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APPLICATION OF SCALE-4 DEPLETlON/CRmCALITY
SEQUENCES IN BURNUP CREDIT ANALYSES

M. C. Brady
Oak Ridge National Laboratory

Oak Ridge, Tennessee USA

ABSTRACT

The concept of allowing reactivity credit for the transmuted state of spent fuel complicates
the criticality analysis by requiring the specification of the fuel mixture to potentially include large
numbers of isotopes representative of the fuel conditions. These conditions include the initial
enrichment, local or average burnup conditions depending on the analysis approach, and the post-
shutdown cooling time. In the development of an analysis methodology to evaluate spent fuel
shipping and transport casks (flasks) based on this burnup credit, commercial reactor critical
configurations were evaluated as potential experimental spent fuel criticals. This paper describes how
the SCALE-4 depletion sequence (SAS2H), the cross-section processing sequence (CSASN), and the
criticality module (KENO V.a) were used to evaluate these reactor criticals. A description of a newly
developed sequence for Unking SAS2H calculated burnup-dependent isotopics to KENO V.a mixing
tables [SAS2H Nuclide Inventories for KENO Runs (SNKR)] is also included.



1. INTRODUCTION AND BACKGROUND

Burnup credit is a modern approach to replacing the fresh fuel assumption in spent fuel
transport and storage cask design. This concept is to take credit for the depletion of the fuel in the
criticality analysis. The approach used in the United States has been developed for pressurized-water-
reactor (PWR) fuel with a focus on using existing experimental data for benchmark data. These data
include fresh fuel critical experiments, chemical assay measurements of spent PWR fuel, and
commercial reactor critical data. This section will briefly review the U.S. burnup credit analysis
methodology and the methods validation approach.

1.1 ANALYSIS METHODOLOGY

1.1.1 Isotopic Prediction Models

The major change in the criticality analysis of a spent fuel cask under the burnup credit
approach is the necessity to predict the isotopic composition of the depleted fuel. The Standardized
Computer Analyses for Licensing Evaluation (SCALE) [1] code system is in wide use for the analysis
of typical away-from-reactor applications such as source-term prediction for shielding analyses and
criticality analyses of current-generation transport casks. In the current work conducted at Oak Ridge
National Laboratory (ORNL), the ORIGEN-S point-depletion code was used via the Shielding
Analysis Sequence 2H (SAS2H) to calculate burnup-dependent isotopics. The SAS2H sequence
allows the user to obtain burnup cross sections for a one-dimensional (1-D) model of a fuel assembly
via a sequence of calculations using primarily the radiation transport code XSDRNPM-S and the
point-depletion code ORIGEN-S. A detailed description of SAS2H is given in the documentation
for the SCALE code system [1] and is the subject of a separate paper in these proceedings [2].

1.2 CRITICALITY MODELS

The workhorse for the criticality analyses in the burnup credit methodology is the KENO V.a
code. KENO V.a is a multigroup Monte Carlo code employed to determine effective multiplication
factors for multidimensional systems. It is used stand-alone in the reactor critical validation analyses
and via the Criticality Safety Analysis Sequence 25 (CSAS25) for the spent fuel cask analyses. The
CSAS25 sequence produces problem-dependent cross sections via a BONAMI/NITAWL sequence
for a specified lattice cell geometry and then executes the KENO V.a functional module. This
sequence also allows the user to specify Dancoff factors for cases with more than one fuel region
which is useful in performing analyses to determine the effect of the axial variation in burnup. More
specific information concerning the CSAS sequences and the KENO V.a may be found in Ref. 1.

1.3 CROSS-SECTION DATA

The SCALE 27BURNUPLIB neutron cross-section library is used for these analyses. This
library is an extension of the SCALE 27-group ENDF/B-IV library which has been augmented with
ENDF/B-V data for fission-product nuclides and is available as a standard SCALE library. Data for
approximately 191 fission-product and actinide nuclides are available in 27BURNUPLIB.

Analyses have been performed to identify fission-product nuclides considered important in
the characterization of spent light-water-reactor (LWR) fuel at representative burnups and cooling
times. Twenty-three fission products were identified as important based on relative neutron



absorption. Volatile nuclides were not considered because their presence in spent fuel could not be
systematically assured. This list was reduced to 14 fission-product nuclides whose content in spent
fuel was to be validated in a concurrent experimental chemical assay program. Additionally, 10
actinides and oxygen are recommended for general use in criticality analyses of spent fuel casks using
the burnup credit approach. These nuclides are identified in Table I. Because the calculation of a
commercial reactor restart critical is a physical measurement of k=l, volatile fission products (13SI and
l3SXe) cannot be ignored as they represent a large negative reactivity to the system, particularly at
discharge where there is no cooling time effect. The list of nuclides considered in the reactor critical
calculations is given in Table I, and is a combined list of individual nuclides considered in typical
reactor physics calculations performed using codes such as PDQ and CASMO and those considered
in typical burnup credit analyses [3].

