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SUMMARY 

Spent fuel transportation and storage cask 
designs based on a burnup credit approach 
must consider issues that are not relevent in 
casks designed under a fresh fuel loading 
assumption. Parametric analyses are required 
to characterize the importance of fuel assem
bly and fuel cycle parameters on spent fuel 
composition and reactivity. Numerical mod
els are evaluated to determine the sensitivity 
of criticality safety calculations to modeling 
assumptions. This paper discusses the 
results of studies to determine the effect of 
two important modeling assumptions on the 
criticality analysis of pressurized-water reac
tor (PWR) spent fuel: (1) the effect of 
assumed burnup history (i.e., specific power 
during and time-dependent variations in 
operational power) during depletion calcula
tions, and (2) the effect of axial burnup dis
tributions on the neutron multiplcation factor 
calculated for a three-dimensional (3-D) con
ceptual cask design. 

INTRODUCTION 

Since the inception of burnup credit 
studies at the Oak Ridge National Laboratory 
(ORNL), a significant number of analyses 
have been performed to study the effect of 
various parameters on the calculated value of 
koo or keff for PWR spent fuel configurations 
[1-8]. Parametric and sensitivity analyses 
have been recently completed based on key 
aspects of the earlier burnup credit analyses, 
based on a single fuel and cask design and 
with a consistent set of computer codes and 
cross-sections [9]. This latest study con
firmed earlier findings pertaining to relative 
nuclide importance and its effect on the spent 
fuel multiplication factor. In addition, this 
study specifically enhanced previous investi

gations of operating history effects on spent 
fuel reactivity and modeling of the axial 
burnup profile to ensure accurate evaluation 
of the neutron multiplication factor, k. This 
paper discusses the effect of these modeling 
issues relative to calculation of k for PWR 
spent fuel. 

The following section provides a brief 
outline of the codes and approach taken for 
the burnup credit calculations performed in 
support of this work. The subsequent sec
tions provide a discussion of the behavior 
and effects of each of the two modeling 
approximations discussed above. 

OVERVIEW OF THE ANALYSIS 
METHOD 

Burnup credit analyses performed in this 
investigation use various computational 
sequences of the SCALE 4.2 system [10]. 
SCALE is used to perform spent fuel charac
terization via the SAS2H analysis sequence 
and criticality safety analyses via the CSAS 
analysis sequences. SAS2H is a multi-code 
sequence that determines the isotopic com
position of spent fuel using the ORIGEN-S 
code for depletion and decay calculations and 
a one-dimensional (1-D) neutronics model of 
a light-water reactor (LWR) fuel assembly to 
prepare burnup-dependent cross sections for 
ORIGEN-S. The CSAS module is used to 
determine the neutron multiplication factor of 
a system using either simple 1-D XSDRNPM 
calculations, or more detailed 3-D Monte 
Carlo calculations using KENO V.a. 
Isotopic concentrations used in the criticality 
calculations are based on the results of 
SAS2H calculations. Cross sections are 
obtained from the SCALE-4 27-group 
bumup library, a hybrid library developed in 
the early 1980s for depletion analyses. This 
cross section library contains ENDF/B-IV 



(actinide) and ENDF/B-V (fission product) 
data for isotopes that are major constituents 
of spent fuel from commercial reactor fuel 
designs. 

Depletion calculations were performed 
based on various assumed initial enrichments 
of 2 3 5 U in UO2 fuel; all nuclides available to 
ORIGEN-S were used in tracking depletion 
and decay effects. However, criticality anal
yses were based on spent fuel containing the 
set of 10 actinides and 12 fission products 
listed in Table I, plus oxygen. These fission 
product and actinide nuclides were identified 
as the most important isotopes for neutron 
absorption/production in typical PWR. spent 
fuel [9] and had available chemical assay data 
for isotopic validation [11]. In order to dif
ferentiate beween fission product and actinide 
effects, criticality calculations were per
formed both with and without fission prod
ucts present in the spent fuel models. All 
isotopic concentrations were modified using 
estimated calculational biases derived from 
comparison to chemical assay measurements 
[11], in order to obtain a best estimate of 
actual spent fuel compositions. 

