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are intended to be representative of fuel 
rods containing small

breaches, such as may result from pellet-cladding 
interaction

(PCI) or stress corrosion cracking (SCC) 
cladding failures.

machined slit through the cladding near 
the specimen center and

were sealed at the ends with water-tight end fittings. 
The slit

defect specimens are intended to represent 
a more severe cladding

failure, such as may occur if an SCC defect progressed 
to a

relatively large crack, or cladding cracks 
that may result from

postirradiation handling.

Bare fuel specimens were prepared by machining axial 
slits through

the cladding from end-to-end on opposite sides 
of the specimens,

opening the split cladding, and removing the bare fuel particles

from the cladding. The cladding hulls are included with the 
fuel

particles in these tests as part of 
the test specimen. The bare

fuel specimens are intended to represent 
the worst-case cladding

failure, where the cladding has split open and the fuel 
has fallen

out.
TA

BLE 1

SERIES 2 TEST SPECIMENS
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An important part of the specimen preparation procedures was the removal
from the cladding exterior surface of fine particulate contamination that
results from sectioning and handling in contaminated hot cells. Such

contamination would seriously bias the test results if not removed. The

primary purpose of the undefected test specimens in the test matrix was to
provide an indication of the released radioactivity originating from
residual contamination on the cladding exterior surface. Before installing

end fitting hardware on the undetected, laser-drilled, and slit defect

specimens, the cladding surface was decontaminated to less than 50 cpm
smearable alpha and less than detectable beta/gamma above the HEDL 327

Building background (150 cpm in a lead shielded cave). The cladding
exterior of the bare fuel specimens was also decontaminated to less than

50 cpm smearable alpha before axially splitting the cladding to remove the

bare fuel.

The ends of the undefected, laser-drilled, and slit defect specimens were

sealed using water-tight end fittings fabricated from modified Cajon Model

SS-8-UT-A-10 Ultra Torr vacuum adaptors. The end-fitting seal was made

using ethylene propylene 0-rings chosen for their radiation resistance and
water compatibility. The top fittings of both the hole defects and slit

defect specimens contained a small vent hole above the test solution level
to allow the defected cladding specimens to fill with solution to the
external test solution level.

2.3 FUEL CHARACTERISTICS AND HISTORY

The two fuel types used in the test matrix (see Table 1) were similar PWR
fuels as indicated by the relevant fuel characteristics listed in Table 2.
Both fuels were low gas release PWR fuels from the same vendor and
approximately the same vintage.

The H. B. Robinson fuel was obtained through the Pacific Northwest Labora-

tory (PNL) Materials Characterization Center (MCC) as an 'approved testing
material' (ATM) for geological repository testing and was identified by

Ultra Torr is a registered trademark of Cajon Company, Macedonia, OH.



TABLE 2

CHARACTERISTICS OF H. B. ROBINSON UNIT 2 AND
TURKEY POINT UNIT 3 FUELS

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]

PNL-MCC as ATM-l0l.(9) All four of the Series 2 test specimens, plus

samples for burnup and metallographic characterization were sectioned from
the ATM-l0l rod segment identified as segment C5C, as shown in Figure 2.
The C5C segment was the central one-third of the C5 rod from the 80-5
H. B. Robinson spent fuel assembly. The specimen axial locations from the

C5C segment were chosen to avoid regions of nonuniform burnup at spacer grid
locations.

The Turkey Point Reactor Unit 3 spent fuel specimens were sectioned from the

I-9 rod of the B-17 assembly at Battelle Columbus Laboratories (BCL) in

. 1979. Sectioning.diagrams and characterization data for the I-9 rod

sections and other B-17 assembly fuel rods sectioned at this time are

contained in Reference 10. Approximately one inch of fuel was removed from

each end of the 5-inch-long rod sections at the time of sectioning.

Therefore, the fuel weights as indicated in Table 1 are less than indicated

for the H. B. Robinson sections, which contained a full 5 inches of fuel.
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FIGURE 2. Sectioning Diagram for H. B. Robinson Spent fuel Rod Segment CSC Superimposed on 137Cs Gamma
Scan.



