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ABSTRACT 

 
This report presents studies performed to support the development of a technically justifiable approach for 
addressing the axial-burnup distribution in pressurized-water reactor (PWR) burnup-credit criticality 
safety analyses.  The effect of the axial-burnup distribution on reactivity and proposed approaches for 
addressing the axial-burnup distribution are briefly reviewed.  A publicly available database of profiles is 
examined in detail to identify profiles that maximize the neutron multiplication factor, keff, assess its 
adequacy for PWR burnup credit analyses, and investigate the existence of trends with fuel type and/or 
reactor operations.  A statistical evaluation of the keff values associated with the profiles in the axial-
burnup-profile database was performed, and the most reactive (bounding) profiles were identified as 
statistical outliers.  The impact of these bounding profiles on keff is quantified for a high-density burnup 
credit cask.  Analyses are also presented to quantify the potential reactivity consequence of loading 
assemblies with axial-burnup profiles that are not bounded by the database.  The report concludes with a 
discussion on the issues for consideration and recommendations for addressing axial burnup in criticality 
safety analyses using burnup credit for dry cask storage and transportation. 
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FOREWORD 

 
In 1999 the United States Nuclear Regulatory Commission (U.S. NRC) issued initial recommended 
guidance for using reactivity credit due to fuel irradiation (i.e., burnup credit) in the criticality safety 
analysis of spent pressurized-water-reactor (PWR) fuel in storage and transportation packages.  
This guidance was issued by the NRC Spent Fuel Project Office (SFPO) as Revision 1 to Interim Staff 
Guidance 8 (ISG8R1) and published in the Standard Review Plan for Transportation Packages for Spent 
Nuclear Fuel, NUREG-1617 (March 2000).  With this initial guidance as a basis, the NRC Office of 
Nuclear Regulatory Research initiated a program to provide the SFPO with technical information that 
would:  
 
• enable realistic estimates of the subcritical margin for systems with spent nuclear fuel (SNF) and an 

increased understanding of the phenomena and parameters that impact the margin, and  
• support the development of technical bases and recommendations for effective implementation of 

burnup credit and provide realistic SNF acceptance criteria while maintaining an adequate margin of 
safety. 

 
ISG8R1 recommends that calculational models account for the axial variation of the burnup within a 
spent fuel assembly. However, guidance for an acceptable approach to account for the axial-burnup 
variation is not provided, and the lack of guidance has been identified as an impediment of effective 
implementation and utilization of burnup credit.  Consequently, this report examines the effect of axial 
variations in burnup on SNF reactivity as a means to develop and propose a technically justifiable 
approach for addressing the axial-burnup distribution in PWR burnup-credit criticality safety analyses.  
The report reviews available data on the axial variation in burnup and the effect of axial-burnup profiles 
on reactivity in a high-capacity rail-type cask designed for burnup credit.  A publicly available database 
of profiles is examined to identify profiles that maximize the neutron multiplication factor, keff, assess its 
adequacy for general PWR burnup-credit analyses, and investigate the existence of trends with fuel type 
and/or reactor operations.  Based on this study and the related discussion, the report proposes 
recommendations for addressing the axial-burnup distribution in criticality safety analyses using burnup 
credit for cask storage and transportation.  The use of burnup-credit results in fewer casks needing to be 
transported, thereby reducing regulatory burden on licensee while maintaining safety and enhance public 
confidence for transportation of SNF.  Lastly, this effort will also contribute to NRC in making effective, 
efficient and realistic regulatory decisions. 

 
Farouk Eltawila, Director 

     Division of Systems Analysis and Regulatory Effectiveness 
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1 INTRODUCTION 

The concept of taking credit for the reduction in reactivity due to fuel burnup is commonly referred to as 
burnup credit.  The reduction in reactivity that occurs with fuel burnup is due to the change in 
concentration (net reduction) of fissile nuclides and the production of actinide and fission-product neutron 
absorbers.  The change in the concentration of these nuclides with fuel burnup, and consequently the 
reduction in reactivity, is dependent upon the fuel design and depletion environment.  Therefore, the 
utilization of credit for fuel burnup necessitates consideration of fuel operating conditions, including 
variations in spatial burnup.  
 
Guidance1,2 on burnup credit for pressurized-water-reactor (PWR) spent nuclear fuel (SNF), issued by the 
Nuclear Regulatory Commission’s Spent Fuel Project Office, recommends the use of analyses that 
provide an “adequate representation of the physics” and notes particular concern with the axial and 
horizontal variation of burnup.  The horizontal variation of burnup has been investigated elsewhere3 and 
shown4 to have a relatively minor impact on neutron multiplication in a typical rail-type burnup-credit 
cask.  In contrast, the axial-burnup profile has a significant impact on reactivity,5–7 and therefore is an 
important component of a burnup-credit safety analysis.  However, the regulatory guidance1,2 does not 
describe an acceptable means to account for axial burnup in a computational model.  Guidance for an 
acceptable approach to address axial burnup should expedite the preparation and review of a burnup-
credit application.   
 
This report reviews axial-burnup data and evaluates the effect of axial burnup on SNF reactivity to 
support the development of a technically justifiable approach for addressing axial burnup, and 
subsequently the development of guidance for NRC staff to consider.  The effect of the axial burnup on 
reactivity and proposed approaches for addressing axial burnup are briefly reviewed.  A publicly available 
database of profiles8 is examined in detail to identify profiles that maximize the neutron multiplication 
factor, keff.  Further, the database is evaluated to assess its adequacy for burnup-credit analyses and to 
investigate the existence of trends with fuel type and/or reactor operations.  For this assessment, a 
statistical evaluation of the keff values associated with the profiles in the axial-burnup profile database was 
performed.  This statistical evaluation identifies the most reactive (bounding) profiles as statistical outliers 
that are not representative of typical discharged SNF assemblies.  Additionally, analyses are presented to 
quantify the reactivity consequence of loading assemblies that have axial-burnup profiles that are not 
bounded by the database.  The report concludes with a discussion on the issues for consideration and 
recommendations for addressing the axial-burnup distribution in criticality safety analyses using burnup 
credit for dry cask storage and transportation. 
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2 BACKGROUND  

2.1 AXIAL-BURNUP DISTRIBUTIONS 

At the beginning of life, a PWR fuel assembly will be exposed to a near-cosine axial-shaped flux, which 
will deplete fuel near the axial center at a greater rate than at the ends.  As the reactor continues to 
operate, the cosine flux shape will flatten because of the fuel depletion and fission-product buildup that 
occurs near the center.  Near the fuel assembly ends, burnup is suppressed due to leakage.  Consequently, 
the majority of PWR SNF assemblies have similar axial-burnup profiles (or shapes) – relatively flat in the 
axial mid-section (with peak burnup of ~1.1 times the assembly-averaged burnup) and significantly 
under-burned fuel at the ends (with burnup of ~0.5 times the assembly-averaged burnup).8  Figure 1 
shows a representative PWR axial-burnup distribution, specified in terms of 18 equally-spaced axial 
regions.  As is typical, the burnup is slightly higher at the bottom of the assembly than at the top.  This 
variation is due to the difference in the moderator density (sometimes referred to as the “axial offset”).  
The cooler (higher density) water, at the assembly inlet, results in higher reactivity (which subsequently 
results in higher burnup) than the warmer moderator at the assembly outlet.  Assemblies exposed to 
control rods or axial power shaping rods (APSRs) during their operating history deviate from this typical 
profile, but constitute only a small portion of discharged SNF.  Since control rods and APSRs are 
typically employed early in an assembly’s life, their effect tends to be burned-out by the time the 
assembly is discharged.  Nevertheless, the axial-burnup profile is dependent on a number of reactor 
operating characteristics, and variations between individual assemblies exist.  Because the burnup profile 
has a strong influence on reactivity, variations in axial burnup are important to criticality safety and must 
be addressed. 

Figure 1  Representative normalized PWR axial-burnup distribution 
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2.2 DEFINITION OF “END EFFECT” 

The accumulated burnup for a spent fuel assembly is typically readily available (from plant data) in terms 
of the assembly-averaged burnup.  Although it is possible (and simpler) to calculate isotopic 
concentrations for the average burnup and assume that the material is uniformly distributed along the 
length of the assembly, this does not represent the actual burnup profile that exists in a spent fuel 
assembly.  To accurately calculate the reactivity of spent fuel, the calculational model must include the 
axial variation in burnup.  Inclusion of the axial variation is done by axially segmenting the calculational 
model to approximate the axially varying isotopic concentrations, which correspond to the burnup in each 
axial segment.  Although this representation of axial burnup is more accurate, it requires significantly 
more effort:  additional depletion calculations (one for each axial segment of differing burnup), more 
complex criticality models, and the transfer of a larger volume of data (spent fuel compositions) from the 
depletion calculations into the criticality model.  
 
When assuming an axially uniform distribution of isotopics, the most reactive region of a fuel assembly is 
at the axial mid-plane, because leakage increases as one moves away from the center.  In reality, the most 
reactive region of spent fuel is toward the assembly ends, where there exists a balance between reactivity 
due to lower burnup and increased leakage due to closer proximity to the fuel ends.  The difference in the 
neutron multiplication factor (keff) between a calculation with explicit representation of the axial-burnup 
distribution and a calculation that assumes uniform axial burnup has become known as the end effect; 
 

 
Although the assumption of uniform axial burnup has no physical validity for SNF, it has proven useful 
as a reference for comparison of the effect of axial-burnup distributions on keff. 
 

2.3 REACTIVITY EFFECT OF AXIAL BURNUP 

Numerous studies have been performed to quantify the reactivity effect associated with the axial variation 
in burnup.  A review of those studies is available in Ref. 9.  In general, the studies have shown that 
assuming uniform axial burnup is conservative for low burnups, but becomes increasingly 
nonconservative as burnup increases.  The transition between conservative and nonconservative is 
dependent on numerous factors (including the initial enrichment of the fuel, the cooling time considered, 
and the nuclides that are included in the criticality model), but generally occurs in the burnup range of 
15 to 25 GWd/MTU. 
 