Table I. Burnup Credit Nuclides 
Actinides 

234TJ 235TJ 236JJ 238U 
2 3 8 P u 239p u 2 4 0 P u 241p u 

242p u 2 4 1 A m 

Fission Products 

9 9 T c ! 3 3 c s 1 3 5 C s 143 N ( J 

1 4 5 N d 1 4 7 S m 1 4 9 S m 1 5 0 S m 

1 5 1 S m 1 5 2 S m 1 5 3 E u * 5 5 Gd 

All calculations described in this report 
were performed based on a Westinghouse 
17 x 17 assembly design; 1-D calculations 
were based on a single pin in a water-moder
ated infinite lattice configuration, and 3-D 
calculations modeled identical fuel assemblies 
loaded in a flooded 21-assembly conceptual 
spent fuel cask configuration. All isotopics 
used in these calculations were computed 
based on operational depletion followed by a 
5-year cooling period. All reference to k^ or 
keff in this paper pertain to isotopic values as 
calculated for 5-year-cooled spent fuel in the 
specific configurations under flooded cask 
conditions. 

BURNUP HISTORY EFFECTS 

Depletion calculations are based on the 
initial fuel conditions and the burnup history 
of an assembly. In reactor operation, the 
burnup history depends not only on the 
operational cycles in which the fuel was 
depleted, but also on the specific power at 
which each fuel assembly was operated while 
in core. Such power variations are due to 
reactor-specific operating considerations, 
reactor type, and changes in core position. 
Thus each spent fuel assembly to be consid
ered for storage or transport is likely to pos
sess a unique burnup history. Because the 
tracking of the operating history of every 
candidate assembly is overly burdensome and 
is not possible for safety analysis purposes, it 
is necessary to assume a single operating 
history which can conservatively bound the 
integral reactivity effect of the nuclide 
responses to the anticipated histories. 

In order to better understand operating 
history effects, the phenomena can be broken 
into two separate categories: average specific 
power and time-dependent variations in 
power. The former addresses the behavior of 
koo as a function of the rate of burnup 
assumed, while the latter relates k« to relative 
variations about the average power as a func
tion of time. The following two subsections 
discuss studies to characterize the behavior of 
k* as a function of each of these parameters. 

Effect Of Specific Power On Depletion 
Calculations 

Depletion calculations were performed for 
specific powers ranging from 10 to 50 
MW/MTU. Using resultant isotopics, criti
cality calculations were executed both with 
and without fission products present. Figs. 1 
and 2 show results in terms of a normalized 
value of koo, so that the relative behavior of 
the various trends may be observed. The 
results show that the calculated value of ko» 
decreases with increasing specific power 
when fission products are present in the 
criticality calculation; conversely, koo 
increases with increasing specific power 
when fission products are omitted. With 
fission products present, the change in ko» is 
roughly 2% Ak over the range of specific 
powers studied; over the same range, the 
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Figure 1. koo as a Function of Specific Power 
for Various Enrichments and Burnups 
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Figure 2. ko» as a Function of Specific Power 
for Various Enrichments and Burnups 

(Actinides only). 

change in actinide-only worth is on the order 
of 1.2% Ak. Note that the range of specific 
powers studied exceeds typical operational 
values; thus the Ak range represents a con

servative upper bound to the Ak that may 
result from simplifying assumptions. 

The behavior of k^ with specific power 
when fission products are present is probably 
due to the decay rate of unstable nuclides 
relative to the time required to obtain a par
ticular burnup level for varying specific 
powers. For example, consider the behavior 
of 1 5 5 Eu. It is produced directly by fission 
and by the decay of 1 5 5 Sm (T 1 / 2 = 22 min
utes), a very common fission product. 1 5 5 Eu 
decays to 1 5 5 Gd with a 4.76 year half-life. 
At a specific power of 10 MW/MTU, it 
would require 13.7 years of continuous 
operation to reach a burnup of 50 
GWd/MTU. Thus, much of the 1 5 5 Eu pro
duced will decay to 1 5 5 Gd, which is rapidly 
removed because of its large absorption 
cross-section. At a specific power of 50 
MW/MTU, only 2.7 years are required to 
reach the same burnup level, at which time 
much less 1 5 5 Gd has been produced since 
insufficient time has elapsed for significant 
decay. Thus most of the 1 5 5 Eu will decay to 
1 5 5 Gd during the post-shutdown cooling 
period. Hence, after a 5-year cooling period, 
fuel burned at a 10-MW/MTU rate will pos
sess much less 1 5 5 G d than identical fuel 
burned at 50 MW/MTU, resulting in a lower 
value of ko, for the high specific power case 
due to the excess poison. Because 1 5 5 G d 
ranks among the most important fission 
products for highly burned (50 GWd/MTU) 
fuel for all enrichments [9], but is of lesser 
importance for lower burnups, this isotope 
may be the most significant contributor to 
specific power behavior. 