In addition, some fuel had been lost from Section 1-9-24, accounting for its
lighter weight relative to Sections 12 and 19. Fuel weights were calculated

by subtracting the weight of 5 inches of cladding (16.40 grams) from the

specimen weight. Section 1 was from the bottom of the fuel rod, and its

fuel weight was estimated (since an accurate weight of the bottom end cap

plus cladding was not available) to be approximately 50 grams. The use of

an estimated fuel weight for the 1-9-1 undefected specimen is not considered

significant since 137cs release data indicated no water entered the

specimen during testing, and all release was assumed to be from cladding

surface contamination. The bare fuel specimens were reweighed at the end of

Cycle 1, after removing particles for radiometallurgical examination.

Grain size is probably the most significant difference between the two fuel

types relative to potential leaching behavior. Initial as-fabricated grain

size was estimated to be approximately 6 pm for the H. B. Robinson fuel

versus 25 pm for the Turkey Point fuel, based on post-test radiometallo-
graphic examination of Series 2 specimens (see Figure 3). Both fuels had

low gas release and exhibited little restructuring during irradiation.

However, a small amount of central grain growth was observed in the

finer-grained H. B. Robinson fuel. The additional specimen internal free

volume in the Turkey Point holes and slit defect specimens relative to the

H. B. Robinson specimens (which contained a full 5 inches of fuel) may also

have been significant for these test configurations because of the resulting

differences in specimen internal fuel-to-water ratios. Another possibly

significant difference between the two fuel types is the length of time

between specimen sectioning and testing. The H.B. Robinson specimens were

sectioned from segment C5C a few weeks before Cycle 1 startup, and original

C5 rod sectioning was within the same year. The 1-9 rod Turkey Point

specimens had been sectioned approximately 5 years before Cycle l startup

and stored in air in a sealed metal can.

Radionuclide inventories for each fuel type were calculated by linear

interpolation of ORIGEN-2 inventory data given for a 10-year old PWR fuel in

Reference 9. A burnup value if 27.7 MWd/MTM reported in Reference 10 was

12
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FIGURE 3
Microstructures of Irradiated Turkey Point And H. B. Robinson Spent Fuels in the
Unrestructured Zone Near the Cladding. Cathodic vacuum etched to reveal grain structure
Neg 8507895-1cn



used for the Turkey Point fuel. A burnup value of 30.2 MWd/MTM was radio-
chemically determined by WHC on the C50-D section from the H. B. Robinson.fuel. Inventory values for

were also directly measured by radiochemical methods during burnup analysis
on the C5C-D section. 14C was also directly measured on two H. B. Robinsonsections. For consistency, the ORIGEN-2 calculated inventories were used

for fractional release calculations on both fuel types. The ORIGEN-2 based
inventory data for both fuels and radiochemically determined inventories for

the H. B. Robinson fuel are given in Table 3.

2.4 SAMPLE ANALYSES

All solution chemical and radiochemical analyses performed by WHC followed.

approved procedures prepared for testing in support of geologic repositories.
Principal nuclides analyzed are listed in Table 4 with detection limits.
The ability to analyze less than one part in 100,000 of the test specimen
inventory dissolved in the 250 ml of test solution was desired for all
radiochemical methods used based on the NRC l0 CFR 60(1) requirement that
the release rate of any radionuclide ... shall not exceed one part in

100,000 per year of the inventory of that radionuclide calculated to be
present at 1000 years." Relative 1000-year inventories in spent fuel for

radionuclides with half-lives greater than one year and activity equal to or
greater than 129 are given in Table 5. Except for radium, thorium, and
tin isotopes, an isotope of each radionuclide element listed in the

EPA 40 CFR 191(2) cumulative release limits (see Table 6) is included in
the Table 4 list of nuclides analyzed. The 226Ra, 230Th and 232Th isotope

activities build up in spent fuel ad actinide decay chain products and are
not a significant component of spent fuel activity until after several
thousand years, and were not practical to analyze for release in the current
tests. 126Sn will replace 79Se in Table 4 for specifically analyzed
radionuclides in the Series 3 tests.