For a given axial-burnup profile, the end effect has been shown to be strongly dependent upon the cooling 
time and the presence of fission products in the criticality model.10  An example of this dependence is 
given in Figure 2, which shows the end effect in a typical high capacity cask (GBC-32)11 designed for 
burnup credit.  The end effect is plotted as a function of burnup for two cooling times, with and without 
fission products present.  The results in Figure 2 show that the end effect (1) increases with burnup, 
(2) becomes positive at a higher burnup if fission products are not included, (3) is reduced if fission 
products are neglected, and (4) increases with cooling time.  These findings are consistent with those 
observed by the Organization for Economic Cooperation and Development’s (OECD) Expert Group on 
Burnup Credit (EGBUC).12,13 

end effect k k keff
with axial burnup

eff
uniform axial burnup( ) .∆ = −
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Figure 2  Example of end effect as a function of burnup for two cooling times with and 

without fission products present 
 
 
Although the end effect is dependent upon many factors, it is primarily dependent on the slope of the 
burnup profile near the ends of the fuel, which is influenced by the fuel burnup, assembly design, and 
reactor operating environment.  This point is illustrated in Figure 3, which shows the end effect as a 
function of burnup for three different axial-burnup profiles.  Recognizing the importance of the axial-
burnup profile, a database8 of more than 3000 PWR axial-burnup profiles was generated.  Using this 
database of profiles, studies7 have identified the axial profiles that provide the largest (bounding) keff 
values over selected burnup ranges.  This database is the most extensive set of available data and is 
examined in detail in the following sections. 
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3 AXIAL-BURNUP-PROFILE DATA 

3.1 AXIAL-PROFILE DATABASE 

The axial-burnup-profile database of Ref. 8 (YAEC-1937) contains 3169 PWR axial profiles from ~1700 
different assemblies, which represent three fuel vendors, 20 different reactors, and 106 cycles of operation 
through the mid-1990s.  The 106 cycles of operation include first cycles, out-in fuel management and low 
leakage fuel management.8  The axial profiles in the database are specified in terms of 18 equally-spaced 
axial regions and were calculated with various three-dimensional (3-D) core physics codes that are the 
current methods used in fuel management, reload analysis, and core operational support.  Although their 
accuracy is verified through safe reactor operation and industry history of operating within technical 
specifications, there has been a great deal of interest in quantifying the uncertainties in the calculated 
burnups, particularly as a function of axial height.  Responding to this interest, a study14 was performed to 
evaluate the uncertainties via in-core measurements and core neutronic calculations for a Westinghouse 
PWR.  The uncertainty in burnup was determined by comparing calculated and measured reaction rates at 
the instrumented locations and using analytical methods and nearby measurements to infer 
“measurements” in the un-instrumented locations.  The study14 concluded that the uncertainty in burnup, 
evaluated over three cycles of operation, decreases with increasing burnup.  For assemblies discharged 
after one cycle of burnup the uncertainty was estimated to be 1.90%; after two cycles of burnup the 
uncertainty was 0.98%; and after three cycles of burnup the uncertainty was 1.02%.  The decrease in 
uncertainty after two-cycles of burnup is attributed14 to the self-correcting nature of burnup.  The part of 
the study that is particularly relevant to this discussion is the evaluation of the uncertainty in the axial 
distribution.  Uncertainties of less than 7% are quoted14 for the top and bottom ends of the assemblies. 
 
The breakdown of the 3169 profiles, in terms of fuel vendor and design, are as follows:  1334 Babcock & 
Wilcox (B&W) 15 × 15 profiles from eight different reactors, 544 Combustion Engineering (CE) 14 × 14 
profiles from one reactor, 228 CE 16 × 16 profiles from two reactors, 156 Westinghouse 15 × 15 profiles 
from two reactors, and 907 Westinghouse 17 × 17 profiles from eight different reactors.  According to 
Ref. 15, 44,598 PWR assemblies have been discharged from commercial PWRs through 1994.  Thus, the 
database, which contains profiles from ~1700 different assemblies, represents ~4% of the total number of 
PWR assemblies discharged through 1994.  The data covers a range of burnup from 3.086 to 
55.289 GWd/MTU and an enrichment range of 1.24 to 4.75 wt % 235U.  To illustrate the range and depth 
of the database, in terms of burnup and enrichment, the profiles have been divided into burnup and 
enrichment groups, where each group spans a burnup interval of 5 GWd/MTU and an enrichment interval 
of 0.5 wt % 235U.  The detailed breakdown of the number of profiles that fall within the burnup and 
enrichment groups is provided in Table 1.  To aid the visualization of burnup and initial enrichment 
combinations represented in the database, Figure 4 plots the burnup and initial enrichment combination 
for each of the 3169 profiles in the database.  Solid lines are included on Figure 4 to indicate the current 
limits of regulatory guidance1,2 on maximum burnup and enrichment (i.e., 40 GWd/MTU and 4.0 wt % 
235U).  For comparison purposes, Figure 5 plots the burnup and initial enrichment combinations from the 
latest available PWR SNF discharge data.16  The burnup and enrichment regime covered by the regulatory 
guidance appears to be well covered by the database.  Also, in comparison to the discharge data, the lower 
burnup and enrichment regime appears to be well covered; this is partially due to the fact that the database 
includes first and second cycle profiles for many of the assemblies.  For extension beyond the current 
burnup and enrichment limits, expansion of the existing database to include more profiles with higher 
burnup and enrichments would be desirable.   
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Table 1  Number of axial-burnup-database8 profiles that fall within various burnup and 
enrichment intervals 

 
Upper bound of burnup range (GWd/MTU) 

Upper bound 
of enrichment 

range 
(wt % 235U) 5 10 15 20 25 30 35 40 45 50 55 60 

 
 
 

Total 

0.5 0 0 0 8 0 0 2 6 0 1 1 0 18† 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.5 0 0 3 2 3 0 0 0 0 0 0 0 8 

2 1 10 29 31 16 1 0 0 0 0 0 0 88 

2.5 0 3 37 49 16 12 1 0 0 0 0 0 118 

3 8 88 79 165 109 127 110 28 5 0 1 0 720 

3.5 0 45 103 171 124 114 209 163 69 20 0 0 1018 

4 0 2 47 180 159 83 153 158 130 75 5 0 992 

4.5 0 0 8 31 41 18 9 21 22 16 6 1 173 

5 0 0 3 1 6 11 4 3 4 1 1 0 34 

Total 9 148 309 638 474 366 488 379 230 113 14 1 3169 

 
† These profiles had zero specified for their enrichment in the database (Ref. 8). 
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Figure 4  Burnup and initial enrichment combination for each of the axial-burnup-
database8 profiles 
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Figure 5  Burnup and enrichment combinations from discharged PWR SNF through 1998 (Ref. 16) 
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The profiles in the database8 include fuel designs that used burnable absorbers with different poison 
absorber types such as:  burnable poison rods (BPRs) of borosilicate glass and B4C; and integral burnable 
absorbers (IBAs) of ZrB2, B4C, erbium and gadolinium.  In addition, the profiles include assemblies 
exposed to control rods, including APSRs.  Thus, in terms of categories, the database provides a very 
good representation of discharged PWR SNF assembly designs through the mid-1990s.  An analysis of 
the database profiles, in terms of their impact on keff, is presented in Section 4. 
 
It is worth noting that an early axial-profile database17 for CE fuel of the 14 × 14 design was developed 
using data from a single plant.  This database was a predecessor to the current database. 

3.2 OTHER SOURCES OF DATA 

In addition to the Ref. 8 database, other sources of data have either recently become available or may 
become available in the near future.  For example, more than 1200 measured (derived from measured 
power densities) axial-burnup profiles from two German reactors have recently become available.18  
Although these profiles are limited to two reactors that may not be representative of U.S. PWR reactors, 
they provide significantly more detailed axial-burnup representation (e.g., the effect of the grid spacers is 
readily apparent) than is available in the Ref. 8 database.  The axial-profile data in Ref. 18 is specified in 
terms of either 30 or 32 axial regions, depending on the plant from which the profiles originate, as 
compared to the axial-profile data in Ref. 8, which is specified in terms of 18 axial regions.  Therefore, it 
is recommended that future work review these more-detailed, measured axial profiles for applicability to 
U.S. PWRs and evaluate their impact on SNF reactivity.   
 
Additional data has also become available as a result of efforts performed under the Office of Civilian 
Radioactive Waste Management to analyze commercial reactor criticals (CRCs) for the Yucca Mountain 
Project19 (YMP).  Under this project, ~3400 axial-burnup profiles have been documented from 
Framatome-Cogema Fuels (formerly B&W) and Westinghouse PWR fuel assemblies.  The profiles are 
tabulated within a series of CRC summary reports (see Ref. 20).  A cursory comparison of these axial 
profiles to those contained in the Ref. 8 database suggests that the two sets of profiles are consistent, and 
thus provide some further confidence in the Ref. 8 database.  However, future work should consider a 
more detailed evaluation of these data. 
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4 ANALYSES 

4.1 DETERMINATION OF BOUNDING PROFILES 

To account for axial burnup in a burnup-credit criticality safety evaluation, one must develop an approach 
to address the impact of the axial-burnup distribution in a generic manner.  One such approach is to 
identify and use axial-burnup profiles that are bounding in terms of the value of keff, and yet sufficiently 
realistic as to not provide excess conservatism.  The approach to date in the U.S. has been to determine 
bounding axial profiles from actual burnup profiles; either identifying specific profiles that are bounding 
or developing “artificial” bounding profiles based on the characteristics of actual bounding profiles.  
The following subsections briefly describe efforts related to identifying bounding axial profiles. 

4.1.1 Previous Work 

Previous work6,7,21 in determining bounding axial-burnup profiles has employed a relatively 
straightforward approach – perform criticality calculations for each available burnup profile to determine 
the profile that produces the largest end effect (i.e., the difference in keff between a calculation with the 
axial-burnup distribution and a calculation that assumes uniform axial burnup).  The first systematic 
evaluation6 of profiles considered the Ref. 17 profile database and established characteristics that define 
bounding profiles for criticality considerations.  Additionally, this work investigated the influence of 
calculational assumptions on the end effect and developed an approach for defining artificial bounding 
profiles based on the actual profiles. 
 
Following the development of the Ref. 8 profile database, analyses were performed to determine the 
bounding axial-burnup profiles based on that database.  After excluding a number of burnup profiles for 
various reasons (e.g., non-uniform axial enrichment and incomplete data), the remaining 2988 burnup 
profiles were arranged into 12 burnup groups, each corresponding to a burnup range of ~4 GWd/MTU.  
One-dimensional (1-D) diffusion calculations, assuming 35-cm-thick pure-water regions on each end of 
the fuel, were performed for each profile.  Axially varying burnup was included by linear interpolation of 
2-group assembly-averaged cross sections, which were generated by CASMO-3.  Thus, all analyses of 
Ref. 7 include the actinide and fission-product nuclides available in CASMO-3.  The results of the 
criticality calculations were used to rank the axial-burnup profiles in terms of their corresponding 
reactivity effect.  Based on the calculated results, the axial-burnup profile within each burnup group that 
yielded the largest positive reactivity effect was identified.  These bounding profiles are listed in Table 2, 
along with the specification of the burnup ranges for the 12 burnup-groups.  Based on the calculated 
results and physical arguments, “artificial” bounding axial profiles were also developed for each of the 
twelve burnup-groups.  Although the purpose for developing these artificial profiles is not discussed, it is 
assumed they were developed to introduce additional conservatism in recognition of the fact that the 
database is not exhaustive. 
 