As shown in Fig. 2, in the absence of 
fission products k^ is found to increase with 
increasing depletion rate for a given level of 
burnup. This specific power trend is a result 
of increased plutonium production for 
increased specific powers. 2 3 9 P u , 2 4 0 P u , 
and 2 4 1 Pu are produced by neutron absorp
tion in 2 3 8 U, which typically occurs at higher 
neutron energies via resonance absorption. 
Although 2 4 0 Pu is a nonfissile absorber, its 
negative worth is less than the combined 
positive worth of the fissile 2 3 9 Pu and 2 4 1 Pu 
isotopes [9]. This would suggest that cases 
computed for higher specific powers are 
subject to a somewhat harder spectrum than 
for lower specific powers, resulting in more 
resonance absorption in 2 3 8 U and thus more 



plutonium production. Comparison of neu
tron energy spectra computed for depletion 
conditions confirms that high-specific-power 
conditions result in spectral hardening relative 
to low-specific power conditions for any 
degree of burnup. Thus the positive correla
tion beween actinides-only k«, and the spe
cific power at which depletion is calculated is 
at least partially due to the spectral hardening 
which occurs at higher specific powers. 

A second effect which would also result 
in specific power dependence for actinides-
only criticality calculations is the loss of 
2 4 1 P u by decay. With a relatively short 
14.35-year half-life, the loss of this isotope is 
dominated by decay rather than fission when 
reactor operation is extended over a long 
period with a low specific power. This in 
turn would result in a reduced value of k« for 
low-power operation relative to the same 
burnup achieved with high-power operation. 
However, the production of 2 4 1 P u is tied to 
the spectral hardening phenomena described 
above. Thus it is difficult to isolate this phe
nomenon relative to spectral hardening 
effects. 

Effect Of Time-Dependent Depletion Rates 

Isotopic compositions at the end of life 
for a fuel assembly are dependent upon the 
path taken to reach this state. The previous 
subsection studied the effect of varying 
depletion rates for cases with continuous 
power operation. This subsection seeks to 
determine the effect of specific power varia
tions, including downtimes, on isotopic con
centrations, and their collateral effect on k*,. 
Several exposure scenarios have been 
selected in an attempt to represent and 
emphasize the key feature of the broad range 
of possible operating histories. These 
include burnup with varying downtimes, 
burnup with a moderately long downtime in 
one cycle, burnup with an extended down
time in one cycle, and operation with varying 
specific powers during different cycles. 

Fig. 3 illustrates schematically the 11 
operating histories investigated. Operating 
history case 1 represents a continuous opera
tion, no downtime scheme, which provides a 
lower bound for downtime effects. Cases 2-
4 represent variations in downtime, to 
determine if an increased length of downtime 
between uniform cycles has an effect on 

depletion characteristics. Cases 5 and 6 are 
similar but test the effect of nonuniformities 
in downtime. Case 7 and 8 do the same but 
test the effect of extended downtimes which 
are on the order of the half-lives of important 
fission products. Cases 9-11 test the effect 
of nonuniform power operation over the 
cycle length, while retaining the same average 
power over the full burnup history. 
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1) Six 180-day full power periods, 
No downtime 

2) Six 180-day full power periods, 
separated by 20-day down periods 
(10% downtime) 

3) Six 180-day full power periods, 
separated by 45-day down periods 
(20% downtime) 

4) Six 180-day full power periods, 
separated by 77-day down periods 
(30% downtime) 

5) Six 180-day full power periods, 
10% downtime, 
30% downtime in middle cycle 

6) Six 180-day full power periods, 
10% downtime, 
30% downtime in last cycle 

7) Six 180-day full power periods, 
10% downtime, 
720-day downtime during middle cycle 

8) Six 180-day full power periods, 
10% downtime, 
720-day downtime during last cycle 

9) Six 180-day periods, 
120% power in first cycle, 
90% power in remaining cycles, 
10% downtime 
10) Six 180-day periods, 
120% power in middle cycle, 
90% power in remaining cycles, 
10% downtime 

U) Six 180-day periods, 
120% power in lasi cycle, 
90% power in remaining cycles, 
10% downtime 

Figure 3. Three-Cycle Operating Histories 
for Sensitivity Analyses. 

