (2) U308 formed, but did not
impose enough stress to crack the cladding. These three possibilities were con-

sidered in some detail.

The parameters for the case where no splitting occurs and U307 is formed are given
in Table D1. Disregarding weight losses due to crud spallation, there should be

a weight gain due to UO2 oxidation to U3O7. If cell balances for rods have an
accuracy of 0.05 1b,(D]) then the minimal detectable weight change is 0.1 Tb.

The complete H. B. Robinson rod would have to oxidize, and 38 in. of the Peach
Bottom rod would have to oxidize to be detectable. From the Boase and Vandergraaf
: data(D4)on1y between 2 and 37 inches of oxidation are expected. Therefore,

weight change is not a practical method if no cladding splitting is observed and

U3O7 is formed.

If no cladding splitting is observed and U308 forms, then there is an additional
consideration. Since U308 has a different Tattice structure than the UO2 fission,
gas bubbles on the grain boundaries, representing the majority of the gas
remaining in the pellet, will be liberated. This will Tead to a net decrease

in the rod weight. The weight loss calculations due to fission gas release are
given in Tabge D2a. If the calculations that lead to Table DI were repeated

for the UO2 4? U308 reaction, Table D2b would be generated. It is observed that
the weight Toss due to fission gas release is only a small perturbation on the
weight gain from fuel oxidation to U3O8' For the H. B. Robinson rod, half qf
the rod would have to be oxidized for a weight change to be measurable, Detec-
table weight changes should be measurable for the Peach Bottom case if the rate

is at the upper end of the expected range, but the measurement is uninterpretable.



TABLE D-1

WEIGHT CHANGE MEASUREMENTS FOR U30; FORMATION
(No Cladding Splitting)

Measurements H. B. Robinson Peach Bottom
U0,/Rod (1b) 5.37(02) 9.53(D3)
UO2 (mole) 9.06 . 16.1
02 Consumed for Complete

Rod Oxidation (mole) 1.51 2.68
0, Consumed (1b) 0.1 0.38
Minimal Detectable Oxida-

tion Length (in.) 130.0 38.0
Expected Oxidation Length*

Based on Ref D4 (in.) 2 to 37 2 to 37

*Based on 20-month operation.

The question would remain: "Is the weight change due to 19 in. of U308 forma-
tion, 38 in. of U3O7 formation, or a combination of reactions?" There is no

way of telling except by a structure disruption noticed in the v-scan. But if
y~-scanning is used, why measure weight change in the first place? Once again,

the method is not recommended.

The third possibility is cladding splitting due to U3O8 formation. In this
case, there is going to be weight gain from the U308 that forms and remains
in the rod, and a weight Toss from the U504 that falls out of the rod. U308
has « density of 8.3 g/cc. The minimum lenylh of fuel that would have to fall
out for weight detection is 1.4 in. for H. B. Robinson and 0.75 in. for Peach
Bottom. This size crack opening is very easy to observe. Since in all likeli-
hood the fallout will be incompiete (1.e., pieces will adhere and remain inside
the cladding), there is no way to correct the weight measurement to determine
how far into the uncracked cladding that the U308 front penetrates. Once again,
weight measurements are not satisfactory.
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TABLE D-2

3

WEIGHT CHANGE MEASUREMENTS FOR DETERMINING U O8 FORMATION

a) Fission Gas Release Weight Loss - UO2 > U308 Reactor

H.B. Robinson

386.0(D2)
0.1(D2)

(D2)
(D5)

0.9
0.2
195.0
1735.0
0.009
0.077
0.002
0.022
0.024

b) Oxidation Weight Gain - U0, - U,0

3.02

0.21
69.0
2-37

Peach Bottom

Rod Gas Volume (cc @ stp) 120.0
% Kr in Gas 4.5
% Xe in Gas 34.5
% Fission Gas Release : 3.0
Volume Kr Produced 180.0
Volume Xe Produced 1380.0
Moles Kr Produced 0.008
Moles Xe Produced 0.062
1bs Kr Produced 0.001
1bs Xe Produced 0.018
Total Weight of Gas (1b) 0.019

2 378
0o Consumed for Complete Rod 5.37
Oxidation (mole)
0, Consumed (1b) 0.76
Minimal Detectable Length (in) 19.0
Expected Oxidation Lengt?* 2-37
on Boase and Vandergraaf(D4)

*Based on 20-months operation.
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