Analyses  Section 4 

14 

 

Table 2  Bounding profiles by burnup group (Source: Ref. 7)  

Burnup 
groups 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

 
7 

 
8 

 
9 

 
10 

 
11 

 
12 

Axial  Burnup ranges (GWd/MTU) 
height  
(%) 

 
>46 

 
42–46 

 
38–42 

 
34–38 

 
30–34 

 
26–30 

 
22–26 

 
18–22 

 
14–18 

 
10–14 

 
6–10 

 
<6 

 2.78 0.573 0.674 0.660 0.585 0.652 0.619 0.630 0.668 0.649 0.633 0.662 0.574 

8.33 0.917 0.949 0.936 0.957 0.967 0.924 0.936 1.034 1.044 0.989 0.931 0.947 

13.89 1.066 1.053 1.045 1.091 1.074 1.056 1.066 1.150 1.208 1.019 1.049 1.091 

19.44 1.106 1.085 1.080 1.121 1.103 1.097 1.103 1.094 1.215 0.857 1.059 1.105 

25.00 1.114 1.095 1.091 1.126 1.108 1.103 1.108 1.053 1.214 0.776 1.108 1.094 

30.56 1.111 1.095 1.093 1.111 1.106 1.101 1.109 1.048 1.208 0.754 1.144 1.087 

36.11 1.106 1.093 1.092 1.094 1.102 1.103 1.112 1.064 1.197 0.785 1.168 1.086 

41.69 1.101 1.091 1.090 1.093 1.097 1.112 1.119 1.095 1.189 1.013 1.183 1.087 

47.22 1.097 1.089 1.089 1.092 1.094 1.125 1.126 1.121 1.188 1.185 1.189 1.091 

57.80 1.093 1.088 1.088 1.091 1.094 1.136 1.132 1.135 1.192 1.253 1.190 1.096 

58.33 1.089 1.086 1.088 1.092 1.095 1.143 1.135 1.140 1.195 1.278 1.183 1.102 

63.89 1.086 1.084 1.086 1.099 1.096 1.143 1.135 1.138 1.190 1.283 1.167 1.105 

69.44 1.081 1.081 1.084 1.096 1.095 1.136 1.129 1.130 1.156 1.276 1.135 1.105 

75.00 1.073 1.073 1.077 1.087 1.086 1.115 1.109 1.106 1.022 1.251 1.079 1.096 

80.56 1.051 1.053 1.057 1.073 1.059 1.047 1.041 1.049 0.756 1.193 0.976 1.066 

86.11 0.993 0.987 0.996 1.003 0.971 0.882 0.871 0.933 0.614 1.075 0.806 0.986 

91.67 0.832 0.800 0.823 0.796 0.738 0.701 0.689 0.669 0.481 0.863 0.596 0.806 

97.22 0.512 0.524 0.525 0.393 0.462 0.456 0.448 0.373 0.284 0.515 0.375 0.474 
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As mentioned, the burnup profile changes with burnup – tending to flatten with increasing burnup.  
Consequently, if an axial-burnup profile from a low burnup assembly is used in a calculation involving 
high burnup, the end effect is typically over-estimated.  Hence, for determination of bounding profiles, it 
is common to sort the profiles into burnup ranges (e.g., the 12 burnup groups used in Ref. 7).  
 
For each profile, a calculation was performed with the burnup profile, initial enrichment and assembly-
averaged discharge burnup.  Therefore, the bounding profile evaluation7 does not completely isolate the 
effect of the profile from the effects of variations in initial enrichment and discharge burnup.  Even 
though the end effect is not strongly dependent on minor variations in the initial enrichment and the 
discharge burnup cannot vary significantly within a burnup group (see Table 2), a bounding profile 
analysis should be performed consistently (i.e., at the same initial enrichment and burnup). 
 
Based on the results of Ref. 7, analyses21 have been performed to address bounding axial-burnup 
distributions for actinide-only applications and for broader burnup ranges.  The evaluation concluded that 
the bounding axial-burnup profiles identified in Ref. 7, which included actinides and fission products, 
were also valid for the actinide-only condition.  However, this actinide-only ranking analysis was based 
on a comparison of relatively few axial-burnup profiles.  Additionally, bounding axial profiles for only 
three burnup ranges were determined (based on the 12 actual bounding profiles from Ref. 7, see Table 2) 
and suggested for use with a proposed actinide-only burnup-credit methodology.3  For ease of 
comparison, these three profiles are provided in Table 3 and plotted in Figure 6.  

4.1.2 Independent Bounding Profile Analysis 

In support of a more detailed assessment of the Ref. 8 database and to evaluate the dependency of 
bounding profiles on characteristics such as cooling time and the presence of fission products, an 
independent bounding profile analysis has been performed as part of this work.  A 1-D discrete ordinates 
criticality calculation was performed for each of the 2988 profiles considered in Ref. 7.  However, unlike 
the work of Ref. 7, in this analysis the profiles in each burnup group were evaluated consistently (i.e., at 
the same initial enrichment and burnup) and the profiles were ranked in terms of their corresponding keff 
(as opposed to being ranked in terms of their end effect, which is dependent on calculations that assume 
uniform axial burnup).  Since the end effect has been found to be relatively insensitive to initial 
enrichment, the bounding profile analysis assumed 4.0 wt % 235U initial enrichment for all calculations.  
For a few of the lower burnup groups, the calculations were repeated at lower initial enrichments to verify 
that the determination of bounding profiles was insensitive to the choice of initial enrichment.  The 
calculations in each burnup group, except for the highest and lowest burnup group, assumed the median 
burnup.  For the lowest burnup group (i.e., burnup < 6 GWd/MTU) a burnup of 4 GWd/MTU was 
assumed.  For the highest burnup group (i.e., burnup > 46 GWd/MTU), a burnup of 50 GWd/MTU was 
assumed. 
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Table 3  Proposed bounding axial profiles from Ref. 3 

Burnup groups 1 2 3 

Axial  Burnup ranges (GWd/MTU) 
height (%) <18    18–30 >30 

2.78 0.649 0.668 0.652 

8.33 1.044 1.034 0.967 

13.89 1.208 1.150 1.074 

19.44 1.215 1.094 1.103 

25.00 1.214 1.053 1.108 

30.56 1.208 1.048 1.106 

36.11 1.197 1.064 1.102 

41.69 1.189 1.095 1.097 

47.22 1.188 1.121 1.094 

57.80 1.192 1.135 1.094 

58.33 1.195 1.14 1.095 

63.89 1.190 1.138 1.096 

69.44 1.156 1.130 1.095 

75.00 1.022 1.106 1.086 

80.56 0.756 1.049 1.059 

86.11 0.614 0.933 0.971 

91.67 0.481 0.669 0.738 

97.22 0.284 0.373 0.462 
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Figure 6  Proposed bounding axial profiles from Ref. 3 
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The criticality calculations for this independent bounding profile evaluation corresponded to an infinite 
radial array of fuel pins from a Westinghouse 17 × 17 OFA assembly design.  The calculations were 
performed for out-of-reactor conditions (i.e., unborated water at 20° C) and 5-year cooling, and included 
the actinide and fission-product nuclides (Set 2) listed in Table 4.  The actual calculational model is a 
water-reflected slab to represent the finite-length infinite arrays of pins.  The slab is composed of 
homogenized mixtures, to model the different burnup regions, with cross sections prepared using an 
infinite, 1-D pin cell model.  The criticality calculations were performed with the XSDRNPM 1-D 
discrete ordinates code,22 using the SCALE 44-group cross-section library.  Cell-weighted cross sections 
were generated by CSASIX.22  The depleted fuel compositions were calculated with the SAS2H 
sequence22 and the ORIGEN-S code22 of SCALE.  All SAS2H calculations utilized the SCALE 44-group 
library and were performed using constant (as a function of burnup) operational parameters for fuel 
temperature (1000.0 K), moderator temperature (600.0 K), soluble boron concentration (650 ppm) and 
specific power (continuous operation at 60 MW/MTU).  Isotopic compositions for each burnup of interest 
were extracted from SAS2H output for use in XSDRNPM.  Similar to the previous bounding analysis7 
and consistent with the specification of the axial profiles in Ref. 8 database, the burnup profile was 
represented via 18 equally-spaced axial regions.  Previous work6 has shown that specifying the axial 
burnup profile with greater resolution (i.e., smaller axial regions) has no significant impact on the 
calculated end effect.  However, additional studies have been performed as part of this work to investigate 
the effect of profile resolution and reflector materials.  These studies are provided in Appendix A. 
 
Despite the differences in approach, the independent calculations performed for this work generally 
confirmed the bounding profiles determined in Ref. 7.  Where differences in bounding profiles were 
observed (5 out of 12), the differences were due to more than one profile resulting in essentially the same 
keff value.  In those particular cases, the difference between calculations with the bounding profile 
determined in this analysis and the bounding profile determined by Ref. 7 is less than 0.2% ∆k.  
Consequently, this analysis has generally confirmed the previously determined bounding profiles.  
The bounding profiles, as determined in this analysis, are given in Table 5 for reference.  To illustrate 
how the bounding profiles vary with burnup and the variation in profiles within the Ref. 8 database, the 
12 bounding profiles, as determined in this analysis, are plotted in Figures 7–18.  The end effect 
associated with each of the profiles in the lowest burnup group (i.e., group 12) is negative.   
 
To address questions regarding the applicability of 1-D ranking analyses to 3-D burnup-credit casks, 
analyses were also performed with each of the profiles using the GBC-32 cask.11  The criticality 
calculations were performed with the CSAS25 sequence of SCALE, which executes the KENO V.a 
Monte Carlo code.  The calculations utilized the SCALE 238-group cross-section library, and included 
the actinide and fission-product nuclides (Set 2) listed in Table 4.  The 3-D calculations confirmed the 
results of the 1-D ranking analysis. 
 
Finally, a study was performed to address questions about the applicability of the bounding profiles, 
which were determined based on calculations that include the major fission products and assume 5-year 
cooling time, to evaluations that assume actinides-only and/or longer cooling times.  This study 
essentially consisted of repeating the 1-D bounding profile analysis described above, which corresponded 
to 5-year cooling time and included the major fission products, for the following additional conditions: 
(1) actinide-only nuclides (set 1 nuclides shown in Table 4) and 5-year cooling time, (2) actinide-only 
nuclides (set 1 nuclides shown in Table 4) and 20-year cooling time, and (3) actinide and fission-product 
nuclides (set 2 nuclides shown in Table 4) and 20-year cooling time, and comparing the results.  The 
determination of the bounding profiles was found to be relatively insensitive to these changes in the basic 
assumptions, due primarily to the fact that, for most of the burnup groups, the bounding profile is notably 
more reactive than the other profiles in the group.  Hence, for the axial-burnup profiles considered, the 
results suggest that the bounding profiles determined with fission products present and 5-year cooling are 
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valid for actinide-only calculations within the timeframe of interest to burnup-credit analyses for dry 
storage and transportation (. 40 years). 
 
In summary, the independent bounding profile analyses (both 1-D and 3-D) have confirmed the bounding 
profiles determined by Ref. 7.  Where differences in bounding profiles were observed, the differences 
were due to more than one profile resulting in essentially the same keff value (i.e., within 0.2% ∆k).   
 