14



TABLE 3
SERIES 2 SPECIMEN RADIONUCLIDE INVENTORIES
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TABLE 4

RADIOCHEMISTRY METHODS
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TABLE 5PWR SPENT FUEL RADIONUCLIDE INVENTORIES AT 1000 YEARS
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TABLE 6EPA RELEASE LIMIT S
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241Am -- Since 241Am and 238Pu have similar alpha decay energies, a separa-
tion is required for 241 Am analysis. A 500 solution sample is reactedwith 200 at 5 M hydroxylamine hydrochloride and 100 of 8 M HNO3 and

passed through an anion exchange resin. The Pu is loaded onto the resin

while the Am passes through the resin. The Am is then measured by alpha

counting and alpha spectrometry after evaporating onto a stainless steel

source disc that has been heated to dull red by flame from the bottom side to

burn off organic and volatile residues.

The Am separation was not performed on periodic solution samples during

Cycle 1 of the tests. A one-time determination of 238 Pu/( 239 +240Pu) ratio

was made on test solution from all but the undefected tests, and this ratio
was used to calculate 241Am from 238Pu + 241Am and 239+240 Pu data on the

Cycle 1 periodic samples. Starting with the Cycle 1 termination samples,
direct 241Am analysis following separation was performed on all samples

Gamma Spectrometry -- 137Cs and 134Cs were measured in nearlyall samples by
gamma spectrometry. 60Co was also measured in many samples by gamma spectro-
metry, and some rod and strip samples from bare fuel tests also showed
indications of other gamma-emitting isotopes. Quantitative gamma counting.
data were calculated from gamma energy peaks based on daily measurement of
control standards of 241Am, 137Cs and 60Co mixtures run under the same

geometry as the test samples.

Since Np activity in 10-year old spent fuel is much lower than

other alpha-emitting isotopes and is interfered with by 234U alpha decay,

a separation is required. Np is separted by cation exchange of Npo2

followed by solvent extraction of Np into thenoyltrifluoracetone in
xylene. The Np activity is then evaporated onto a stainless steel
source disk that is heated to a high heat" on a hot plate to burn off
organic residues. The Np is counted using alpha counting and alpha

spectrometry. The volume of sample used was 0.5 ml for Cycle 1 Np

analyses. Volumes for Cycle 2 were: 2.0 ml for 20-day, 0.5 ml for 62-day,

1.0 ml for 154-day, and 1.0 ml for all termination sample analyses.
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dioxide is trapped in a liquid scintillation cocktail made basic with
sodium hydroxide.

1291 -- Because of its low concentration and long half-life (17,000,000 yrs),

activity in spent fuel leach solutions is much too low to detect by

direct counting methods after separation. Therefore, a neutron activation

analysis (NAA) procedure (performed by PNL) is used for 129 A measured

volume of test solution and a spike" solution containing are absorbed

into quartz wool in a gas phase separation column. The sample is evaporated

from the quartz wool by flaming the outside of the column while flowing air

through the column. The oxidized iodine vapor species are trapped by absorb-

tion onto activated charcoal. The column is then evacuated, the charcoal

trap valved off from the vacuum, and then the charcoal trap is heated,

reducing the iodine to The vaporizes from the heated charcoal trap

and is condensed in a liquid cold trap. The column is sealed off above

the liquid N2 cold trap creating a glass ampoule containing the separated

The ampoules are then activated by neutron irradiation in a nuclear

reactor (Hanford N Reactor when available). The irradiated ampoules are

then broken in CC1, in which I2 is soluble. 126I and 130I decay are then

counted by gamma spectrometry over several l301 half-lives (12.4 hours), and

the original preirradiation 129I is calculated.

Uranium - Uranium is determined using a Scintrex* model UA-3 uranium

analyzer. Diluted aqueous solutions containing a buffered complexing reagent

are excited by a UV-emitting nitrogen pulsed laser, and the green uranium

fluorescence emitted from the solution is measured. An increase in signal

from the addition of a known uranium-containing standard solution to the

diluted test solution is used to calculate uranium concentration. The method

gives reproducible results for sample uranium concentrations down to 1 ppb.



3.0 RESULTS AND DISCUSSION

A complete tabulation of radiochemical results reported in pCi activity

units (ug for uranium) is contained in Appendix A. Tables of conversion

factors and equations for calculating isotopic and elemental concentrations

from pCi activity data and discussion of radiochemistry error estimates are

also included in Appendix A. A complete tabulation of solution chemistry

data (pH, cation and anion concentrations) is contained in Appendix B. Data

for major radionuclides discussed below are presented in plots showing

activities (concentration for U) in the unfiltered solution with time, and

in tabular form showing the distribution of 'measured release' components

between the different sample types.

