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Abstract

Details on the Actinide-Only bumup credit assumptions that will be used for the CASTOR® X/32 S cask are
presented. Preliminary results show that using a conservative set of assumptions the cask will allow most fuel to
be loaded without the addition of any additional reactivity control. With the addition of 8 control rod elements it
is possible to load most of the rest of the fuel.

1. INTRODUCTION

Burnup Credit has been activity pursued in the United States since the mid 1980's. [1] hi 1995
the US Department of Energy (DOE) submitted a Topical Report on Actinide-Only Burnup
Credit to the US Nuclear Regulatory Commission (NRC) [2] and after four years revisions
and discussion; the NRC ultimately issued the interim Staff Guidance 8 (ISG-8). [3] ISG-8
provides guidelines but leaves a number of items up to the applicant. This paper will describe
how one applicant is resolving the issues left open by ISG-8 and also describes how one
applicant will take some exceptions to ISG-8.

ISG-8 is as the title suggests an interim position of the NRC. The NRC is currently reviewing
burnup credit through their research division via Phenomena Identification and Ranking
Tables (PIRT). The PIRT process has already led to further understanding of some of the
outstanding issues. A number of the positions taken in this paper come directly from this NRC
work in progress.

The application described in this paper is for GNB's CASTOR® X/32 S storage and
transportation cask. A non-burnup credit version of the cask is under review by the NRC for
its storage license, DOCKET 72-1028. The burnup credit application will be included in the
transport application and then the storage application will be amended to include burnup
credit. The transport application is expected before the end of 2000. Although several cask
vendors are also attempting burnup credit in a similar time frame, this cask will most likely be
the first actinide-only burnup credit application in the US for a transport cask.

This paper will begin by describing the cask under consideration followed by section on the
six major efforts in burnup credit:

1. Isotopic Depletion Model Validation,
2. Criticality Model Validation,
3. Conservative Depletion Modeling,
4. Generation of Loading Limits,
5. Verification of Fuel Characteristics,
6. Verification of Criticality Margin.
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2. THE CASTOR® X/32 S STORAGE AND TRANSPORT CASK

The CASTOR® X/32 S storage and transport cask is typical of large burnup credit casks. This
cask weighs about the same as most flux trap designs holding 24 PWR assemblies but it is
able to hold 32 assemblies plus burnable absorber inserts due to burnup credit. The current
non-burnup credit application can also hold 32 assemblies by utilizing Absorber Rod Modules
(ARMs) which are fresh control rod placed in the fuel assembly guide tubes. However, these
ARMs prevent the shipment of burnable absorber inserts so burnup credit is desirable.

The cask uses 7.85 mm (minimum) aluminum plates containing a minimum Boron-10 content
of 0.09615 gm/cc (prior to the NRC mandated 75% reduction in the analytical models)
sandwiched between stainless steel receptacle walls 5.71 mm thick. The receptacle inside
width is 220.8 mm. Figure 1 shows a cross sectional view of the cask.

The advantage of burnup credit is the ability to remove the ARMs and to allow the insertion
of burnable absorber inserts. Table I. show the fresh fuel assumption limits for the CASTOR®
X/32 S cask.
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FIG. 1. The CASTOR® X/32 S Storage and Transportation Cask.
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Table I. Enrichment Limits for Fuel From Various Plant Types as a Function of the Number of
Absorber Rod Modules (ARMs) Inserted.

ARMs Inserted

Plant Type

CE 14 x 14

St. Lucie 2

W 14x14

W 15x15

W 17x17

8

3.01

3.00

3.36

2.70

2.73

16 20

Maximum Enrichment

3.60

3.51

4.22

3.55

3.56

4.06

3.94

4.83

4.01

4.03

24

4.33

4.20

5.

4.48

4.50

28

5.

4.74

-

5.

5.

32

-

5.

-

-

-

3. ISOTOPIC DEPLETION MODEL VALIDATION

The isotopic depletion analysis is being performed with SCALE 4.4a (SAS2H) and the 44
group library. The chemical assays presented in the DOE topical report [2] consisting of 54
separate chemical assays are used for the validation. The statistical treatment presented in
DOE's Topical Report [2] is also used. The NRC has reviewed this data and has taken the
position that it is only sufficient for validation up to 40 GWD/MTU. The have also taken the
position that this data requires additional margin to be added when going above 4 wt%. This
additional margin is described in their ISG-8. [3]

Table II: Isotopic Correction Factors Using ENDF/B-IV and ENDF/B-V Libraries.