Each of these cases was analysed using 
1-D pin-cell calculations for each set of 
depleted isotopics to determine the effect on 
koo. Fuels with initial enrichments of 3.0 and 
4.5 wt % were studied for burnups of 10, 
30, and 50 GWd/MTU. Each cycle was 
fixed at 1080 full-power days (6 periods x 
180 days/period); the specific power for each 
burnup was varied to provide the desired 
burnup after 1080 full-power days. Results 
for each of the k^ calculations are plotted in 
Figs. 4 and 5 for cases with and without fis
sion products, respectively. The k^ values 
plotted in these figures are normalized so that 
trends can be easily compared. 
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Figure 5. koo as a function of operating 
history (Actinides only). 

The most distinctive feature of both Figs. 
4 and 5 is the large drop in k^ for operating 
history case 8, which was characterized by a 
long (~2-year) downtime in the middle of the 
final cycle. Such a decrease in k»o must result 
from either the loss of fissile actinides due to 
decay or the increase in non-fissile absorbers 

due to decay of parent nuclides. The latter is 
unlikely, however, since the peak is most 
pronounced when fission products are 
removed from the criticality calculation and 
the fact that important absorbers would be 
burned out during the final operating period, 
resulting in a relative increase in kTO. Of the 
actinides present, only 2 4 1 Pu, with a 14.35-
year half-life, would decay significantly dur
ing a 2-year downtime. In addition, 2 4 1 P u 
decay results in 2 4 1 Am buildup, adding fur
ther negative reactivity to the fuel. Since 
2 4 1 Pu is built in with burnup and is consis
tently ranked as the third to fifth most impor
tant isotope after moderate burnup [9], it 
would be expected to have the most pro
nounced effect on k^ for lower enrichments 
and higher burnups, as is seen in Figs. 4 and 
5. 

Cases 1 through 4 indicate that for 
actinides-only calculations, shorter down
times between cycles result in higher values 
of koo after a 5-year cooling period for mod
erately to highly burned fuel. Furthermore, 
cases 5 and 6 demonstrate that downtimes 
occurring immediately before and during the 
final cycle have the strongest effect on koo. 
These results are consistent with the observa
tions made for cases 7 and 8, and are most 
likely due to the additional loss by decay of 
2 4 1 Pu that occurs during downtime periods; 
the greater the downtime, the more 2 4 1 P u 
decays away, resulting in a lower value of koo 
after a 5-year cooling period. 

When fission products are retained in 
criticality calculations, the opposite trend is 
observed, at least to some extent. The value 
of koo increases when going from 0 to 10% 
downtime between cycles for moderately to 
highly burned fuel. The effect is small but 
slightly positive for underburned to moder
ately burned fuel. For the moderately to 
highly burned fuel cases the effect of down
times greater than 10% of cycle length is for 
koo to remain constant or decrease. As with 
the actinides-only study, cases 5 and 6 
demonstrate that downtimes occurring 
immediately before and during the final cycle 
have the strongest effect on koo. These trends 
suggest that downtime periods allow the 
decay of short-lived parents of important 
absorbers (e.g., 1 4 9 Pr, 1 4 9 Nd -> 1 4 9 Sm, and 
i«Cs, 1 4 3 B a -» i«Nd). For downtimes 
more than about a week, essentially all of 



these radioisotopic parents have decayed to 
their stable 1 4 9 S m and 1 4 3 Nd daughters, so 
that downtimes greater than this period have 
little effect on the abundance of such iso
topes. After restart, the daughter absorbers 
are quickly depleted; thus only downtimes in 
the last fuel cycle are important. The fact that 
they are allowed to come to an equibrium 
state and are then burned out by subsequent 
operation results in the increase in k^ relative 
to a zero downtime case. It is important to 
remember that the effect of 2 4 1 P u decay is 
still present during the same operating histo
ries. Thus, fission-product poison effects 
outweigh 2 4 1 P u effects for short downtimes 
between cycles and are roughly balanced for 
longer downtimes between cycles. 

In terms of downtime and its effect on 
koo, actinides-only criticality models are most 
conservative when cycle downtime is ignored 
during depletion calculations, although the 
maximum effect was found to be only about 
0.1% Ak/k for the cases studied. On the 
other hand, no definite downtime can be 
identified as most bounding in its effect on k^ 
when fission products are present. 
However, the maximum change for the cases 
studied was found to be roughly 0.06% 
Ak/k. Therefore, since an assumed constant 
uptime (e.g., case 1) is the simplest modeling 
assumption, it would be the most reasonable 
approach to take in calculations with fission 
products present. 