 

Table 4  Nuclide classifications used for the analyses 

 

Set 1:  Actinide-only nuclides (10 total) 

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

          

Set 2:  Actinide and fission-product nuclides (29 total) 

U-234 U-235 U-236 U-238 Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Am-241 

Am-243 Np-237 Mo-95 Tc-99 Ru-101 Rh-103 Ag-109 Cs-133 Sm-147 Sm-149 

Sm-150 Sm-151 Sm-152 Nd-143 Nd-145 Eu-151 Eu-153 Gd-155 O†  

 
†Oxygen is neither an actinide nor a fission product, but is included in this list because it is an integral 
 part of fuel, and hence included in the calculations. 
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Table 5  Bounding axial profiles by burnup group as determined independently with 1-D 
XSDRNPM calculations 

Burnup 
group 

 
1† 

 
2† 

 
3 

 
4† 

 
5 

 
6 

 
7 

 
8 

 
9 

 
10 

 
11† 

 
12† 

Axial Burnup ranges (GWd/MTU) 
height 
(%) 

 
> 46 

 
42–46 

 
38–42 

 
34–38 

 
30–34 

 
26–30 

 
22–26 

 
18–22 

 
14–18 

 
10–14 

 
6–10 

 
< 6 

2.78 0.582 0.666 0.660 0.648 0.652 0.619 0.630 0.668 0.649 0.633 0.658 0.631 

8.33 0.920 0.944 0.936 0.955 0.967 0.924 0.936 1.034 1.044 0.989 1.007 1.007 

13.89 1.065 1.048 1.045 1.070 1.074 1.056 1.066 1.150 1.208 1.019 1.091 1.135 

19.44 1.105 1.081 1.080 1.104 1.103 1.097 1.103 1.094 1.215 0.857 1.070 1.133 

25.00 1.113 1.089 1.091 1.112 1.108 1.103 1.108 1.053 1.214 0.776 1.022 1.098 

30.56 1.110 1.090 1.093 1.112 1.106 1.101 1.109 1.048 1.208 0.754 0.989 1.069 

36.11 1.105 1.086 1.092 1.108 1.102 1.103 1.112 1.064 1.197 0.785 0.978 1.053 

41.69 1.100 1.085 1.090 1.105 1.097 1.112 1.119 1.095 1.189 1.013 0.989 1.047 

47.22 1.095 1.084 1.089 1.102 1.094 1.125 1.126 1.121 1.188 1.185 1.031 1.050 

57.80 1.091 1.084 1.088 1.099 1.094 1.136 1.132 1.135 1.192 1.253 1.082 1.060 

58.33 1.088 1.085 1.088 1.097 1.095 1.143 1.135 1.140 1.195 1.278 1.110 1.070 

63.89 1.084 1.086 1.086 1.095 1.096 1.143 1.135 1.138 1.190 1.283 1.121 1.077 

69.44 1.080 1.086 1.084 1.091 1.095 1.136 1.129 1.130 1.156 1.276 1.124 1.079 

75.00 1.072 1.083 1.077 1.081 1.086 1.115 1.109 1.106 1.022 1.251 1.120 1.073 

80.56 1.050 1.069 1.057 1.056 1.059 1.047 1.041 1.049 0.756 1.193 1.101 1.052 

86.11 0.992 1.010 0.996 0.974 0.971 0.882 0.871 0.933 0.614 1.075 1.045 0.996 

91.67 0.833 0.811 0.823 0.743 0.738 0.701 0.689 0.669 0.481 0.863 0.894 0.845 

97.22 0.515 0.512 0.525 0.447 0.462 0.456 0.448 0.373 0.284 0.515 0.569 0.525 

 
† Differs from bounding profile determined in Ref. 7, but is essentially equivalent in terms of keff 
(difference between calculations with this profile and the bounding profile determined in Ref. 7 is less 
than 0.2% ∆k). 
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Figure 7  Bounding profile for burnup group 1 (burnup > 46 GWd/MTU) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8  Bounding profile for burnup group 2 (42 < burnup < 46 GWd/MTU) 
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Figure 9  Bounding profile for burnup group 3 (38 < burnup < 42 GWd/MTU) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10  Bounding profile for burnup group 4 (34 < burnup < 38 GWd/MTU) 
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Figure 11  Bounding profile for burnup group 5 (30 < burnup < 36 GWd/MTU) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 12  Bounding profile for burnup group 6 (26< burnup < 30 GWd/MTU) 
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Figure 13  Bounding profile for burnup group 7 (22 < burnup < 26 GWd/MTU) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14  Bounding profile for burnup group 8 (18 < burnup < 22 GWd/MTU) 
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Figure 15  Bounding profile for burnup group 9 (14 < burnup < 18 GWd/MTU) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16  Bounding profile for burnup group 10 (10 < burnup< 14 GWd/MTU) 
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Figure 17  Bounding profile for burnup group 11 (6 < burnup < 10 GWd/MTU) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 18  Bounding profile for burnup group 12 (burnup < 6 GWd/MTU) 
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4.2 EXAMINATION OF AXIAL-PROFILE DATABASE 

4.2.1 Statistical Comparison of Profiles 

Although the Ref. 8 database is comprehensive, it is not exhaustive.  An obvious issue has been the 
adequacy of this (or any) finite database to completely represent the nearly-infinite variety of possible 
profiles resulting from irradiation in U.S. PWRs.  To address this issue, a statistical evaluation was 
performed on the neutron multiplication factors resulting from the profiles contained in the database to 
assess the likelihood of the existence of axial profiles that have significantly higher reactivity.  Based on 
the Ref. 8 database, the keff value associated with each of the axial-burnup profiles was calculated, as 
described in Subsection 4.1.2 (i.e., 1-D, actinides and fission products, and 5-year cooling time).  Then, 
the mean and standard deviation for each of 12 burnup groups (see Table 2) were determined.  The results 
are used to (1) assess how representative the bounding profiles are of the rest of the profiles and 
(2) provide an indication of the probability that other axial profiles might exist that are more reactive than 
the bounding profiles.   
 
Comparison of the individual keff values to the mean and standard deviation for each burnup group reveals 
that the bounding profiles provide a significant increase in reactivity compared with the average.  
Figures 19–30 show the spread of keff values that result from the set of profiles in each of the 12 burnup 
groups considered.  Note that the figures display the discrete keff values associated with each of the 
profiles in a given burnup group and are in arbitrary order.  In addition to the individual calculated keff 
values, the figures show the mean keff value and indicators for 1, 2, and 3 standard deviations.  An 
examination of the calculated keff values reveals that, for all but one of the 12 burnup groups, the keff value 
associated with the bounding axial profile, is more than 3 standard deviations above the mean and, in 
most cases, is more than 4 standard deviations above the mean.  The only exception is burnup group 12 
(burnup < 6 GWd/MTU), which has relatively few profiles (33 profiles) and is of little interest to burnup 
credit, particularly since the burnup profiles in group 12 yield a negative end effect.  Nevertheless, the keff 
value associated with the bounding axial profile in group 12 is 2.2 standard deviations above the mean.  
The results are summarized in Table 6, which lists the mean, standard deviation, maximum, minimum, 
number of standard deviations that the maximum keff value is above the mean, and the maximum and 
average end effect for each burnup group.  Additionally, the statistical distribution (in terms of percent) of 
keff values within each group is shown in Table 7.  The results in these tables demonstrate that the 
bounding profiles from the Ref. 8 database can be considered statistical outliers, as opposed to 
representative of typical SNF profiles.  For confirmatory purposes, a statistical comparison was also 
performed on the keff  values from 3-D calculations with the GBC-32 cask, which were described in the 
previous section.  The results, which are provided in Appendix B, are completely consistent with those 
described above.  Consequently, for the fuel characteristics and reactor operations included in the 
database, one can infer that the probability that other axial profiles exist that are notably more reactive 
than the bounding profiles (determined from the Ref. 8 database) is very small.  Trends with fuel 
characteristics and reactor operations are explored in the following section. 
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Table 7  Statistical distribution (in terms of percent) of keff values in each burnup group 

Burnup 
group 

 
Standard deviations from the mean 

 1 2 3 4 5 6 7 8 9 10 

1 77.4† 92.9 97.6 100.0       

2 70.2 96.7 98.7 98.7 100.0    

3 69.3 97.4 98.7 100.0     

4 80.1 95.5 98.3 99.0 99.3 100.0    

5 72.9 95.4 99.0 99.7 100.0    

6 62.5 95.1 98.9 99.3 100.0    

7 84.6 93.9 97.6 99.3 99.7 100.0    

8 94.3 95.2 96.6 97.3 98.9 99.3 100.0    

9 89.8 94.1 97.5 99.1 99.3 99.8 99.8 99.8 99.8 99.8 

10 97.4 98.7 98.7 99.1 99.1 99.1 99.1 99.6 99.6 100.0 

11 74.8 95.1  99.2 99.2 100.0    

12 69.7 97.0 100.0    

 
† Interpret as 77.4 percent of the profiles in burnup group 1 yield keff values that are within 1 standard 
deviation of the mean. 
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4.2.2 Comparison of Profiles from Different Fuel Designs and Reactors 

A concern with any data set (such as the axial-profile database) is the possibility that the data set is biased 
by one or more data subsets.  In the case of the Ref. 8 database, the concern is whether the conclusions 
reached by analysis of the database are dictated by data from a single reactor or fuel type.  Although the 
spread in the results shown in the previous section and the fact that the 12 bounding profiles include 
profiles from 7 different plants suggest that this is not the case, trends with fuel type and reactor are 
investigated in this section.  The calculated results associated with each of the axial-burnup profiles have 
been plotted in terms of fuel type and reactor to assess the existence of trends with fuel type and/or 
reactor operations. 
 
Figures 31–42 plot the ∆k values (keff value associated with a given profile minus average keff value for the 
burnup group) in terms of fuel type (e.g., B&W 15 × 15) for each of the burnup groups.  The bounding 
profiles are evident in these figures.  Although these figures demonstrate that the bounding profile is often 
associated with the B&W 15 × 15 assembly, one should note that the B&W 15 × 15 fuel type is by far the 
most prevalent fuel type in the database (1334 of the 3169 profiles; 42% of the total, representing eight 
different reactors).  The ∆k values for each of the fuel types exhibit similar variability, which suggests an 
absence of any clear trends with fuel type.  However, it appears that the CE fuel types may exhibit a 
smaller end effect on average.    
 
Figures 43–54 show the ∆k values (keff value associated with a given profile minus average keff value for 
the burnup group) in terms of reactor (e.g., Davis Besse) for each of the burnup groups.  The ∆k values for 
each of the reactors exhibit similar variability, which suggests an absence of any clear trends with reactor-
specific operations.  However, the results of these and previous figures suggest greater variability in the 
∆k values from reactors utilizing B&W 15 × 15 assemblies.  This observation has been confirmed by 
comparison of the standard deviations in keff values from the various fuel types.  It is difficult to decipher 
whether the greater observed variability for the B&W 15 × 15 assemblies is real, or can be attributed to 
the greater representation within the database relative to the other fuel types.  Based on visual 
examination of the profiles and a review of past B&W plant operations, it is suspected that the variability 
is real and associated with the use of control rods and axial power shaping rods. 