Isotope ENDF/B-V (44 group) ENDF/B-TV (27 Group) Expected %
Difference

Mean Correction CF/(M/C) Mean Correction CF/(M/C)
M/C Factor (CF) M/C Factor (CF)

U-234
U-235
U-238
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241

0.997
1.023
1.001
1.089
1.008
0.995
1.044
1.006
1.044

0.903
1.080
0.991
0.919
1.080
0.961
1.126
0.909
0.964

0.905
1.056
0.991
0.844
1.071
0.966
1.079
0.903
0.924

0.973
1.025
1.001
1.005
0.979
1.063
0.960
1.092
0.960

0.818
1.084
0.991
0.868
1.052
1.000
1.028
0.969
0.886

0.841
1.058
0.991
0.864
1.075
0.941
1.071
0.887
0.923

6.5
-0.1
0.0
-2.0
-0.3
2.5
0.8
1.6
0.1

Table II. shows the isotopic Correction Factors (CF) for the nine isotopes used in Actinide-
Only burnup credit. These correction factors are derived by a statistical treatment of the
Measured isotopic concentration (M) over the Calculated isotopic concentration (C). The
calculated concentration of each isotope is multiplied by the CF before use in the criticality
analysis. If the calculated isotopic concentrations were multiplied by the mean M/C then on
average they would produce the experimental results. Table II. shows the ratio of the CF to the
mean M/C to show the required margin to cover the uncertainty in the validation. Table n.
shows the same analysis performed with both the ENDF/B-FV and ENDF/B-V libraries. As
can be seen by the M/C values, the ENDF/B-V results show better agreement with the
experiments than ENDF/B-FV. (M/C's are closer to one.) On average the CF/(M/C) ratio gives
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the deviation from the experimental values after correction. Note that this ratio is quite similar
between ENDF/B-IV and ENDF/B-V. The last column gives the ratio of the CF/(M/C) values
minus one for ENDF/B-FV and ENDF/B-V. This value is the expected difference in the
corrected calculated values input to the criticality analysis. Since the mean M/C improved due
to the library change but the corrected calculated values remain about the same, one can
surmise that the dominant uncertainty in covered by the CF is experimental uncertainty rather
than calculational uncertainty.

4. CRITICALITY MODEL VALIDATION

The burnup credit criticality validation comes from appropriate fresh UO2 critical experiments
supplemented by MOX critical experiments. For the CASTOR® X/32 S cask, 123 UO2

critical experiments along with 64 MOX critical experiments were used. The analysis was
performed using the KENOVa module of SCALE 4.4a using the 44 group library.

The criticality safety limit is determined by the use of the Upper Subcriticality Limit (USL)
based on work done at ORNL. [4] The DOE Topical Report [2] also uses this approach. The
USL for the UO2 experiments were determined by selecting the minimum USL after testing
against ten possible trending parameters. Table m. show the results of this trending analysis.
The minimum USL from the UO2 analysis was determined to be 0.9413. The analysis of the
MOX experiments produced a minimum USL of 0.9414 so the USL of 0.9413 was utilized in
the criticality analysis.

Table HI: Determination of the Upper Subcriticality Limit for the UO2 Experiments.

Trending Parameter

Enrichment
Fuel Pin Pitch
Average Group Causing
Fission (AEG)
Average Energy of
Fission
Water to Fuel Ratio
H/X Ratio
Dancoff Factor
Separator Plate Areal
Boron Density
Assembly Separation
Boron Content

Minimum
USL

Ignoring
Significance

0.9414
0.9414
0.9422

0.9413

0.9426
0.9419
0.9415
0.9420

0.9421
0.9419

Significant
Trend?