Unfiltered solution concentrations for major radionuclides are plotted in

Figures 4 through 10 for the four test configurations. Data points in these

plots with arrows pointing downward are data reported as "less than"

values. Circled data points have identical reported coordinate values but

are vertically offset within the circle to show the individual data point

symbols. Data lines are drawn to the actual data coordinates for the

circled data points. When all data points within a circle are "less than"

values, a downward arrow is drawn from the circle. If a single data point

within a circle is a less than" value, tne downward arrow is drawn from

that data point. Lines to data points within a circle are drawn into the

circle, and lines not associated with data points within a circle through

which the lines pass are blanked within the area of the circle (for an

example, see Figure 10).

The activity (concentration for U) level that would be obtained if 10-5 of
the test specimen radionuclide inventory dissolved in the 250 ml of test

solution is shown on each plot. Since the test specimen fuel masses varied

significantly in the Turkey Point fuel tests, the activity corresponding to

of the inventory dissolved in 250 ml of solution is shown for all

three defected cladding configurations in the Turkey Point periodic solution

sample plots. One 10 inventory level is shown in the solution sample

plots for the H. B. Robinson fuel tests since the fuel mass was nearly equal

23



(84 + 2 g) for all four specimens. The 10-5 inventory level was chosen asa reference value to compute "fractional releases" and for comparison ofrelease data since this value falls within the plotted range for all theradionuclides. This value cannot be directly compared to the NRC releaserate limit of 1 part in 105 per year of the 1000-yr inventory.

An accounting of the total measured release for uranium, actinide radio-
nuclides and fission product radionuclides is given in Tables 7 through 16based on radiochemical results tabulated in Appendix A. Data reported asless than" values (below detection limit) are included in values given inTables 7 through 16, and are indicated by a "less than" symbol where a sig-nificant portion of the value given is based on "less than" data. Totalsthat include "less than" values are not given as less than if the included
less than" values are less than 5% of the total value. A summary of Cycle1 and 2 "total measured fractional release" values from Tables 7 through 16

is contained in Table 17. Activities of 14C measured in test samples during
Cycles 1 and 2 are given in Table 18. Less than data are not included in

the release values calculated for 14C and 60Co activation products in
Tables 19 and 20. Tables 7 through 20 are at the end of their respectiveradionuclide section.

The tabulated values listed for "Solution Samples" are the sum of the
products of unfiltered solution activity/ml (concentration for U) times

sample volume for all periodic solution samples taken during a test cycle,excluding the final solution sample taken at termination of the test cycle.The terminal "Final Solution" value is the activity/ml (concentration for U)

of the unfiltered final solution sample taken at the end of a test cycletimes 250 ml. The concentration of the "Final Solution" sample is given inparentheses below the "Final Solution" value in units indicated in the left[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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3.1 URANIUM

Solution uranium concentrations as shown in the Figure 4 semi-log plots
reached relatively stable levels after a few days, with the most notable
exception being an early peaking of uranium concentration in the Cycle 1
H. B. Robinson bare fuel test. Uranium concentrations generally correlated
with the severity of the cladding defect, with concentration being greatest
in the bare fuel tests, followed by the slit defect tests, followed by the
hole defects tests. Greater uranium concentration in the undefected test
versus hole defects in the Cycle 1 H. B. Robinson tests is most likely the
result of greater residual cladding exterior surface contamination on the
undefected specimen at the start of the tests. Much of the cladding
exterior contamination present on the undefected specimen appears to have
been removed during Cycle 1 by dissolution during the test and/or by
postcycle rinsing. During Cycle 2, the uranium concentrations were
approximately equal for the undefected and hole defects tests for both fuel
types.

Greater uranium concentrations for the Cycle 1 Turkey Point "slit" and
'holes' tests versus the respective H. B. Robinson tests may be related to
the greater internal water-to-fuel volume ratio for the Turkey Point
specimens, and also to the initial presence of a more oxidized fuel surface
in the Turkey Point specimens, which experienced much more extensive
exposure to air before testing.

