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1. INTRODUCTION

Burnup credit (BUC) is aconcept gpplied in the criticality safety analysis of spent nuclear fuel
in which credit or partia credit is taken for the reduced reactivity worth of the fuel due to both fissile
depletion and the buildup of actinides and fission products that act as net neutron absorbers.
Typicaly, atwo-step processis applied in BUC analysis. first, depletion calculations are performed
to estimate the isotopic content of spent fuel based on its burnup history; second, three-dimensional
(3-D) criticdlity calculations are performed based on specific spent fuel packaging configurations.
In seeking licensing approval of any BUC approach (e.g., disposal, transportation, or storage) both
of these two computational procedures must be validated. This report was prepared in support of
the validation process for depletion methods applied in the analysis of spent fuel from commercial
light-water-reactor (LWR) designs. Such validation requires the comparison of computed isotopic
compositions with those measured via radiochemical assay to assess the ahility of a computer code
to predict the contents of spent fuel samples.

In the performance of athorough validation effort for commercial spent fuel depletion, it is
necessary to assemble a database of appropriate measurement data for use in code comparison.

It is recommended that the following issues be considered with respect to such a database:

1 The database should be of a sufficient size to obtain a good statistical sampling of trends

between measured and calculated results.

2. The database should include a wide but applicable range in key depletion factors, including
burnup, initia 2°U enrichment, moderator density, temperatures, soluble boron concentration

(where appropriate), and core and assembly design.

3. Each set of data in the database should have a compilation of design and operating data as

complete as possible, with minimal but clearly identified assumptions.



4, The database should not overemphasize data taken from unusual or non-mainstream reactor
designs even when such data are readily available and in a usable form. This strategy will

avoid any biasing toward off-normal designs.

5. It isimportant to recognize that few (if any) measurements that are currently available were
performed with BUC vaidation as a consderation. Hence, the type of fuel samples analyzed
or the quality of the actual measurements may not be consistent with validation analysis
requirements. Such experiments should be avoided when possible, or only appropriate
subsets of data should be included. In addition, outliers found after an analysis is completed
may be excluded from gatistical trending and determination of computational biases, but only
if the reason for outlying behavior can be identified, and would not be expected under normal

operating conditions.

The purpose of this report isto address the availability and appropriateness of measured data
for useinthe vaidation of isotopic depletion methods. Although validation efforts to date at ORNL
have been based on calculations using the SAS2H depletion sequence of the SCALE code system;
this report has been prepared as an overview of potentia sources of validation data independent of
the code system used. However, data that are identified as “in use” in this report refer to earlier
validation work performed using SAS2H in support of BUC'22 This report is the result of a study of
available assay data, using the experience gained in spent fuel isotopic validation to date and with a
consideration of the validation issues described earlier. This report provides recommendations for
the suitability of each set of data for validation work similar in scope to the earlier work.

Recommendations in this report are based solely on a broad ad hoc survey of available
literature and the expertise of the authors. In cases where a measurement is judged unsuitable
because of the lack of detailed information, it may be possible to obtain the missing data only through
areactor facility, utility company, or government agency. No effort was made to acquire such data
in the performance of thisliterature survey, nor to assess the ease or difficulty of acquisition of such
data. Data sets were classified as very complete, fairly complete, or incomplete. “Very complete”

indicates minimal assumptions are necessary in model development. “Fairly complete” means that



some assumptions are necessary to create a model, but that such assumptions are reasonable.
“Incomplete” data is missing essential parameters, and model development is not possible.
For completeness, thisreport also includes a description and ranking for each of the sets of data used
in the analyses reported injrefs. 2 and 3, as well as data used in a follow-up report being prepared at
Oak Ridge National Laboratory (ORNL).

This report provides recommendations for further validation efforts for 19 reactors:
10 pressurized-water reactors (PWRs), 7 boiling-water reactors (BWRs), and 2 test reactors. The
recommendation for use for each set of chemical assay datais graded as In Use (used inrefs. 2 and
3 or in ongoing analyses), Recommended, Not Recommended, and Insufficient Data. Explanations
are provided when data are categorized as Not Recommended. Experiments classified as Insufficient
Data appear to be consigtent with the needs of BUC, but available documentation is inadequate, and

further operational and/or design data would be necessary to make a full recommendation.