Yes
Yes
No

Yes

No
No
No
No

Yes
No

Range in
Criticals

2.35-5.74
1.2-2.5

27.6-36.6

0.0827-3.505

0.383-5.067
34-504

0.039-0.615
0.0003-0.067

0-15.87
0.0001-0.006

Expected
Value in Cask

2-5
1.2

33-35

0.2-0.4

1.6
100-250

0.1
0.05

2
0.012

It is important in the criticality validation that all the important isotopes in the safety analysis
are covered in the critical experiments. For that reason the MOX experiments used cover a
wide range of plutonium vectors (the ratios of the plutonium isotopes). Credit will be taken
for the isotopic change with cooling. The minimum cooling will be 9.5 years (which matches
shielding limits). Pu-241 decays to Am-241 with a half life of 14.4 years. Since the critical
experiments often used old MOX pins there is sufficient Am-241 for validation of up to about
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Keff versus Pu-238/U-238 Isotopic Ratios
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FIG. 2. k^as a Function of Pu-238 Isotopic Ratio (Pu-238 Isotopic Ratio at 40 GWD/MTU is
0.0002).

Keff versus the Pu-242/U238 Ratios
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FIG. 3. keffas a Function of Pu-242 Isotopic Ratio (Pu-242 Isotopic Ratio at 40 GWD/MTU is
0.0006).
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Keff versus the Am-241/U238 Ratios
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FIG. 4. keff as a Function ofAm-241 Isotopic Ratio (Am-241 Isotopic Ratio at 40 GWD/MTU
and 10 years cooling is 0.0006).

10 years cooling but some extrapolation is required, hi order to demonstrate that the isotopic
content of the fuel in the cask is well represented by the critical experiments plots were
generated for the calculated keff of the critical experiments as a function of the isotope
concentration over the U-238 concentration. Only Pu-238 and Am-241 require extrapolation
of the isotopic ratios. Pu-242 does not require extrapolation but the data is getting sparse at
the isotopic ratio needed. Figures 2 through 4 show the keff as a function of isotopic ratio for
these three isotopes. No trend on any of these isotopic ratios exists so the critical experiments
are sufficient.

5. CONSERVATIVE DEPLETION MODELING

Depletion modeling must address a number of issues. They are:

1. Fuel Temperature,
2. Soluble Boron,
3. Moderator Temperature,
4. Burnable Absorbers
5. Control Rods,
6. Axial and Horizontal burnup distribution.

Each of this issues is addressed in a subsections below.
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5.1. Fuel Temperature

Higher fuel temperature during depletion produces more reactive depleted fuel. The estimated
sensitivity of this effect is 4-5 pcm/K. [5] The value selected for the fuel temperature was
1040 degrees K. This comes from analysis of the highest rated PWR and using a 1.5 radial
peaking factor. The highest rated plant and a 1.5 radial peaking factor results in a linear power
rating of 9 kw/ft. The temperature analysis accounts for the gap closure and the absorption
reaction weighting of the temperature. Since the fuel temperature mainly depends on the kw/ft
limit caution is expected if greater than 9 kw/ft is determined for a plant. However, since it is
not expected that an average fuel linear heat rate will ever exceed 9 kw/ft there is no
verification requirements.
Note that a radial peaking factor was used rather than a total peaking factor since the top
portion of the fuel assembly dominates the reactivity effects where the axial peaking factor is
less than one.

5.2. Soluble Boron Concentration

Higher soluble boron concentration during depletion increases keff of the depleted fuel. The
estimated sensitivity of this effect is 3-3.5 pcm/ppm. [5] PWRs are limited in their soluble
boron concentration by the moderator temperature coefficient (MTC). The MTC becomes
more positive with increasing soluble boron. PWRs are required to have negative MTCs at
full power. Historically they were required to have negative MTCs at hot zero power. Some
plants have received license amendments to allow up to a +7 pcm/degreeF MTC at hot zero
power. To estimate the maximum ppm to expect at a PWR a review of some PWR cycles was
performed. The highest ppm found was for Farley Unit 1 cycle 7. Its hot zero power MTC was
+4.0 pcm/F. Its full power soluble boron concentration after reaching Xe equilibrium was
1540 ppm. PWRs are generally run to about 10 ppm at end of cycle so the average ppm for
this cycle was 775 ppm. Since this plant did not run at a plus 7 pcm/F the value selected for
the average ppm during depletion was raised to 900 ppm. Since this is expected to be limiting
for all plants, no verification of this parameter prior to loading the cask will be required.