4.2.3 Observations 

Some specific comments on the examination of the axial-profile database8 are offered below. 
  
1. Some of the B&W plants, such as Davis Besse and Crystal River, have used control rods for routine 

reactor control, which suppresses the burnup near the top (see for example Figure 15) and leads to 
more reactive axial profiles.  Also, B&W plants are the only ones that use axial power shaping rods, 
which can suppress the burnup near the center (see Figures 14 and 16).  Of the 12 bounding profiles 
plotted in Figures 7–18, eleven are from B&W 15 × 15 plants. 

 
2. Regarding the four most reactive profiles in burnup group 1 (see Figure 19), these profiles are from 

Millstone Unit 3.  Fifty-six of the 62 profiles in the Ref. 8 database from Millstone Unit 3 are “zoned” 
profiles, which means they have axial blanket (or end) regions with reduced enrichment.  Axial 
blankets are low enrichment (between ~0.71 and 2.6 wt % 235U) regions, generally six inches in 
length, at the top and bottom of some assemblies; the majority of currently discharged SNF do not 
have axial blankets.  Reduced fuel enrichment at the top and bottom, where power and fuel utilization 
are low, reduces neutron leakage from the top and bottom of the core and improves fuel cycle 
economics through greater fuel utilization.  Hence, the trend in fuel design is towards greater use of 
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axial blankets.  Because the axial blankets have significantly lower enrichment than the central 
region, the end effect for assemblies with axial blankets is typically very small or negative.  
Furthermore, the lower the initial enrichment of the axial blankets is with respect to the higher 
enrichment central region, the lower is the end effect.  Consequently, profiles from assemblies with 
axial blankets were not considered in this or previous (Ref. 7) bounding profile analyses.   

 
The six Millstone Unit 3 profiles that do not have axial blankets, and particularly the four profiles in 
burnup group 1, exhibit an end effect that is much greater than the average.  To understand the reason 
for this, the contributor of those profiles was contacted and it was confirmed that these particular 
profiles were used in transition cores from non-axial blanketed fuel to axial blanketed fuel.  In other 
words, these six assemblies (without axial blankets) experienced burnup in proximity to assemblies 
with axial blankets.  Hence, the burnup near the ends of these assemblies was suppressed by 
neighboring assemblies with axial blankets.  

 
3. In communicating with one contributor of axial profiles, it was discovered that the axial profiles in 

the Ref. 8 database might not be truly representative of typical SNF.  Because this particular 
contributor was aware of the intended purpose of the axial-profile database (establish bounding axial 
profiles for burnup-credit analyses based on actual profiles), he elected to contribute profiles that 
exhibited the most significant burnup gradient near the ends.  Thus, this contributor effectively biased 
his contributed profiles toward higher end effects.  Upon learning this, the principal author of the 
Ref. 8 database was contacted to inquire about the nature of the instructions that were given to 
potential axial-burnup profile contributors.  The Ref. 8 author supplied the actual solicitation for 
axial-burnup profiles and confirmed that potential contributors were simply asked to supply axial-
burnup profiles; they were not asked to selectively submit profiles.  However, because the intended 
purpose was described in the solicitation, it is possible that other contributors (in addition to the one 
noted above) may have selectively submitted their most-reactive profiles.  Although it is doubtful that 
others took the time to selectively submit profiles, this possibility could actually bias the database 
toward higher reactivity axial profiles.  Note, however, that if this is the case, it would introduce a 
conservative bias into the database. 

 
4. It is apparent from this examination that a wide variety of assemblies and profiles are represented.  

For example, inspection of the bounding profiles for burnup groups 8–10 (see Figures 14–16) 
suggests that these profiles have experienced significant exposure to control rods and/or APSRs.  
It is worth noting that these particular profiles are from assemblies with very low enrichment 
(~2 wt % 235U); indicating they correspond to early operations in which control rods were used to a 
greater extent than they currently are used.  As trends in fuel design and reactor operations change, 
the database should be expanded to include the potential effects on axial profiles. 
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Figure 31  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 1 (burnup > 46 GWd/MTU) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 32  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 2 (42 < burnup < 46 GWd/MTU) 
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Figure 33  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 3 (38 < burnup < 42 GWd/MTU) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 34  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 4 (34 < burnup < 38 GWd/MTU)
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Figure 35  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 5 (30 < burnup < 34 GWd/MTU) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 36  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 6 (26 < burnup < 30 GWd/MTU)
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Figure 37  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 7 (22 < burnup < 26 GWd/MTU) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 38  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 8 (18 < burnup < 22 GWd/MTU) 
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Figure 39  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 9 (14 < burnup < 18 GWd/MTU) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 40  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 10 (10 < burnup < 14 GWd/MTU) 
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Figure 41  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 11 (6 < burnup < 10 GWd/MTU) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 42  ∆k values plotted in terms of fuel type for axial-burnup profiles in burnup 
group 12 (burnup <6 GWd/MTU) 
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Figure 43  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup group 1 
(burnup > 46 GWd/MTU) 
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Figure 44  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup group 2 
(42 < burnup < 46 GWd/MTU) 
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Figure 45  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup group 3 
(38 < burnup < 42 GWd/MTU) 
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Figure 46  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup group 4 
(34 < burnup < 38 GWd/MTU) 
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Figure 47  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup group 5 
(30 < burnup < 34 GWd/MTU) 
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Figure 48  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup group 6 
(26 < burnup < 30 GWd/MTU) 
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Figure 49  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup group 7 
(22 < burnup < 26 GWd/MTU) 
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Figure 50  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup group 8 
(18 < burnup < 22 GWd/MTU) 
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Figure 51  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup group 9 
(14 < burnup < 18 GWd/MTU) 
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Figure 52  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup 
group 10 (10 < burnup < 14 GWd/MTU) 
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Figure 53  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup 
group 11 (6 < burnup < 10 GWd/MTU) 
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Figure 54  ∆k values plotted in terms of reactor for axial-burnup profiles in burnup 
group 12 (burnup < 6 GWd/MTU) 
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4.3 END EFFECT IN A BURNUP CASK 

Results with the 32-PWR assembly (GBC-32) cask are presented in this section to quantify the effect of 
axial burnup in a representative burnup-credit cask design.  Figure 55 compares the end effect (5-year 
cooling, fission products present) based on the bounding profiles (from Table 5) with the group-averaged 
end effect for each of the 12 burnup groups.  The burnup value used in the calculations for each group 
generally corresponds to the group midpoint and is listed in Table 6.  The “group-averaged end effect” 
refers to the mean of the end effects corresponding to each of the profiles within a burnup group.  The 
results in Figure 55 demonstrate that, on average, the end effect increases with burnup and is less than 
~1% ∆k for these conditions (i.e., 5-year cooling, fission products present).  The group-averaged end 
effect is negative for burnups below approximately 26 GWd/MTU.  The use of the bounding profiles 
results in end effects that are generally between 1 and 4% ∆k.  Thus, the use of bounding profiles adds 
considerable margin, as compared with the average.   
 
Figure 56 shows the end effect (5-year cooling) in the GBC-32 cask with only the major actinides 
included (see Table 4 for specific nuclides).  The results in Figure 56 demonstrate that the group-averaged 
end effect is negative for these conditions (i.e., 5-year cooling, actinide-only).  As discussed in greater 
detail in Ref. 9, for actinide-only models the decrease in reactivity is primarily driven by fuel depletion 
(net reduction in fissile nuclides).  The uniform axial-burnup approximation artificially decreases the fuel 
depletion at the center where the fission density is greatest and increases the fuel depletion near the ends 
(away from the peak fission density).  The artificial decrease in depletion in the region where the fission 
density is greatest can cause a net increase in reactivity.  As a result, the assumption of uniform axial 
burnup can be more reactive for actinide-only conditions (similar to the situation for low-burnup values 
with fission products present, where the fission products have a small effect) and the transition from 
negative to positive end effects is not observed in the group-averaged end effect values.  However, the use 
of the bounding profiles results in end effects that are generally positive and less than 1.5% ∆k.  Note that 
the end effect is known to increase notably with increasing cooling time.10  Although less than when 
fission products are included, it is evident from Figure 56 that the use of bounding profiles adds 
considerable margin (as much as 2.0% ∆k), as compared with the average.   
 
For comparison, Figure 56 also shows the end effect resulting from the approach suggested in a DOE 
topical report on actinide-only burnup credit (Ref. 3), which consists of using bounding profiles over 
coarser burnup ranges (i.e., a single profile in each of the following three burnup ranges:  0–18, 18–30, 
and > 30 GWd/MTU).  The bounding profiles for the three burnup ranges were determined based on the 
bounding profiles from Ref. 7.  Consequently, the three bounding profiles suggested for use in Ref. 3 
correspond to the bounding profiles for burnup groups 5, 8, and 9.  Therefore, the end effect associated 
with the bounding profiles and the suggested approach in Ref. 3 are equivalent for burnup groups 5, 8, 
and 9.  For a given profile, the end effect increases with burnup, and thus the Ref. 3 approach, of using 
bounding profiles associated with coarse burnup ranges, results in larger end effects, as is apparent in 
Figure 56.   
 
Since the burnup profile changes with burnup – tending to flatten with increasing burnup, if an axial 
profile from a lower burnup assembly is used in a calculation involving higher burnup, the end effect is 
generally over-estimated.  Note, however, that this is not true for low burnups (i.e., . 15 GWd/MTU) 
where the end effect is typically negative.  The behavior is illustrated in Figure 56 by comparison of the 
end effects due to the bounding profiles to those associated with the Ref. 3 approach and even more 
clearly in Figures 57 and 58, which compare the end effect associated with each of the 12 bounding axial 
profiles for the same total burnup (i.e., 40 and 60 GWd/MTU, respectively).  In these latter figures, it is 
shown that regardless of cooling time or the inclusion of fission products, within the range of burnup in 
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which the end effect is positive, axial profiles from lower burnup fuel generally yield larger end effects 
for a fixed burnup than axial profiles from higher burnup fuel.  This trend is the main reason why axial 
profiles are separated into burnup ranges in analyses for determining bounding profiles.  However, the 
more conservative nature of the Ref. 3 approach may be considered preferable if a simpler analysis 
method is desired. 