2. PRESSURIZED-WATER REACTORS

2.1 INUSE

The following sets of reactor datainclude samples that have been used in earlier work®**and
a single set that has been analyzed but for which no results have been published to date. Not al
samples have been analyzed for al sets of data. However, samples not included in the earlier work
often were omitted because of poor location in an assembly, to prevent oversampling of a given
assembly design, or for one or more of the selection criterialisted earlier. These criteria should be

considered if additional fuel sample data are to be acquired from one of these sets of reactor data.

Calvert Cliffs-1 (United States)

The reactor design and operational date2>*2 are very complete. Chemical analyses were

conducted on three pellets from each of three fuel assemblies. The samples had a wide range in
burnup and initial 2°U enrichment. Also, the sample rod locations relative to the guide tubes were
different. The assembly design of 4-rod-locations per guide tube is not as common as 1-rod-location
per guide tube.

The measurements were extensive, in particular, one pllet had 34 different nuclides analyzed.
Standard deviations were reported for all measurements and were small (1.6%) for the isotopes of
uranium (U) and plutonium (Pu). Fission-product assays were conducted by four different
|aboratories.

Gosgen (Switzerland)

Under the ARIANE program coordinated by Belgonucleaire, UO, fuel samples are being
analyzed from this reactor. Reactor design and operational data are fairly complete but are not
available in public documentation because of the proprietary nature of the data. However, as a
participant in the ARIANE program, the U.S. government has access to the results:. Two UO,
samples were irradiated from a 15 x 15 Siemens assembly. The “*U enrichment was 3.5%. One
sample was burned to roughly 54 GWd/MTHM, and the second, to 29 GWd/MTHM.



Mihama-3 (Japan)

The reactor design data in ref. 13 did not contain pellet axial locations, from which input

temperatures and moderator densities are derived. Indications suggest that there was an abnormal
range in measured results for similar burnups. The use of additional pellet height dat&® permits the
setup of appropriate depletion models. Additional data providing the composition of burnable poison
rods (BPR) and information on removal of BPRs would be useful. The scatter of calculated-to-
measured ratios” indicated that some of the data may be inappropriate. In fact, future use of this set
of data for validation is not recommended, because of the unexplained variation in results where
consistency would be expected; calculations performed for different axia locations within a single fuel
pin showed a wide variation in measured-to-computed ratios. Such comparisons are usually

consistent because all share the same geometric approximations.

H. B. Robinson-2 (United States)
The reactor design and operational data®'*" are fairly complete. A total of six pellets were

anayzed from two rodsin the fuel assembly. Burnable poison rods were in the assembly for the first

of two cycles. Wide ranges of burnup values and axia height locations were selected for the samples.

Obrigheim (Germany): half-assembly samples

The reactor design and operational date?™®% are very complete. Five assemblies were cut into
halves along their axes, dissolved and sampled, so that each analysis represented the average for one-
half assembly. This method is significantly better than the use of single-pellet samples for validating
point-depletion methods such as that used by SAS2H, because such codes are specifically intended
to estimate the average nuclide densities of the assembly.

Most of the isotopes were analyzed by four separate laboratories. In addition to actinides,
several fission-product ratios were measured. The **Cm was determined by alpha spectrometry,
which usually has less accuracy than methods such as mass spectrometry or isotope dilution analysis.

However, *Cm data are not very significant in BUC results.



Trino Vercelles (1taly)

The reactor design and operationd data®'*2>22 gre very complete. Pellet samples were taken
at various heights from eight fuel rods of three assembliesirradiated for one extended cycle and, also,
from six rods of another 2-cycle assembly. About half of the pellets were analyzed by two different
laboratories. The reactor contained cruciform control rods (which, usually, were mostly withdrawn)
and 24 cruciform fuel assemblies (permanently in core) plus the regular square fuel assemblies. The
active fuel length is somewhat shorter than that of most LWRs. There is a good range in burnup

(somewhat lower than average) and ?*°U enrichment (higher than average).