A difference in the extent of initial fuel surface oxidation may be respon-
sible for the observed differences in uranium concentration behavior between
the H.B. Robinson and Turkey Point bare fuel tests, as indicated by the
linear unfiltered uranium concentration plots in Figure 5. Uranium appears
to have supersaturated during Cycle 1. Uranium concentration in the
H. B. Robinson bare fuel test peaked at 4.5 g/ml on Day 6 and decreased
to 1.2 g/ml at Cycle-l termination as uranium apparently equilibrated
with a phase having lower solubility than the phase initially present on the
fuel surface. Uranium concentration in the Turkey Point bare fuel tests
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in the Series 2 tests is attributed to the 120 ug/ml of HCO3 ion in J-13
water that complexes with the uranium (likely with UO+2), stabilizing

uranium in solution.

The uranium release accounting data in Table 7 indicate greater measured
fractional release from Turkey Point fuel relative to H. B. Robinson fuel in
all three defected cladding configurations. Again, more extensive pre-test
exposure of the Turkey Point fuel to air may be involved. The larger speci-
men internal solution volume with good communication to external solution
(through a relatively large defect) is probably also a contributing factor
to the approximate order of magnitude greater "total measured fractional
release" observed in the Turkey Point slit defect test versus the
H. B. Robinson slit defect test.

Total release values tabulated for actinides in bare fuel tests in Tables
7-11 are likely to be conservative since fine undissolved fuel particles may
have been components of the acid strip samples. Summing the uranium con-
tained in solution samples plus the peak measured uranium concentration
multiplied by 250 ml gives the minimum amount of uranium known to have been
in solution. Dividing by l0-5 of specimen inventory yields 'soluble '
fractional release values of 2.0 and 6.6, respectively, for Cycle 1 of theH. B. Robinson and Turkey Point bare fuel tests and 1.1 and 3.5, respec-
tively, for Cycle 2 of these tests. The % in solution" given for the
Cycle I H. B. Robinson bare fuel test would increase from 14% to 35% based
on the amount known to have been in solution rather than solution samples"plus "final solution." Subtracting the soluble fractional release values
from the total fractional release values listed in Table 7
leaves 3.7 and -5.0, respectively, in the H. B. Robinson and Turkey
Point Cycle 1 bare fuel tests, which may never have been in solution. Muchof this component of the total release reported in Table 7 most likely
results from fine undissolved fuel particles.
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FIGURE 4.
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FIGURE 5. Uranium Concentrations for Turkey Point and H.B. Robinson Bare Fuels Test in J-13 Water



TABLE 7

URANIUM RELEASE DATA (ug)
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3.2 PLUTONIUM

Plutonium isotopes account for 45% of the gross ORIGEN-2 calculated (11)

activity of spent fuel at 1000 years and 90% of the gross activity at
10,000 years. The ORIGEN-2 calculated 239+240 Pu inventories are 744 uCi/g
and 704 uCi/g, respectively, for the H. E. Robinson and Turkey Point spent
fuels tested.

As indicated in the Figure 6 semi-log plots, unfiltered Pu activity was much
greater in the bare fuel tests than in the slit defect and hole defects
tests for both fuel types. Plutonium activities were also generally greater
in the slit defect tests than in the hole defects tests. Plutonium activity
in the hole defects test was greater than the undetected test for the Turkey
Point fuel, but not significantly different in the respective H. B. Robinson
fuel tests. With the exception of the H. B. Robinson 62-day Cycle 2 bare
fuel test sample and the Turkey Point slit defect test, Pu activities in
solution samples were generally lower for Cycle 2 compared with Cycle 1.

The high 239+240Pu activities measured in the initial unfiltered sample
aliquots in the Cycle 1 bare fuel tests were most likely caused by fine
undissolved fuel particles. After 30 days in the H. B. Robinson Cycle 1

bare fuel test unfiltered 239+240Pu activity settled to approximately
200 pCi/ml, later falling off to 112 pCi/ml at the end of the test cycle.
After the initial 1-day sample from the Turkey Point bare fuel test, unfil-
tered 239+240Pu stabilized at approximately 500 pCi/ml for the duration of

The hypothesis that the initially high unfiltered activities were caused by
undissolved fuel particles is supported by data from the 6-day H. B. Robinson

sample (the only initial sample with high unfiltered Pu activity to be

*The unfiltered alpha activity data points for 239+240pu. 24 1Am.and 244Cm
from the Cycle 1 15 day sample from the Turkey Point bare fuel test were
not plotted in Figures 6, 7, and 8 since these data appear quite high,indicating that this sample aliquot contained an undissolved fuelparticle(s).