 

 

Figure 55  Comparison of the end effect (with fission products, 5-year cooling) based on 
bounding profiles (from Table 5) and the group-averaged end effect in the GBC-32 cask for each of 
the 12 burnup groups  
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Figure 56  Comparison of end effect for actinide-only calculations in the GBC-32 cask 
(5-year cooling) 
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Figure 57  Comparison of end effect values resulting from the use of the 12 bounding 
profiles (from Table 5) for a fixed burnup of 40 GWd/MTU 
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Figure 58  Comparison of end effect values resulting from the use of the 12 bounding 
profiles (from Table 5) for a fixed burnup of 60 GWd/MTU 
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4.4 IMPACT OF MORE-REACTIVE PROFILES 

Because of the long-standing concern regarding the adequacy of a finite database to completely represent 
the nearly infinite variety of possible profiles, some6,7,23 have suggested developing artificial bounding 
profiles to account for potential unknown, more-reactive profiles.  One approach is to develop artificial 
profiles based on a composite of profiles from a database.  For a given set of profiles, the minimum 
burnup value for each axial region is determined and used to define the burnup in the end regions of the 
artificial profile.  The burnup values for the remaining central regions are estimated based on the 
maximum burnup values for those regions, and then all of the burnup values are adjusted to yield a 
normalized profile.  In general, this approach does yield more reactive profiles.  However, this approach 
is inherently based on the assumption that the bounding profile has the typical axial-burnup profile 
(i.e., nearly flat in the center with reduced burnup on the ends, see Figure 1), which is not always the case.  
For example, the bounding profiles for burnup groups 8 though 10 have distinctly different shapes 
(see Figures 14 through 16), which are apparently due to either control rod or APSR exposure. 
 
Another approach is to developing artificial profiles based on inscribing bounding profiles.  For the 
inscription, the average burnup in each axial region is artificially reduced to the minimum burnup in that 
region via interpolation between interim regions and extrapolation for the periphery regions.  The 
resulting profile can subsequently be renormalized to conserve total burnup.  If the profile is not 
renormalized, the total burnup is reduced, thereby adding additional conservatism.  This approach reduces 
the burnup in areas where the burnup profile has a significant gradient, and consequently has been found 
to yield significantly larger end effects.  The large effect of this inscribing approach on the end effect 
(5-year cooling) in the GBC-32 cask is illustrated in Figures 59 and 60, with and without fission products 
present, respectively, and with and without profile renormalization.  As can be seen in the figures, this 
approach results in increases in the end effect of as much as 5% ∆k.  Considering the fact that this 
approach more than doubles the end effect, as compared to the bounding case, it is a significant departure 
from reality.   
 
The inscribing approach does offer a means to assess the impact of loading one or more assemblies into a 
burnup-credit cask that have an axial profile that is not bounded by the existing database.  Therefore, an 
analysis was performed with the GBC-32 cask to assess the impact of loading one or more assemblies 
into a burnup-credit cask that have a significantly more-reactive axial profile than found in the existing 
database.8  The analyses were performed for 5-year cooling and separately for burnup values of 36 and 
50 GWd/MTU, which correspond to burnup groups 4 and 1, respectively.  The more reactive profile 
corresponded to an inscribed bounding profile without renormalization and the calculations assumed that 
the assemblies with the more reactive profile were loaded from the center outward.  The results are shown 
in Figure 61 for calculations with and without fission products present.  They confirm the relatively small 
reactivity consequence of loading a single assembly with a significantly more reactive profile.  Results are 
shown in Figure 61 for multiple loadings of assemblies with more reactive axial profiles to demonstrate 
the associated impact on keff.  The reactivity consequence of loading a single assembly with a significantly 
more reactive profile, as compared to the actual bounding profile, is shown to be less than ~0.5% ∆k.   
 
The reactivity consequence of loading an assembly with a more reactive axial profile will depend on the 
total burnup and the more reactive profile selected.  Considering the statistical evaluation of keff values 
provided in Section 4.2.1, the likelihood of the existence of axial-burnup profiles that have significantly 
higher reactivity is very small.  Furthermore, the likelihood that these higher reactivity profiles would be 
significantly more reactive than the bounding profiles is very small.  Therefore, the use of the 
significantly higher reactivity inscribed profile for this analysis leads to an extremely conservative 
approach to bound the potential impact of more-reactive profiles.   
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Figure 59  Illustration of the impact of profile inscribing (with and without profile 
renormalization) on the end effect in the GBC-32 cask with fission products present (5-year 
cooling) 
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Figure 60  Illustration of the impact of profile inscribing (with and without profile 
renormalization) on the end effect in the GBC-32 cask without fission products present (5-year 
cooling) 
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Figure 61  ∆k consequence of loading various numbers of assemblies with a “more reactive” 

axial-burnup profile (based on inscribing) into the GBC-32 cask in which the remaining assemblies 
have the “actual bounding” axial-burnup profile (5-year cooling) 
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5 DISCUSSION AND IMPLICATIONS 

Previous proposed approaches for addressing axial burnup in a burnup-credit criticality safety analysis 
have involved the determination of bounding axial profiles from actual burnup profiles; either identifying 
specific profiles that are bounding or developing “artificial” bounding profiles based on the characteristics 
of bounding profiles.  Therefore, it is essential that the axial profiles considered in the determination of 
bounding profiles adequately represent the axial-burnup profiles of the SNF to be qualified as acceptable 
contents.  A detailed examination of the available axial-profile database8 suggests that, in terms of 
categories, it provides a very good representation of discharged PWR SNF assembly designs through 
the mid-1990s for the burnup and enrichment range of the current regulatory guidance1,2 (i.e., 
≤ 40 GWd/MTU and ≤ 4.0 wt % 235U).   
 
Although this evaluation focused on the burnup and enrichment criteria of the regulatory guidance, it is 
postulated that the Ref. 8 database is also sufficient for extension beyond the current burnup and 
enrichment limitations.  This postulate is based on findings that show that, for a fixed burnup in the range 
in which the end effect is positive, axial profiles from lower burnup assemblies tend to yield higher end 
effects than axial profiles from higher burnup assemblies.  This finding is illustrated in Figure 57, which 
demonstrates larger end effects for higher burnups (greater than ~34 GWd/MTU) associated with the use 
of a bounding profile from a lower burnup group (i.e., 30–34 GWd/MTU).  Regarding higher initial 
enrichments, the bounding profiles tend to be associated with relatively low enrichments, and thus higher 
initial enrichments are not expected to lead to more reactive profiles.  Perhaps more important than the 
addition of data for higher enrichments and burnups, is the continued addition of profiles from current 
fuel designs and operations to maintain the applicability of the database.  In any case, it is paramount that 
the bounding axial profiles used in a safety evaluation be appropriate for the anticipated SNF contents.  
Specifically, the axial-profile database used for the determination of bounding profiles should represent 
the range of anticipated burnups, enrichments, reactor operations, and fuel designs. 
 
Although the Ref. 8 database has been found to be quite comprehensive, it is not exhaustive.  One issue is 
the adequacy of this (or any) finite database to completely represent the nearly infinite variety of possible 
profiles resulting from irradiation in U.S. PWRs.  To address this issue, a statistical evaluation was 
performed on the neutron multiplication factors resulting from each of the profiles contained in the 
database to assess the likelihood of the existence of significantly more reactive profiles and the associated 
consequence to the neutron multiplication.  Based on the Ref. 8 database, the keff value associated with 
each of the axial profiles was calculated and the mean and standard deviation for each of 12 burnup 
groups was determined.  The results have generally confirmed the bounding profiles determined in a 
previous study (Ref. 7), but have shown that the bounding profiles are not representative of the average.  
For all but one of the 12 burnup groups, the keff value associated with the bounding axial profile is more 
than 3 standard deviations above the mean and, in most cases, is more than 4 standard deviations above 
the mean.  In other words, the limiting profiles are statistical outliers, as opposed to being representative 
of typical SNF profiles.  Consequently, one can infer that the probability that other axial profiles exist that 
are notably more reactive than the bounding profiles (determined from the database) is very small.  When 
one considers that the limiting profiles are based on statistical outliers and that these limiting profiles 
will be applied to all assemblies in a burnup-credit cask, it appears evident that this approach results in 
an adequate bounding approach in comparison to reality.   
 
Analyses were also presented to assess the impact of loading an assembly that has an axial profile that is 
not bounded by the existing database.  The analysis confirmed that the reactivity consequence is not 
significant (less than ~0.5% ∆k, but depends on burnup and the specification of the “more reactive” 
profile).  The “more reactive” profiles used for the analysis were artificially developed profiles created by 
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setting the average axial zone burnup equal to the minimum zone burnup for the actual bounding profiles.  
Considering that (1) the bounding profiles are based on statistical outliers, (2) the bounding profiles will 
be applied to all assemblies in a burnup-credit cask, (3) the very small probability that more reactive 
profiles exist, and (4) the small reactivity consequence of loading one assembly with an artificially-
developed “more reactive” profile, the use of bounding profiles from the Ref. 8 database provides an 
adequate bounding approach for addressing axial burnup.   
 
The use of a bounding profile provides a considerable increase in reactivity over the predominant typical 
or average profiles.  Hence, less bounding approaches may be possible.  For example, if axial-profile 
measurements for each assembly were performed prior to loading, a profile deemed bounding of the 
typical profiles could be used in the safety analysis and the profile for the as-loaded assembly could be 
checked for adherence.   
 
Although the recommendations in the following section address burnup-credit criticality safety analyses 
within the constraints of the actinide-only assumption, the evaluations in this report suggest that the 
Ref. 8 database is equally adequate for analyses that include fission products.  In fact, because the end 
effect increases with the presence of fission products (as compared to actinide-only analyses that neglect 
fission products), the margin associated with the use of the bounding profiles, in comparison to the use of 
typical profiles, is actually larger when fission products are included.  Note that, due to the enlarged end 
effect associated with the presence of fission products, the use of alternative approaches that make use of 
more typical profiles, as described above, have greater potential benefit for analyses that include fission 
products. 
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6 RECOMMENDATIONS 

The analyses summarized in this report, provide a technical basis for endorsing the adequacy of the axial-
profile database8 for obtaining bounding profiles for use with actinide-only burnup credit within the 
currently established burnup and enrichment range (i.e., ≤ 40 GWd/MTU and ≤ 4.0 wt % 235U).  
The rationale for this recommendation are:  (1) the axial-profile database8 provides an adequate 
representation of discharged U.S. PWR SNF assembly designs; (2) the bounding profiles, as determined 
from the database, are statistical outliers, and thus the probability that more reactive profiles exist is very 
small; (3) the bounding profiles will be applied to all assemblies in a burnup-credit cask; and (4) the small 
reactivity consequence of loading an assembly with an artificially-developed “more reactive” profile.  
Because the end effect for assemblies with low enrichment axial blankets is typically very small or 
negative, this approach will bound those assemblies.  For burnup and enrichment values beyond the 
current limits of 40 GWd/MTU and 4.0 wt % 235U, expansion of the existing database would be desirable 
to increase the number of profiles representing that regime.  However, analysis presented in this report 
indicates that bounding profiles from intermediate burnup ranges bound the available profiles at higher 
burnups.  Consequently, the existing database may be adequate for burnups beyond 40 GWd/MTU.  
Future work should address the adequacy of the database for higher burnups and enrichments, and expand 
the database as additional profiles become available.  Additionally, future work should evaluate the 
measured axial-profile data that has recently become available.18 
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APPENDIX A 
 

AXIAL DISCRETIZATION AND BOUNDARY 
CONDITIONS 

 
A.1 INTRODUCTION AND OVERVIEW 
 
A significant concern in the implementation of burnup credit is the effect of axial discretization in a 
numerical model of spent fuel assemblies.  Because of the effects of in-core axial leakage, partial length 
absorbers, moderator density changes, and other localized effects, the distribution of burnup is non-
uniform.  Typically, spent fuel burnup profiles are in the form of a flattened cosine, relatively uniform 
over most of the length of the fuel, but dropping off significantly towards the ends.  As was illustrated in 
the body of this report, the shape of the profile itself has ramifications for the reactivity of the fuel when 
loaded in a cask. 
 