Turkey Point-3 (United States)

The reactor design and operationa data®2222 gre fairly complete. Pellet samples were

taken from five fuel rods of two fuel assemblies. The burnups changed only a small amount because
the pellets were located at the same heights and the two assemblies had similar power histories.
| sotopes from uranium, plutonium, and ***Nd were measured. The fuel assemblies are a common

design.

2.2 RECOMMENDED

The following two sets of reactor data are those sets that potentially represent the greatest
additiona benefit for BUC validation at thistime. However, it does not follow that all fuel samples
from each set of data are appropriate, so that individual fuel samples should be selected with sound
engineering judgement and with a consideration of the guidelines for selection discussed earlier. The
listing order does not indicate a ranking of the potential value of each set of data.

Obrigheim (Germany): pellet sasmples

The main difference between these data and the previous Obrigheim data is that measurement
samples were taken from individual fuel pellets whereas the former method dissolved the entire

(or half) assembly. It appearsthat the design and operational data*®° are very complete. Seventeen



samples were taken from six rods of two fuel assemblies. Most of the samples were analyzed by two
different laboratories.

Y ankee Rowe (USA)

The reactor design and operational data**3>%'are very complete. The nuclide analyses on
numerous pellet samples are from two different programs; for reactor Cores I-1V232and Core V 122
The more complete axialy dependent temperatures and moderator densities of the latter program can
possibly be used in calculations for the former program cases. Moderator boron data were also more
complete in the latter program. There were wide ranges of burnups, pellet heights, and rod locations
in the samples. Precise control rod datawere not given. The active fudl length was somewhat shorter
than that of most LWRSs.

2.3NOT RECOMMENDED

Three Mile Idland-2 (United States)

Reference 13 has incomplete design and operational data. The power history is given prior
to the accident experienced on March 28, 1979. The only measurements listed were air sample
activity ratios or activity per unit volume. The nuclides xenon (Xe) and iodine (1) are of little value
to BUC.

2.4 INSUFFICIENT DATA

The following two sets of PWR data are potentia candidates for vaidation analyses; however,

data are not readily available to make a fully informed assessment.

Genkai-1 (Japan)

The available data™ on the design and operating conditions are incomplete. Only two pellets

were analyzed. If the data (e.g., power history) were better known, the pellet assay data could be
used.



Sena (France)

A very limited quantity of reactor design and operational data'®'were available to the authors.
L attice pitch, guide tubes, densities, temperature, and precise power histories were not included. The
results of radiochemica analyses were not available. However, if additional data are available, these
experiments may be sufficiently complete for a good application. Based on previous experience it

is likely that the measured data are considered proprietary by the French company.






3. BOILING-WATER REACTORS

3.1 INUSE

Analysis has been recently completed for the following four BWR reactors, and draft reports
are near completion. Aswith the PWR samples that were identified as In Use, samples not included
in these analyses were omitted because of poor location in an assembly, to prevent oversampling of
a given assembly design, or for one or more of the selection criteria listed earlier. Again, these
criteria should be considered if additional fuel sample data are to be acquired from one of these sets

of reactor data.

Cooper (United States)

Thereactor design and operational data®*2% are fairly complete. Six pellet samples from two
fuel rods of two assemblies were analyzed. There were wide ranges in burnups and sample pellet
axial locations. Gadolinium was contained in 5 of the 49 rods per assembly. Only 30 of the rods had
the 2.939 wt % **U initial enrichment of the samples (applied in SAS2H input). Twenty nuclides
were analyzed. The standard deviations of measured nuclide dengties of uranium and plutonium were

1.6% and of measured burnups were 2.5%.