It is possible to for an assembly to experience a higher average ppm during its burnup if the
plant shuts down well before it reaches the targeted 10 ppm end of cycle. This is rare and not
expected to occur multiple times for the same fuel.

5.3. Moderator Temperature

The moderator temperature effect is dominated by the moderator density effect. The less dense
the water the harder the spectrum and hence the more reactive the fuel is for any given burnup.
The estimated sensitivity of this effect is 35-90 pcm/K. [5] A review of the outlet
temperatures of PWRs determined that the highest outlet temperature is 604 K. This
corresponds to 0.6489 g/cc. No verification of this temperature is required since it is not
expected to be exceeded.

5.4. Burnable Absorbers

Burnable absorbers harden the neutron spectrum and hence the fuel for any given burnup is
more reactive. Due to limited information available to the NRC at the time of issuing ISG-8
[6], ISG-8 prohibits burnup credit for fuel assemblies that contained burnable absorbers. Work
as part of the PIRT process has resulted in greater NRC knowledge on burnable absorbers and

226



it is generally believed that the NRC will accept applications with fuel that contained burnable
absorbers.

Since a large fraction of the fuel did contain burnable absorbers, it will be conservatively
assumed that all fuel contained burnable absorbers with the most rodlets possible and with the
highest B-10 loading of any design. Further, it will be conservatively assumed that throughout
the entire burnup of the assembly the burnable absorber remains displacing water. (The B-10
content is depleted.) The penalty due to this is about 2% in k. Since burnable absorbers are
generally removed after one cycle the real effect would be less than 1% in k.

The DOE topical report [2] had excluded integral burnable absorbers due to lack of chemical
assay data. The assumption that all assemblies contain removable absorbers is sufficiently
conservative to cover all integral burnable absorbers. The Westinghouse ZrB2 coating
produces slightly more reactive fuel for burnups greater than 15 GWD/MTU than fuel without
the coating but effect is far less than 1% in k. Gd and Er integral burnable absorbers leave
sufficient even isotopes that the reactivity of fuel without these elements is greater at all
burnup than the fuel that contained the burnable absorbers.

5.5. Control Rods

Control Rods harden the spectrum and produce more reactive fuel. Generally, the control rods
are fully withdrawn and have no effect. At power only the lead control bank is allowed to be
inserted. Thus less than 7% of all the fuel assemblies would be affected in any cycle by
control rods even if they were inserted to their Tech Spec, limit. An exception to the general
position on control rods is the part length control rods. These control rods are designed to
flatten the power distribution which compensates for the spectral hardening effect.

The depletion analysis will not take into account control rods. Analysis will be performed to
assure that there is sufficient margin due to ignoring fission products to cover this effect. The
effect of control rods is reduced from previously reported since the effect is the reactivity
difference between being depleted with control rods versus burnable absorbers. Previously,
the reactivity difference was between being burned with control rods versus being burned with
no inserts.

Note that the effect of control rods on the axial burnup distribution is handled conservatively
by the axial burnup distribution assumptions that are discussed in the next subsection.

5.6. Axial and Horizontal Burnup Distribution

DOE commissioned a study of the axial burnup distribution in actual PWRs. The work
produced a database of 3169 axial burnup shapes. [7] This database contains shapes from
cases with control rods inserted, part length control rods, and transition cores between full
length cores to axial blanketed cores. The database uses 18 axial nodes. The work for DOE's
Topical Report [2] identified three limiting axial shapes from the 3169 shapes. Those limiting
shapes are used for the burnup analysis. Figure 5 reproduced from a report by Parish and Chen
shows the reactivity effect of various shapes. [8] As can be seen in this figure the outlying
shapes are far off from the mean. Figure 6 shows the three profiles selected compared to the
mean profile for the same burnup range. The three burnup ranges are 0 to 18 GWD/MTU, 18
to 30 GWD/MTU and 30 and up GWD/MTU.
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Reactivity Versus Burnup
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FIG. 5. End Effect Reactivity for the 5169 Axial Shapes [8].
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FIG. 6. Limiting Axial Burnup Profiles and Average Axial Profiles
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The horizontal tilt from DOE's Topical Report will be used. This tilt has a less than 0.003
effect on keff for large casks. The tilt is 33%, 25%, and 20% for the same three burnup ranges
used for the axial shape.