A study has been performed to assess the impact of both axial discretization and boundary conditions on 
burnup credit analysis.  The goals of this study were (1) to determine if 18-axial-zone discretization is 
adequate, (2) to identify a conservative boundary condition for a cask model, and (3) to investigate 
relationships between axial discretization and boundary conditions.  (Note that in this usage “boundary 
condition” refers to the composition of the material at the end of the active fuel length.  This is 
distinguished from the computational boundary condition, with an assumed vacuum beyond the outer 
ends of the cask, and was unchanged in all models.)  Monte Carlo calculations were completed using a 
prototypical cask model to study trends in discretization and boundary condition effects as a function of 
burnup and isotopic compositions.  Results were judged by plotting keff  values and looking for trends.  
Because of the statistical uncertainty in the Monte Carlo calculations, it can be difficult to separate 
random fluctuations from true trends.  For this reason, calculations were normalized to a mean for all 
axial discretizations for each parameter studied, such that enough sets of calculations were available to 
draw clear distinction between random variations and physical trends.  All calculations were performed 
with sufficient neutron histories such that random variations would be bounded (with a 95% probability) 
by a ± 0.1% �k band.  Trends were assumed to exist when calculations showed a consistent deviation 
from this band. 
 
The results of the study provide two clear findings:  (1) assumption of a stainless steel boundary condition 
beyond the ends of the fuel is more conservative than water or a mixture of steel and water, and (2) the 
18 axial-zone model (typical of reactor record burnup discretization) is adequate to capture the effects of a 
severe burnup profile with a conservative boundary condition.   
 

A.2 BACKGROUND 
  
Given an axially varying burnup profile, axial discretization is necessary to capture this effect.  Because 
burnup corresponds to a change in isotopic composition in the fuel, the axial length in a spent fuel model 
should be subdivided into different material regions, each with a composition corresponding to the local 
burnup.  If discretization is too coarse, the calculated flux distribution, and hence fuel reactivity, will be 
incorrect.  This limitation is typically not a problem in a reactor calculation, since fluxes are generally 
more axially centered due to the presence of fresh and/or low-burn fuel at any point of operation, and flux 
distributions are not severely perturbed by burnup.  In a spent fuel cask, however, most if not all fuel is 
fully burned.  This effect is most dramatically indicated by the assumption of a uniform axial burnup, 
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representing the assembly-averaged burnup.  The so-called “end-effect” (studied in the body of this 
report) is a measure of the error in the prediction of the neutron multiplication factor introduced by this 
assumption.  This error results from an incorrect weighting of fuel reactivity resulting from both the 
inaccurate isotopic distribution and the corresponding flux that results from the distribution.  Although 
this is an extreme example of the effect of poor axial discretization, more refined discretization can still 
be inadequate.  The rapid change in the burnup profile near the ends of a spent fuel assembly and a 
concomitant shift in the predicted flux toward the outer ends of the fuel, results in a strong sensitivity to 
the isotopic distribution near one or both ends of the fuel.  
 
Figure A.1 illustrates the fission density profiles calculated as a function of height using a 100 axial-zone 
model with both an axially varying and an averaged or uniform axial-burnup distribution, in a cask model 
with only water between the ends of the fuel and the cask walls.  The fission density computed using the 
axially varying burnup profile shows a peak near the upper end of the fuel assembly.  This peak 
represents a region where the lower burnup fuel is balanced by the loss due to leakage.  Fuel burnup 
decreases further as one approaches the top of the fuel, but at the same time the leakage probability also 
increases.  The cosine-shaped fission density profile computed for a uniform burnup approximation 
represents a balance between leakage from either end of the assembly, since there is no burnup gradient.  
This mismatch between reality (top-peaked fission density distribution) and the uniform burnup 
approximation (cosine-shaped distribution) results in the end effect.  Increasing the number of axial zones 
in the burnup discretization will move the fission density away from a cosine shape and toward a top-
peaked profile, providing an improved estimate of the true fission density profile. 
 
Note that often a very small secondary peak is observed at the other end of the fuel rod, due to the 
reduced burnup at that end as well.  In this case, however, the difference in reactivity between the two 
ends diminishes the effect and no lower peak is seen. 

 
Figure A.1  Comparison of fission densities computed for uniform and axially distributed 

burnup profiles 
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A reasonably fine discretization scheme is necessary to capture the effect of the reduced burnup near the 
ends of a fuel rod.  However, because fuel reactivity is highly weighted by the local flux near the ends of 
a fuel assembly, the boundary condition assumed beyond the ends of the fuel rod is also important, and 
may influence the amount of discretization needed near the ends of spent fuel.  A study of the effects of 
different axial discretization schemes was performed, investigating the relationship between discretization 
and boundary conditions, burnup, and isotopic contents (i.e., limited actinides-only, or a limited set of 
actinides and fission products).  This appendix has been provided to document this study, since the topic 
is very relevant to the subject matter of the body of this report. 
 

A.3 APPROACH 
 
A study of axial effects can be difficult, as there are many parameters known to influence the relative 
reactivity of spent fuel.  These include the shape of the axial profile itself, the design of the cask within 
which the spent fuel is modeled, the initial enrichment of the fuel, post-irradiation cooling time, and the 
assumptions on reactor operations leading to a given burnup state.  Rather than trying to perform a 
general study over the range of these many independent variables, this study makes some simplifying 
assumptions on these parameters so that a focus on discretization and boundary conditions is possible.  
Calculations were performed based on the GBC-32 cask, Westinghouse 17 × 17 OFA fuel assemblies 
with a 4% initial enrichment, assuming a 5-year cooling time, and conservative depletion parameters, 
consistent with calculations described in Section 4.3 of this report.  The same sets of nuclides were used 
to define actinide-only and actinide plus fission-product calculations.   A single axial profile was assumed 
for all calculations, based on profile 3 from Table 3 of this report.  This profile is considered to be 
bounding for all YAEC database profiles for burnups greater than 30 GWd/MTU.  Hence, this single 
profile was selected as it characterizes high burnup fuel and has been shown to be the most sensitive to 
the end effect.  Because this profile was applied to calculations over a range of burnups, differences in 
results are known to be due to burnup-dependent isotopics only, and are not clouded by differences in the 
assumed burnup profile. 
 
The specifications for this profile are available in Table 3, and are based on 18 equal-length axial zones.  
To be able to apply this profile as a basis for a number of axial discretization models, it was necessary to 
perform a fit to the data and use this fit to calculate the local burnup at the midpoint of different axial 
zones.  The midpoint burnup was selected to represent the average burnup within that zone.  An eighth-
order polynomial fit was generated for the original 18 data points for this profile, giving normalized 
burnup as a function of axial height, z, by the equation: 
 

B = 0.38252 + 0.031554z � 0.00051706z2 + 3.7459e-06z3 � 7.3721e-09z4 � 5.9056e-11z5 + 
4.0467e-13z6 � 9.4578e-16z7 + 7.8724e�19z8 

 
where z is in cm (0 < z < 365.76), and B is a unitless burnup multiplier. 
 
Figures A.2 – A.6 show the axial discretization relative to the continuous profile for the 10, 18, 50, 100, 
and 250 uniform-height axial-zone models used in these analyses.  For each model, after generating N 
burnup multipliers for the midpoints of N axial zones (i.e., B(Zn), n=1,N), the burnups were renormalized 
to an average of 1.0.  Calculations were performed with each axial discretization model for assembly-
averaged burnup states of 20, 40, and 60 GWd/MTU; local burnup in each axial zone was calculated as 
the product of the assembly average and the value of the normalized profile for that zone.  As indicated 
earlier, calculations were performed using a subset of major actinides-only, and a subset of major 
actinides plus major fission products.   
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Figure A.2  10-Zone axial-burnup model 

 
Figure A.3  18-Zone axial-burnup model 

 
Figure A.4  50-Zone axial-burnup model 

 
Figure A.5  100-Zone axial-burnup model 
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Figure A.6  250-Zone axial-burnup model 

 
  
The water-filled GBC-32 cask model used in the analyses documented in this report used fuel with a 
length of 365.76 cm, with a 15 cm region of water below the fuel, and 30 cm of water above the fuel, 
separating the fuel from the cask.  It is the neutronic properties of these zones that are of interest in terms 
of their effect on axial discretization, because they are immediately adjacent to the low-burnup ends of the 
fuel, and because modeling simplifications were used in assuming water only beyond the ends of the fuel.  
In reality, the end regions of fuel assemblies contain non-negligible amounts of stainless steel as support 
for fuel rods in the assembly.  Since it would be difficult to try to model the physical design of the ends of 
the assembly, the GBC-32 specification assumes water-only to maximize moderation at the ends of the 
rod.  An alternative model could be to assume only stainless steel at the fuel ends, which would decrease 
local moderation but increase reflection back into the assembly.  A third alternative would be to assume a 
homogenized mixture of both water and stainless steel.  For this study, these three models were assumed 
for the 15 cm region below the fuel and the 30 cm region above the fuel:  (1) 100% water, (2) 100% 
stainless steel, and (3) 50% water and 50% stainless steel (homogenized).  Depletion calculations were 
performed to estimate isotopic concentrations as a function of zone for the three burnup states, and 
calculations were repeated with each of these three boundary conditions.   
 

A.4 RESULTS 
 
With three burnup states, three fuel boundary conditions, and two sets of isotopics, 18 different 
calculations were performed for each of the five axial discretizations.  Combined results for all 
90 calculations are illustrated in Figure A.7.  In order to do a relative comparison, all calculated keff values 
were normalized to the mean calculated keff values of all five axial discretization models computed for 
each burnup/boundary/nuclide set.  With such normalization, results should be clustered around 1.0, with 
a distribution characterized by the standard deviation associated with the Monte Carlo calculations, i.e., 
approximately 95% of the calculated and normalized values should lie within the range of 1.0 +/− 2σ.  
Clear, non-random deviations from this band would indicate a trend with respect to the independent 
variable.   
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To help visually distinguish between the models, conventions were used in the selection of plotting 
symbols and line types, as can be seen from the plot legend of Figure A.7. 
 

 
Figure A.7  Summary of normalized results all calculations 

 
 
Several observations can be made from this gross collection of all results: 
 

1) Since the standard deviation on each individual calculation was on the order of 0.0005 for all 
calculations, the scatter around 1.0 is consistent with a 2σ spread in data, which should capture 
95% of a normal distribution.  With the exception of the 10-axial-zone models, results are 
clustered within ± 0.001. 