Dodewaard (Holland)
Under the ARIANE program coordinated by Belgonucleaire, both MOX and UO, fuel

samples are being analyzed from thisreactor. Reactor design and operational data are fairly complete
but are not available in public documentation because of the proprietary nature of the data. However,
as a participant in the ARIANE program, the U.S. government has access to the results. A single
UO, sample was taken from a6 x 6 assembly containing primarily UO, fuel with varying enrichments
from 1.8 to 3.2 wt % of ?°U. The experimental sample was an exception, containing 2°U with a
wt % of 4.94.
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Gundremmingen (Germany)

Thereactor design and operational data®4"3! are fairly complete. Twelve sample pellets were
taken from two heights in 10 fuel rods from two assemblies. Final burnups were dightly less than
typical. All sampled pellets were of the higher U enrichment, used in 29 rods of the 36-rod

assemblies. Thirteen nuclides were analyzed, mostly by two different laboratories.

Japan Power Demonstration Reactor (JPDR) (Japan)

The reactor design and operational data’*#” are fairly complete. Twenty-four sample pellets
were taken from eight rods at various heights of one fuel assembly, and three pellet samples at
different heights were taken from a central rod from each of two assemblies. Power histories were
given indetall. Burnups were no greater than athird of the typical BWR burnup. All fuel rods had
the same U enrichment. Twenty-nine nuclides were analyzed in most of the samples. The reactor
dimensions, active height, and core diameter were significantly smaller than those of the typical BWR

core. JPDR data included node void fractions for each of its 38 irradiation periods.

3.2 RECOMMENDED

Only a single BWR dataset can be recommended at this time beyond those currently being
analyzed. See Sect. 3.4 for potential candidates if additional data can be located.

Garigliano (Italy)

The reactor design and operational data for one fuel assembly**2% (A-106) are fairly
complete. Samples were taken from 18 fuel rods at the same pellet height. The burnups were
approximately half the typica BWR burnup. The 12 “corner” rods of the 49 rods of the assembly had
alower 2°U enrichment. The four “corner” rod pellet samples are not recommended for use because
they would tend to have biased computed nuclide densities. The data, even though somewhat

uncertain, could have limited application in code validation.
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3.3 NOT RECOMMENDED

Monticello (United States)

Thereactor design and operational datal®***'are fairly complete. The average burnup of the
fuel analyzed was approximately 45 GWdA/MTU with sample pellets as high as 59 GWd/MTU.
However, thisis an abnormal overburn of 2.87 wt % U fuel, which causes an excessive depletion
inthe?*U and, to alesser extent, ?°Pu. A basic assumption in point depletion codes such as SAS2H
isthat there is a uniform lattice of the fuel assembly being analyzed. The effects from the times at
which the adjacent assemblies have less reactivity (or fissile isotope density) essentially cancel the
reverse effects from times where adjacent fuel has more reactivity. Also, small absolute density
deviations become large percentage differences relative to the discharged low fissile nuclide densities
caused by overburning. The use of high-burnup fuel in LWRS requires a corresponding increase in
initial 2°U enrichment. Even though typical ratios of burnup to initial °U wt % in BWR spent fuel
is less than 10 GWd/MTU/wt-%, the average and maximum ratios for the Monticello assembly
analyzed were 16 and 20 GWd/M TU/wt-%, respectively, and are therefore not representative of
typicd fud. Furthermore, highly burned (over burned) assemblies will not be the limiting assemblies

in any cask design, and are therefore inappropriate as a basis for isotopic uncertainties.

3.4 INSUFFICIENT DATA

The following three sets of BWR data are potential candidates for validation analyses;

however, data were not readily available to make a fully informed assessment.

Fukushima-Daiichi-3 (Japan)
The reactor design and operational data® are incomplete. Specifically, the fuel rod diameter,

clad thickness, lattice pitch, pellet density, and coolant inlet and outlet temperatures are not included.
Thirty six samples were analyzed from 18 rods of seven fuel assemblies. The atomic percents of
uranium isotopes for 36 samples and atomic percents of plutonium isotopes for 10 samples were

reported. Theratio of Pu/U were not included. If the data were more complete, it could be used.