Cases 9 through 11 tested the effect of 
variations in specific power over a 3-cycle 
depletion period. Results of these three cases 
should be compared to the results of case 2, 
which was based on the same downtime with 
constant 100% power. For actinides-only 
analyses, It*, is found to increase as the fuel 
cycle in which the power increase occurs 
moves toward the end of the depletion period; 
the increase in koo is consistent with the earlier 
study of specific power effects. Trends are 
not as clear when the results of criticality cal
culations including fission products are con
sidered. The reduced k*, values observed for 
higher power operation in the final cycle are 
consistent with trends observed earlier for 
higher specific power operation with fission 
products present. However, for power 
increases in the first and second cycles, kx, 
actually increases in a manner similar to 
actinides-only cases. As was discussed ear
lier in this section, half-lives of many impor

tant absorber isotopes or their parent isotopes 
are much shorter than one of the typical fuel 
cycles (~1 year) modeled here. Thus fission 
products produced during earlier cycles are 
burned out almost as fast as they are pro
duced, and the behavior due to power varia
tions is dominated by the effect of actinides. 
However, because there is no depletion fol
lowing the final burn cycle, fission products 
are allowed to decay to stable absorbers; the 
effects of these fission products are then 
important and outweigh the positive actinide 
effects. 

Again, it is clear that higher specific 
power, especially in the final fuel cycle, 
results in a more conservative prediction of 
kco when only actinides are used in criticality 
calculations. However, it is not as obvious 
how to conservatively bound specific power 
variations when the effects of fission prod
ucts are included in criticality calculations. 
The variation between the extremes is repre
sented by the difference between cases 10 
and 11, which is as high as roughly 0.35% 
for the burnups and enrichments studied. 

OTHER DEPLETION EFFECTS 

The effect of other depletion parameters on 
criticality calculations was also studied in this 
work. Specifically, the effect of fuel and 
moderator temperatures and soluble boron 
concentrations in the moderator were deter
mined over a range of values for each 
parameter. Results indicate that increasing 
temperatures and increasing boron concentra
tions assumed during depletion calculations 
result in spectral hardening and in the 
enhanced production of Pu from resonance 
absorption in 2 3 8 U . The presence of the 
additional fissile isotopes results in a decrease 
in the amount of 2 3 5 U depletion required for 
a given burnup. Thus fuel burned under 
such conditions (i.e., higher temperatures 
and boron concentrations) results in a higher 
value of koo in subsequent criticality calcula
tions. Conservatism is therefore assured by 
selecting an upper bound for each of these 
parameters for use in depletion calculations. 
However, sensitivity of klo to each parameter, 
especially moderator temperature, requires 
that a conservative upper bound should be 
based on a reasonable estimate of expected 
conditions, rather than an arbitrarily assumed 
and overconservative upper limit 



EFFECT OF AXIALLY VARYING 
BURNUP 

The assumption of an average burnup 
along the length of a modeled fuel rod can 
result in an erroneous estimate of keff in a 
cask loaded with such fuel. This phenomena 
has been termed the "end effect" because it 
results from an inadequate representation of 
the low burnup regions near the ends of spent 
fuel. This section seeks to (1) identify a 
simple axial zoning scheme which results in 
the best calculation of keff relative to a contin
uously varying axial burnup, and (2) provide 
a description of the phenomena which cause 
the end effect. Because of the multidimen
sional nature of end-effects problems, these 
calculations were performed using a 3-D 
KENO V.a model of a uniformly loaded 
spent fuel cask. 

Determination Of A Best-Estimate Axial 
Zoning Scheme 

The use of a large number of very small 
zones, each with its own burnup-dependent 
isotopic composition, provides the best 
approximation to the continuously varying 
burnup profile of a spent fuel pin. However, 
such detail is difficult to set up in a numerical 
model, and would involve a tremendous 
number of calculations to complete. It is not 
clear that such detail is necessary. This sub
section seeks to identify a simple zoning 
scheme which can provide the same cask kgff 
value (within statistical limits) that would be 
obtained using a very fine zoning scheme. 