 
2) Results for 10 axial zones have roughly the same spread, but are shifted above a mean of 1.0.  

This indicates that the 10 axial-zone model is inadequate for this axial-burnup profile. 
 

3) Overall, the results of the 60 GWd/MTU, steel-ends cases with fission products present (solid 
square symbol) appear to be generally higher than the other cases (the solid square symbols are at 
the upper end of the 18–250 zone sets of results).  In fact, the opposite is true.  The single 10-zone 
case gives a much lower result than that of the other axial models; normalization tends to raise the 
other results (for the 60 GWd/MTU, steel ends cases) to maintain an average.  However, the low 
10-zone result is not a statistical outlier.  The calculation has been rerun with a different random 
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number seed and with twice as many histories, with essentially the same result.  Apparently, the 
nuclides present in highly burned fuel are more sensitive to the presence of steel at the end of the 
fuel when a coarse axial model is used. 

 
4) No clear trends are seen as a function of nuclides, burnup, or boundary conditions with 18 or 

more axial zones.  However, it will be instructive to look at subsets of data to simplify the picture. 
 
Figures A.8 – A.10 show trends in discretization modeling for each burnup state.  There are no clear 
trends with nuclide set or with boundary conditions in these plots; however, Figure A.8 indicates that for 
low-burnup (20 GWd/MTU for 4 wt % enrichment) fuel, a very large number of axial zones is necessary 
to capture the effects associated with this axial-burnup profile.  The trend is very small and could be a 
statistical fluke resulting from the randomness of Monte Carlo calculations; however, the trend does 
appear to lie outside the band of randomness characterizing these calculations.  The effect is probably the 
result of using a burnup profile that is typical of more highly burned fuel.  Because the fuel is 
underburned, the assumed profile artificially puts more reactive fuel near the ends of the assembly, giving 
a stronger sensitivity to the axial profile.  No similar trends are seen for the 40 and 60 GWd/MTU burnup 
cases (Figures A.9 and A.10); both appear to show spatial convergence with 18 axial zones.  Further study 
would be necessary to positively identify the reason for the apparent slope in Figure A.8.  However, the 
magnitude of the trend is on the order of statistical uncertainty, and does not appear to warrant further 
investigation. 
 

 
 

Figure A.8  Normalized results for 20 GWd/MTU burnup fuel 
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Figure A.9  Normalized results for 40 GWd/MTU burnup fuel 
 

 
 

Figure A.10  Normalized results for 60 GWd/MTU burnup fuel 
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Figures A.11 – A.16 illustrate the raw, non-normalized results for cases with and without fission products, 
and for burnups of 20, 40, and 60 GWd/MTU.  These results show clearly that for all burnups and for 
both sets of fuel nuclides, steel placed at the ends of the fuel is slightly more reactive than water in the 
same region, for the assumed burnup profile.  The magnitude of the effect is roughly 0.5 to 1% in k, and 
appears to increase with burnup.  It is also clear that use of more than 18 axial zones does not alter the 
estimate of keff, i.e., 18 axial zones is adequate to capture the effect of the variation in boundary 
conditions.  
 

 

 
 

Figure A.11  Computed results for 20 GWd/MTU burnup fuel, actinides-only 
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Figure A.12  Computed results for 20 GWd/MTU burnup fuel, actinides and fission products 
 

 
 

Figure A.13  Computed results for 40 GWd/MTU burnup fuel, actinides-only 
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Figure A.14  Computed results for 40 GWd/MTU burnup fuel, actinides and fission products 
 

 
 

Figure A.15  Computed results for 60 GWd/MTU burnup fuel, actinides-only 
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Figure A.16  Computed results for 60 GWd/MTU burnup fuel, actinides and fission products 
 
 

Interestingly, both steel and water, by themselves, are more conservative (yield a higher value of keff) than 
a 50/50 mixture of the two materials.  To study this phenomenon further, fission densities were plotted as 
a function of axial position in the fuel.  In this calculation, the fission density peaks in the most reactive 
region of the fuel assembly, which for this burnup profile and cask model is near the upper end of the fuel 
assembly.  Figure A.17 illustrates the fission densities calculated using the 250 axial-zone model for 
60 GWd/MTU burnup with fission products present, for all three boundary conditions studied; only the 
upper end is plotted.  Although there is statistical error associated with the fission density calculated for 
each zone, the error is very small, and error bars are not plotted, for clarity.  This figure clearly indicates 
that a 100% steel boundary condition is a significantly better reflector than the other two models, 
resulting in a greater fission density and thus a greater reactivity for the fuel.  Note that the fission peak 
also shifts somewhat toward the upper end, into a region with lower burnup.  Because of this shift and the 
increased fission density, net leakage is also substantially greater in the steel-only model; however, the 
net effect is a reactivity gain. 
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Figure A.17  Fission density profiles for different fuel boundary conditions 
 
 
For the water-only boundary condition, a thermal peak is seen at the very end of the fuel, where neutrons 
thermalized in the water and scattered back into the fuel are causing fissions in the ultra-low-burnup fuel 
at the very top of the fuel assembly.  However, neutrons born at the very end of the fuel have a high 
escape probability and, therefore, do not significantly alter the reactivity of the fuel.  
 
The homogenized steel/water mixture at the end of the fuel is the closest representation of reality (the 
ratio of steel and water in this region varies with assembly design and was not explicitly determined).  
This case does not show a thermal peak – the amount of steel present is sufficient to reduce moderation.  
However, the amount of water is sufficient to prevent significant reflection by the steel.  Thus, this case 
has a slightly lower fission density than either of the other two cases.  The relative fission densities for the 
three cases studied are consistent with Figures A.11 – A.16; those figures seem to indicate that this fission 
density behavior is consistent for all discretization models (N � 18) for all burnups and nuclide set 
combinations.  
 
All calculations performed in this study indicate that for the axial-burnup profile assumed, an 18-axial-
zone burnup distribution model is sufficient.  As was discussed earlier, and illustrated in Figure A.1, 
inadequate discretization results in an incorrect fission density distribution.  One can conclude that as 
more axial zones are added in approximating the burnup distribution, the closer the fission density 
distribution gets to the top-peaked distribution.  This behavior converges fairly rapidly, and for the burnup 
distribution assumed in these analyses 18 axial zones is sufficient to converge to the correct fission 
density profile.  Even though the burnup profile is discretized in a computational model, the fission 
density profile that characterizes the reactivity of the fuel is still a continuous function.  It is conjectured 
that the 18-axial-zone model for the burnup distribution results in a closely converged fission density 
profile, whereas the 10-zone model does not.  To test this hypothesis, fission densities were extracted 
from models with 1, 2, 4, 10, 18, and 100 axial burnup zones.  Assuming 100 axial zones is a very close 
approximation to a continuous burnup profile, this profile is used as a basis for comparison in determining 
a converged profile.  Figure A.18 illustrates the results of these calculations.  The strong agreement 
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between the 18 zone model and the 100 zone model indicates that the 18 zone model is sufficient to 
capture the effects of the burnup distribution, and explains why higher order discretization shows no 
significant improvement.   
 

 
Figure A.18  Fission density profiles for different burnup discretization approximations 
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A.5 CONCLUSIONS 
 
This study was performed to assess the effect of discretization and boundary conditions on the calculation 
of keff for spent fuel in a cask for a burnup-credit analysis.  In this study, the term “boundary condition” 
was used to describe the material assumed at the end of the fuel assemblies, separating the ends of fuel 
assemblies from the cask walls; the mathematical boundary conditions applied on the outer boundaries of 
the cask were unchanged in this work. 
 
Results of variations in the size of axial zones in fuel assembly models indicated that for the most part, 
use of 18 uniform-height axial zones is sufficient to capture burnup distribution effects, even for the 
“limiting” axial burnup profile assumed in this study.  This is fortuitous, because axial-burnup data 
available from reactor records are typically based on 18–20 axial zones.  Furthermore, because refined 
data is not available for spent fuel, this study used a numerical fit to 18-zone data.  Conclusions drawn 
from differences in finer discretization must be balanced with the realization that the actual burnup profile 
is not well known in the last 10 cm of the fuel, however the spent fuel reactivity appears to be driven by 
the fuel compositions lying more than 10 cm away from the end of the fuel, as indicated in Figure A.17. 
 
The study of the effect of the representation of structure immediately beyond the ends of the fuel showed 
more significance.  Because of the complexity of assembly hardware beyond the active fuel region, 
various approaches can be taken to represent the hardware structure.  The study in the main body of this 
document ignored all structure and assumed water-only beyond the ends of the active fuel regions.  
The studies described in this appendix looked at the effect of other assumptions for the material in this 
region.  No attempt was made to mock up the actual hardware design for assembly endfittings; rather, 
two conditions expected to represent the two extremes in structure approximation were assumed, along 
with an intermediate representation.  The all-water approximation is considered one extreme, and would 
be expected to increase moderation near the end of the fuel.  Replacing this water with steel represents 
the other extreme, in which the extra moderation is removed and replaced with a better reflector.  The 
intermediate case is a 50/50 combination of steel and water, homogenized into one material. 
 
Both full steel and full water were found to be more conservative than the mixture of the two.  The 
homogenized mixture tended to dilute both the reflection and moderation effects, although the behavior 
more closely resembled water-only.  Models based on full steel content, excluding all water beyond the 
ends of the fuel, were more conservative than the water-only model by as much as 1% in keff.  However, 
it must be recognized that this is an extreme model, and that water would almost always be present 
within the endfitting regions in a flooded cask, albeit in a discrete rather than homogenized volume.  
Nevertheless, these results indicate that some attention should be paid to the hardware design in a burnup-
credit analysis.  A simple approach would be to assume solid hardware (e.g., 100% steel) beyond the ends 
of the fuel.   
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APPENDIX B 
 

COMPARISON OF PROFILES WITH 3-D CASK 
CALCULATIONS 

 
 
In addition to the statistical comparison of profiles with 1-D calculations, as described in Section 4.2.1 of 
this report, a comparison was also performed on the keff  values from 3-D calculations with the GBC-32 
cask (actinides and fission products included; 5-year cooling time assumed).  The results are completely 
consistent with those described in Section 4.2.1, but are provided in this appendix for comparison 
purposes. 
 
Figures B.1–B.12 show the spread of keff values that result from the set of profiles in each of the 
12 burnup groups.  In addition to the individual calculated keff values, the figures show the mean keff value 
and indicators for 1, 2, and 3 standard deviations.  For all but two of the 12 burnup groups, the keff value 
associated with the bounding axial profile, is more than 3 standard deviations above the mean and, in 
most cases, is more than 4 standard deviations above the mean.  The results are summarized in Table B.1, 
which lists the mean, standard deviation, maximum, minimum, number of standard deviations that the 
maximum keff value is above the mean, and the maximum and average end effect for each burnup group.  
The results confirm the 1-D results for determining bounding profiles and for demonstrating that the 
bounding profiles can be considered statistical outliers, as opposed to representative of typical SNF 
profiles.   
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