6. GENERATION OF LOADING LIMITS

Using SCALE 4.4a SAS2H for depletion with the conservative depletion assumptions and
then correcting the isotopics with the correction factors and finally using KENOVa for
criticality analysis utilizing the bounding axial and radial tilts it is possible to generate a curve
of the minimum burnup required for a given initial enrichment that will meet the USL. The
only assumption not discussed to this point is the cooling time. The NRC stated in ISG-8 that
the cooling time must be 5 years. This application will utilize 9.5 years to match other
constraints from the shielding analysis. Since it has already been demonstrated that the
criticality validation covers cooling times up to 10 years this should be acceptable.

In exchanges with the NRC, it is clear that the NRC does not wish to have a large number of
loading curves for a given cask. In DOE's topical report [2] it was allowable to have a series
of loading curves as a function of the number of burnable absorber rodlets or even cooling
time. For the CASTOR® X/32 S cask the loading curves will be restricted to one cooling time
and one burnable absorber loading. There will, however, be loading curves for the most
limiting Westinghouse fuel 15X15 and the most common fuel Westinghouse 17X17. It will be
shown that the Westinghouse 17X17 loading curves are conservative for the Westinghouse
14X14, CE 14X14, and the St. Lucie fuel. Loading curves will be generated with no ARMS, 8
ARMS and 16 ARMS.

7. VERIFICATION OF FUEL CHARACTERISTICS

ISG-8 requires that each assembly undergo a burnup verification measurement prior to loading
into the cask. The ISG-8 requirements will be followed. In addition to measuring the assembly
average burnup the CASTOR® X/32 S application will require verification of the minimum
average burnup in the top two feet (61 cm). This minimum burnup corresponds to the axial
burnup distribution used in the criticality calculations. For each assembly there is a loading
curve burnup requirement associated with its initial enrichment. For assemblies where this
burnup requirement is less than 18 GWD/MTU, it will be required to show that the minimum
average burnup in the top 2 feet is greater than 46% of the loading curve burnup. For
assemblies where this burnup requirement is greater than 18 GWD/MTU but less than 30
GWD/MTU, it will be required to show that the minimum average burnup in the top 2 feet is
greater than 66% of the loading curve burnup. For assemblies where this burnup requirement
is greater than 30 GWD/MTU, it will be required to show that the minimum average burnup
in the top 2 feet is greater than 72% of the loading curve burnup. This requirement can be met
by use of the incore monitoring equipment or by an axial scan associated with the assembly
burnup verification measurement.

8. VERIFICATION OF CRITICALITY MARGIN

The NRC in ISG-8 requires verification of criticality margin which comes from the fission
products. This verification comes from analysis of OECD benchmarks and by calculation of
the fission product worth via an alternative code. For the CASTOR® X/32 S cask MCNP will
be utilized for verification by an alternative code. The OECD cases that will be analyzed are
the Phase II-B benchmarks documented in reference 9.
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Westinghouse 15X15 Plants
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FIG. 9: Discharged Westinghouse 15X15 Assemblies Shown By Enrichment and Burnup
Along with Approximate Loading Curves.

9. SUMMARY OF RESULTS

The analysis is still continuing, however, some results can be presented. Figure 7 shows the
minimum burnup requirements for Westinghouse 15X15 fuel in the CASTOR X/32 S Cask.
Figure 8 shows more preliminary results for the same fuel and cask but using 8 ARMS for
additional reactivity control. Although the burnup requirements may seem large they appear to
be small enough to allow loading must existing fuel with only a minimum number of ARMS.
Figure 9 shows the burnup and enrichment of all the currently discharged Westinghouse
15X15 fuel in the US. The approximate loading curves are drawn on the same figure to show
that most of the fuel will require no ARMs and most of the remaining fuel would only require
8 ARMS. A 16 ARM loading curve is drawn to show that with 16 ARMs all the fuel would be
able to be loaded.
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