Because of the availability of a database 
of axial burnup profiles based on a 20 uni
form-length axial nodalization scheme [12], 
this scheme was selected as a starting point 
for axial zoning analysis. For each of five 
sets of burnup ranges described in the profile 
database, a conservative bound for each set 
of profiles was determined and used as a 
basis for burnup-dependent axial profiles. 
KENO V.a criticality calculations were per
formed assuming initial enrichments of 3.0 
and 4.5 wt %, for assembly averaged 
burnups of 10, 30, and 50 GWd/MTU, for 
isotopic compostions both with and without 
fission products, computed for each zone 
based on the burnup of each zone and assum
ing a 5-year cooling period. Although reactor 

operating conditions also result in an axially 
varying temperature distribution in the fuel, 
clad, and moderator, such variations have 
been shown to be small (< 0.5% Ak/k) [9]. 
Thus the SAS2H calculations performed to 
characterize isotopic contents in the various 
axial zones were based on a single uniform 
(average) temperature for each region. 

Earlier work [7,8] has established that the 
end effect is most dominant in highly burned 
fuel and increases with cooling time. Since 
burnup profiles have been found to be almost 
flat over the central fuel region representing 
50-60% of the total length for high burnup 
[9,12], it has been postulated that central 
zones could be combined in a numerical 
model with little effect. Thus this axial zon
ing study attempts to define the boundary 
between the "center" and "ends." Axial zone 
models with a variable-width central zone are 
shown schematically in Fig. 6. Each of the 
1- to 17-zone models was based on the 20-
zone model developed for each assumed 
enrichment and burnup, with the central 
zones collapsed into a single central zone 
with the same burnup as the average burnup 
in the combined zones. The 1-zone model 
represents the approximation of a uniform 
distribution of isotopic concentrations along 
the entire length of the fuel rod. 

Number of 
Axial Cells ' 

Figure 6. Axial Zoning Models Used in End 
Effects Zoning Studies. 

It is also necessary to generate a model 
based on a very fine grid of short axial zones 
in order to obtain the closest possible numeri
cal approximation to continuously varying 
bumup. Two such fine-grid models were 
developed: one consisting of 50 uniform 



zones, the second consisting of 100 uniform 
zones. As with the 1- to 20-zone models, 
depletion calculations were performed for 
each axial zone, with unique isotopic concen
trations and cross sections in each zone. 

Calculations for all enrichment and 
burnup combinations, both with and without 
the inclusion of fission products in criticality 
calculations, indicate that within statistical 
uncertainty results are identical for 20-, 50-, 
and 100-zone models (as well as for several 
models with even fewer axial cells). This 
demonstrates that the relatively coarse repre
sentation of l/20th-length cells at end regions 
of fuel is adequate for capturing axial burnup-
dependent isotopic concentration variations. 

The results for the 1- to 20-axial-zone 
models are shown in Figs. 7 and 8, where 
keff is normalized by the best-estimate value 
for each set of results. The "best-estimate" 
solution was assumed to be the average of the 
20-, 50-, and 100-zone results to reduce ran
dom variations due to the stochastic KENO 
V.a solution. 

3.0 wt %, 10 GWd/MTU 
3.0 wl %, 30 GWd/MTU 
3.0 wl %, 50 GWd/MTU 
4.5 wt %, 10 GWd/MTU 
4.5 wl %, 30 GWd/MTU 
4.5 wt <k, 50 GWd/MTU 

0.9850 
5 7 9 11 13 15 

Number of Axial Cells 
Figure 7. keff as a Function of Various Axial 

Zoning Models (actinides + fission prod
ucts). 

of Fig. 6 are adequate for the range of 
enrichments and burnups analyzed both with 
and without fission products. For the 
actinides-only cases, the 3- and 5-axial-zone 
models may also be adequate based on these 
calculations; the minor trends for a high 
burnup "dip" seen in the results for these 
axial models may be the result of statistical 
variations. However, additional calculations 
would be necessary to confirm this conclu
sion. 

Fig. 9 shows a hypothetical burnup pro
file typical of the burnup profiles seen in 
moderately to highly burned fuels. Also 
shown in the figure are 20 subdivisions of 
the axial profile and burnup approximations 
(horizontal line segments) representative of 
different axial zoning models (using the zon
ing schemes of Figure 6). Based on this fig
ure, it can be seen that zoning models with 
more than 7 axial zones provide little addi
tional resolution to the burnup profile; hence 
additional axial zones are not necessary. 