13



Quad City-1 (United States)

The reactor design and operational datet® are incomplete. There were 14 nuclides measured

in the sample analyzed. If the data were more complete, it could be used.

Tsuruga-1 (Japan)

The reactor design and operational data™ are incomplete. Twelve samples were analyzed
from two rods of two fuel assemblies. Ten of the samples were taken from the low 2°U  enrichment
rods at the corners of the assembly, which are not recommended for use here. The measurement data
of the two high enrichment rods was not reported’** If the data were more complete, it could be
used.

3.5 NOTE ON BWR MODERATOR DENSITIES

Experience with current work on BWR validation has found that the moderator densities
corresponding to the axid locations of the pellet samples are generally not included with BWR data,
with the sole exception of the JPDR data® However, the pellet sample computed results are
sengitive to the water density at the axial height of the pellet. A means to estimate axial water
densities will be necessary to properly model BWR fuel depletion.

14



4. TEST REACTORS FOR BURNUP CREDIT VALIDATION

| sotopic data from either test or commercial reactors that are not moderated by light water
(e.g., those using heavy water, graphite, or sodium) are not applicable to a depletion code validation
project for LWRs. Also, it does not appear to be proper to use data from LWRs with fuel-plate-type
elements nor high-flux designs for production of actinides of extra high mass numbers (e.g., %2Cf).

The experiments performed using either the MINERVE reactor® at Cadarache, France, or
the DIMPLE®* reactor at Winfrith, Dorset, UK, zero-power criticality facilities, have a special
application to BUC applications. The first part of the BUC validation procedure would be to
characterize the spent fuel from various reactors sufficiently that fuel-depletion code calculations can
be performed to obtain significant nuclide compositions. These results, in turn, would then be applied
to predict the reactivity of the spent fuel. The experimentalist, concurrently, would conduct high-
precision measurements of reactivity worth of spent fuel similar to that used in the calculations. The
comparisons of the measured and calculated reactivities would serve to validate cross-section data
together with codes and methods used in predicting reactivity worth. Although thisis not a direct
validation of the burnup credit methodology, it does supplement other validation efforts.

15






5. SUMMARY

Included in this report are experience-based recommendations on the use of different sets of
isotopic measurement data for PWR and BWR spent fuel validation studies. The conclusions are not
intended to be find but should be regarded more as a valued judgment. In particular, the acquisition
of pertinent reactor design or operating condition parameters not presently available could be
sufficient to make the data more highly recommended. However, the most pronounced reasons
guiding these opinions were included in the above assessments of data applications for each reactor,
along with other significant observations. Note that the analysis programs may have been specificaly
intended to andyze many of the samples from locations having the more extreme conditions, rather
than a “typical” fuel sample representing average assembly conditions.

Tables 1 and 2 show the approximate number of fuel samples and assemblies that are available
from all recommended or in-use cases. It issuggested that it may be best to limit the Trino Vercelles
plus the Y ankee Rowe analyses to an upper limit of about 30% of the total because only a limited
number of PWRs have that type of design. The quantity of BWR analyses from the JPDR probably
should be similarly limited. For good statistical behavior, it is considered best to use at least 40 or
50 analyses for each of the two types of LWR. Probably no fewer than 4 or 5 reactors per type
should be applied. 1t would be desirable in the future to increase the number of appropriate sample
analyses to near 100 and have 6 to 10 reactors per type. Information®”is available that states that
there are both BWR and PWR fuel samplesthat could be analyzed if it is decided that such a program
will be conducted. The BWR samples are from Dresden (35-39 GWd/MTU burnup) and from Quad
Cities (60-79 GWdA/MTU). (Quad Cities samples would be from four zirconium barrier fuel rods,
with contents of 3.8 wt % **U with no Gd burnable absorber, and 3.0 wt % *U 2.0 wt % Gd
burnable absorber.) The PWR samples are from Three-Mile Idand (~60 GWd/MTU). A proposed
program from an overseas facility is aso a possibility. Finally, note that the fuel samples obtained
from Calvert Cliffs>*2 H. B. Robinson,***"/and Cooper®2 reactors under the Pacific Northwest
Laboratory’s Material Characterization Center program have been archived and may be retrieved at

afuture date for additional measurements.