[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]



unfiltered sum for the same samples to calculate average activities passing
each filter size. The 6-day filtered sample from the H. B. Robinson bare
fuel test was not included since it was not representative of the other
samples that exhibited relatively consistent filtering behavior. The
results are:

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]

Comparison of filtered Pu activities with unfiltered activities was somewhat
erratic in the slit, holes, and undefected tests, since activities in these
tests generally ranged from below the '0.2 pCi/ml detection limit to
10 pCi/m1. Greater activities were reported for some filtered samples in
these tests than for the unfiltered fraction.of the same sample, which is
presumably a result of counting statistics. Filtered sample data for Cycle
2 slit defect tests for both fuel types were relatively consistent and
indicated that most Pu activity passed both the 0.4-um and 18-A filtersat the few pCi/ml activity levels in these samples.

The Pu release accounting data tabulated in Table 8 indicates similar total
measured fractional release for both bare fuel tests (8.4 x 105 for
H. B. Robinson and 8.88 x 10 for Turkey Point). Total measured fractional
release values for the slit and hole defects test were much less, ringing from
0.016 x 10 5 to 0.033 x 10 5 for these 4 tests. The percentage of measured
Pu release in solution was generally lower than that for U. During Cycle 1.
total measured Pu release from the H. B. Robinson hole defects specimen was
actually less than from the undefected control. However, Pu release from
this specimen did increase substantially during Cycle 2.
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3.3 AMERICIUM AND CURIUM

Americium-241 activity in spent fuel increases during the first 100 years
after reactor discharge as a result of 241 Pu decay. 241 Am accounts for
approximately half of the gross activity of spent fuel at 1000 years. At

10,000 years, 241Am with a 432-year half-life has decayed out and the only
significant Am isotope remaining is 243, which accounts for approximately
3% (including.2 39 Np daughter) of the total 10,000-year Ci activity. Curium-244

is a principal component of the actinide activity in the 10-year old fuel teste
but, with its 18-year half-life, decays away before the end of the 300-year
minimum containment period specified in 10 CFR 60. Curium is discussed with Am

because of its similar behavior in the current tests.

The Cycle 1 241Am* and 244Cm unfiltered sample activity plots (Figures 7 and

8) are quite similar to that of the 239+240Pu data (Figure 6), all three of
which were measured from the same alpha source disks. The peak observed in the
62-day Cycle 2 H. B. Robinson bare fuel test 239+240Pu and 244am data was not
observed in the 241Am data, which was measured on different sample aliquots in
Cycle 2.

The bare fuel test 241Am and 244Cm data for 0.4-pm filtered and 18-A filteredsolution sample fractions were summed for each test cycle and divided by the

sum of the unfiltered activities for the same samples. (Same calculation

performed on the 239+240 Pu data omitting the 6-day H. B. Robinson sample
for the same reason.) The results are:
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TABLE 9

24lam RELEASE DATA (nCi
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TABLE 10
244Cm RELEASE DATE (nCi)
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TABLE 11
237Np RELEASE DATA (pCi)
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AP
PENDIX A

RADIONUCLIDE INVENTORY AND RADIOCHEMICAL DATA



TABLES

Table

Activity-Concentration Conversion Factors

C5C-H Bare Fuel Test Radiochemical Data

C5C-E Slit Defect Test Radiochemical Data

C5C-C Holes Defect Test Radiochemical Data

C5C-A Undefected Test Radiochemical Data

1-9-24 Bare Fuel Test Radiochemical Data,

A.7 1-9-19 Slit Defect Test Radiochemical Data

A.8 1-9-12 Holes Defect Test Radiochemical Data A-21
A.9. 1-9-1 Undefected Test Radiochemical Data A-23
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APPENDIX B

SOLUTION CHEMISTRY
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TABLE 8.6 SOLUTION CHEMISTRY FOR THEI-9-19 TURKEY POINT SLIT DEFECT TEST
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