1 zone ,' • 
3 zone ' 

5 zone 1 

1 
1 i 

7 zone 

9 zone 

20 zone 

Figure 9. Discrete Burnup Approximations 
for a Continuous Burnup Profile. 

Phenomena Related To The End Effect 

3.0 wt %, 10 GWd/MTU 
3.0 wt %, 30 GWd/MTU 
3.0 wt * , 50 GWd/MTO 
4.5 wt %, 10 GWd/MTU 
4.5 wt %, 30 GWd/MTU 
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Figure 8. keff as a Function of Various Axial 

Zoning Models (actinides only). 

The results of these calculations indicate 
that models based on the 7-axial-zone model 

Because burnup-generated isotopes (both 
actinides and fission products) are a relatively 
small fraction of fuel material at lower 
burnups but become increasingly important 
with higher burnups, the end effect would be 
expected to increase with increasing burnup. 
However, for a given burnup, the behavior 
of keff as a function of the number of cells 
used to represent the axial burnup, as shown 
in Figs. 7 and 8, is somewhat puzzling. One 
would expect that as the number of cells 
added to the ends of a fuel rod is increased, 
one would obtain an increasingly accurate 
estimate of keff. However, as is clear in Fig. 
7 and perhaps indicated in Fig. 8, increasing 



the number of zones from 1 to 3 results in a 
shift from an overestimate of keff to an under
estimate of keff. When fission products are 
present, this reversal is quite large. After this 
point, use of additional cells does appear to 
improve the solution, converging on the best-
estimate solution. 

It is believed that this behavior results 
from a combination of both the assumed 
burnup profile and the spatial neutron distri
bution that results from this assumption. If 
the isotopic distribution is incorrect, the neu
tron distribution simulated in a KENO V.a 
calculation will also be incorrect. Because 
keff is driven by the combination of both iso
topic distributions and the neutron distribu
tion (i.e., reaction rates), error in both terms 
compounds error in the calculation of keff. 
Although even a 20-zone burnup distribution 
model does not represent the true burnup 
profile, results indicate that such a simplifica
tion results in a close enough approximation 
to the actual neutron distribution that reaction 
rates and therefore keff are well estimated. 
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Figure 10. Axial Fission Densities: 3 wt %, 
50 GWd/MTU (actinides + fission products). 

Figure 10 shows fission density profiles 
for several burnup profile models, for KENO 
V.a criticality calculations performed based 
on fuel compositions with fission products 
present. These calculations were performed 
for highly burned (overturned) 3.0 wt % ini
tial enrichment, 50-GWd/MTU burnup fuel. 
Fission density, the fission rate per unit vol
ume of fuel, computed at regular intervals 
along the length of the rod, shows the fission 
reaction rate distribution along the length of a 
fuel rod. The figure shows the behavior of 
fission densities as a function of the number 
of axial cells in the burnup distribution model 
for fuel with fission products present. For a 

1-zone model, the axial fission density is 
found to have a cosine-like shape due to the 
uniform burnup of the fuel. The 3-zone 
burnup model in the figure departs from the 
cosine shape, but does not represent the 
shape expected for highly-burned fuel. 
However, subsequent models begin to con
verge on a single fission density shape, indi
cating that the solution is approaching the 
correct neutron distribution for axial burnup 
profiles based on five or more axial zones. 

The 1-zone results indicate that the central 
region of the fuel is overweighted and the end 
regions are underweighted due to the inade
quacy of the burnup distribution model. This 
would result in an overestimate of keff, as 
was observed in Fig. 7. The fission density 
profile for the 3-zone results indicates that the 
overweighting of the central regions and the 
underweighting of the end regions are both 
reduced. It is not clear exactly why this 
behavior produces the dramatic drop in reac
tivity worth observed in Fig. 7 for the 3-zone 
model; it is possible that the loss of reactivity 
in the central region indicated by the more 
flattened fission density profile is signifi
cantly greater than the reactivity gain associ
ated with increased weighting of the end 
regions. 