17



Table 1. Quantity of in-use and recommended PWR samples

Reactor No. of assemblies No. of samples
(and/or project)
name Total Useable Total Min.use Max. use
Calvert Cliffs-1 3 3 9 9 9
Gosgen 1 1 2 1 2
H. B. Robinson-2 1 1 6 4 6
Mihama-3 3 3 9 5 7
Obrigheim (dissolved) 5 5 10 10 10
Obrigheim (pellets) 2 2 18 13 15
Trino Vercelles 3 1 36 10 15
Turkey Point-3 2 2 5 5 5
Y ankee Rowe, I-1V 14 4 ~300 10 20
Y ankee Rowe, V 2 2 17 9 12
Totals 36 24 ~400 76 101

Table 2. Quantity of in-use and recommended BWR samples

Reactor No. of assemblies No. of samples
name Total Usable Total Min.use Max. use
Cooper 2 2 6 6 6
Dodewaard 1 1 1 1 1
Garigliano 2 1 18 13 17
Gundremmingen 2 2 8 8 8
JPDR 3 3 30 16 21
Totas 10 9 63 44 53

Tables 3 and 4 show the ranges in the burnup and initial *U enrichment of recommended

and in use data measurements of each reactor for PWRs and BWRS, respectively.

18



Table 3. Ranges in the burnup and enrichment of recommended PWR data

Reactor Burnup, Initial 2°U
(project I1D) GWd/MTU wt %

Calvert Cliffs-1 18.68 to 46.46 245t02.72
Gosgen 29.00 to 54.00 3.50
H. B. Robinson-2 16.02 to 31.66 2.56
Mihama-3 8.40to 31.40 3.24
Obrigheim (dissolved) 25.93t0 30.30 3.13
Obrigheim (pellets) 15.60 to 36.88 2.831t0 3.00
Trino Vercelles 3.44 t0 36.88 2.72t03.90
Turkey Point-3 30.51t031.31 2.56
Y ankee Rowe, I-1V 1.321t032.34 3.40
Y ankee Rowe, V 7.5510 14.05 2.90

Table 4. Rangesin the burnup and enrichment of recommended BWR data

Reactor Name Burnup, Initial 2°U
GWd/MTU wt %
Cooper 18.96 t0 33.94 2.94
Dodewaard 56.7 4,94
Garigliano 4.20to0 13.79 241
Gundremmingen 14.39 to 27.40 2.53
JPDR 216to 7.01 2.60

19



One final suggestion should be expressed concerning future spent fuel isotopic analyses
conducted by the nuclear power industry: The smallest fuel unit generally unloaded from commercial
LWREs, placed ininterim storage, transported in shipping casks, and finally processed into repository
waste by this country, or possibly reprocessed for fuel recycle by others, is the complete fuel
assembly. Both nuclear criticality safety and radiation dose shielding requirements apply calculations
in which the smallest unit of fuel smulated in the model usually are fuel assemblies. Thusit would
appear reasonable to dissolve the entire fuel assembly, make sure it is uniformly mixed, take multiple
samples and conduct analyses by several laboratories. A procedure similar to this was used on
Obrighein®® PWR fuel assemblies, except that the assemblies were split along the axis into two halves
before dissolving. The cost of using the assembly-dissolving procedure may be prohibitive. Building
or even reopening a facility for this purpose would be both expensive and time consuming. It may
be cost effective to do this at an overseas facility. Increased efficiencies in storage and shipping
operations could make it cost effective. In using Obrigheim data only in the validation study?for the
44-group library, for example, the average percentage differences (disregarding the signs) between
computed and measured results for the five plutonium isotopes were 0.9%, or excluding ?*?Pu, an

average of 0.5%. The average difference for ?°Pu was <0.1%.
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