Note that the 5-, 7- and 9-zone profiles 
shown in Fig. 6 indicate a strong fission 
density peak near the top of the fuel, but very 
little peak near the bottom of the fuel. In a 
keff calculation, the system studied is 
assumed critical, and keff is determined from 
a multiplier (eigenvalue) on the neutron 
source term which is required to maintain a 
critical system. Thus the problem is driven 
by the most reactive region of the problem 
which can maintain constant neutron popula
tions. Because the top of PWR spent fuel is 
typically less burned than the corresponding 
bottom region of the same fuel element [12], 
it is slightly more reactive; thus criticality is 
established in the more reactive upper end. 
The remainder of the fuel is subcritical rela
tive to the upper end and cannot maintain an 
independent neutron flux; the fission density 
profile is therefore top-peaked. Although the 
less reactive lower region is subcritical, it is 
close enough to critical to provide significant 
subcritical multiplication relative to the central 
regions of the core. Hence, there is a slight 
peak observed for the lower region. 



Statistical uncertainty associated with 
each fission density value is on the order of 
less than 3% (roughly the size of the plotting 
symbols). Differences between the fission 
density profiles for the 5- to 20-zone models 
result primarily from a lack of spatial conver
gence in the Monte Carlo solution. Once 
KENO V.a identifies the most reactive region 
of a problem, the solution is driven by the 
neutron multiplication properties of that 
region. However, if multiple regions within 
a problem domain possess similar reactivities 
(e.g., the low-burnup ends of spent fuel 
assemblies in a cask), the convergence rate is 
reduced as the calculation tries to determine 
which zone is more reactive. Nevertheless, 
the solution is able to converge on keff despite 
the unconverged spatial solution, because 
regions with similar reactivity are driven 
toward similar values of keff. Note that a 
significant number of neutrons/generation 
(>1000) are required in these calculations 
even to get this order of spatial convergence. 
Although not shown here, similar results are 
observed for criticality calculations performed 
with actinides-only fuel models. Cosine-like 
shapes obtained for 1- and 3-zone models 
switch to expected end-peaked profiles for 
five and more axial zones. 

It is clear that the number of axial burnup 
zones required for an adequate representation 
of end effects is coupled to the shape of the 
axial burnup itself. The results described in 
this paper were based on a set of burnup 
profiles obtained from a database of CE 14 x 
14 assembly designs. The conclusions pre
sented here will not necessarily represent the 
requirements of a broader range of burnup 
profiles from a variety of assembly designs. 
However, if the CE 14 x 14 data are found to 
be representative of the expanded database, 
then the conclusions reported here will 
remain valid. Nevertheless, it is recom
mended that studies similar to those described 
here be carried out once a more complete 
database of axial burnup profiles becomes 
available. 

CONCLUSIONS 

Burnup credit, the allowance for the con
sideration of spent fuel reactivity effects in 
criticality analysis, raises many new issues 
that are not important under fresh fuel 
assumptions, both in terms of the physical 

behavior of such systems and the modeling 
assumptions necessary to adequately repre
sent spent fuel configurations. This paper 
has sought to address some of the more 
important of these issues. Specifically, this 
report has studied the sensitivity of burnup 
credit methods to depletion and axial burnup 
distribution effects. 

Variations in depletion parameters have 
different effects on different nuclides, due to 
widely varying cross sections, half-life, and 
production mechanisms. The behavior of a 
specific isotope under given operating condi
tions is not necessarily an indicator of global 
fuel responses. Based on k<„ studies 
described here, reactor history in a burnup 
credit approach should be assumed as con
stant power operation to a given burnup 
level. The upper bound for specific power 
should be assumed for the depletion history 
in an actinides-only analysis; conversely, a 
reasonable lower bound for specific power 
should be assumed when fission products are 
included. 

Studies of numerous axial zoning models 
showed that good agreement to a very fine 
grid 100-zone model could be achieved with 
as few as seven zones both with and without 
fission products present, using the 7-zone 
model shown in Fig. 6. Depletion calcula
tions are required for each zone in a criticality 
model; therefore it is desirable to minimize 
the number of burnup zones used in a fuel 
pin model. Calculations indicated that axial 
zoning is not necessary for the central region 
of spent fuel, probably due to the nearly uni
form burnup profile of the central region for 
highly burned fuel. For low burnup fuel, the 
ends of a fuel rod are not important because 
the inner regions of the fuel still dominate 
neutron production, and the number of end 
regions cells is unimportant. 

Although they are useful in predicting 
general trends and driving phenomena in 
addressing specific burnup credit concerns, 
the results provided in this paper are coupled 
to the computer code system, cross sections, 
and axial burnup profiles applied in this 
work. Use of these results in criticality 
safety calculations for independent burnup 
credit applications should be supplemented 
by additional application-specific analyses. 
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