1.4 METHODS VALIDATION APPROACH

The requirements of the ANSI/ANS 8.1 criticality safety standard [4] specify that calculational
methods for away-from-reactor criticality safety analyses be validated against experimental
measurements. Criticality analyses for low-enriched lattices of fuel pins using the "fresh fuel"
assumption have been benchmarked against appropriate fresh fuel critical experiments. There are
no published critical experiments for spent fuel to be used for benchmarking. However, two sources
of experimental data for spent fuel have been identified: chemical assay data and commercial reactor
restarts. The chemical assay data can be used directly to validate methods used to calculate spent fuel
isotopics. The reactor criticals may be used as spent fuel critical data, noting that there are apparent
differences between the reactor configurations and a typical cask environment. For the larger rail
casks these differences are small; both systems are large, low-leakage configurations, one with soluble
boron for reactivity control and the other with a solid neutron poison isolating the assemblies. The
effect of the cask versus reactor geometry differences is evaluated by analysis of the fresh fuel critical
experiments used in the validation process. The reactor criticals provide an integral data point for
benchmarking, which, in conjunction with the fresh fuel criticals and the chemical assay data, can be
used to verify the results using the proposed calculational methodology. The use of chemical assay
data and the fresh fuel critical data will be briefly summarized. The emphasis of this paper is on the
application of the SCALE depletion and criticality modules to the calculation of the reactor restart
critical configurations.

1.4.1 Chemical Assay Data

The post-irradiation measurements for this validation study were performed with spent fuel
from the Calvert Cliffs and Obrigheim PWRs. Isotopic characterization of the 14 x 14 Combustion
Engineering assemblies from Calvert Cliffs was done by the Materials Characterization Center at
Pacific Northwest Laboratory [5]. The isotopic measurements of the Obrigheim 14 x 14 assemblies
were performed in Germany. Table II gives the average isotopic concentration differences calculated
for two of the Calvert Cliff assemblies (using highest burnup samples) and two of the Obrigheim
assemblies [6]. Values are given for the ten actinides and three of the fission-product nuclides
recommended for use in burnup credit. Generally the results for the individual nuclide
concentrations are taken to indicate good agreement. However, the true test is to evaluate the effect
of the concentration uncertainties on the multiplication factor. Also included in Table II is a
reactivity sensitivity coefficient which is defined as the percentage change in kw divided by the
percentage change in isotopic concentration. This parameter indicates the importance of an
individual nuclide in the overall criticality calculation. The results indicate that °*U has the largest
negative effect on reactivity, and ^ u has the largest positive effect. A calculation that modified
number densities for all nuclides by the average percentage difference indicated that the overall effect



in terms of the multiplication factor was very small (0.66% Ak/k) in the negative direction.
Conservative assumptions used by cask designers involve ignoring differences that would result in a
lower keff and modifying number densities for nuclides that cause reactivity to increase.

1.4.2 Fresh Fuel Criticals

Fifteen critical experiments were modeled in order to examine seven different criticality
aspects related to LWR fuel in transportation and storage casks [7]:

1. neutron interaction between fuel assemblies,
2. effectiveness of neutron flux traps between fuel assemblies to reduce reactivity,
3. effect of voiding on the effectiveness of neutron flux traps,
4. effectiveness of neutron absorber plates and rods to reduce interaction between fuel

assemblies,
5. reactivity effea of commonly used biological'shielding materials,
6. neutron spectra shift or relative neutron moderation caused by dissolved boron, and
7. plutonium buildup and uranium depletion.

All experiments were water-moderated and -reflected. Table III summarizes the results by
category. The mean calculated keff for the 15 critical experiments is 0.9931.

1.4.3 Reactor Criticals

Commercial reactors offer an excellent and inexhaustible source of critical configurations
against which criticality analyses can be validated for spent fuel configurations. Both beginning-of-
cycle (BOC) and end-of-cycle (HOC) core-critical configurations have been analyzed in this study [8].
Data from the Virginia Power Company's (VP) North Anna and Surry reactors as well as the
Tennessee Valley Authority's (TVA) Sequoyah reactor have been analyzed. The following sections
will describe the types of data received from the utilities and how they are used to calculate the
reactor core critical configurations using •> 3 SCALE code system.

2. REACTOR CRITICAL DATA AND MODELS

The data normally obtained from a utility for describing a reactor restart critical includes
specific core maps indicating the position, burnup, initial enrichment, and number of burnable poison
rods (BPRs) for each fuel assembly. Compositions of the fresh BPRs and fuel loadings are also
provided. A core bumup history giving average power levels, operating times, downtimes and boron
concentrations is speciGed. The data may be generally divided into Gve groups for the purpose of
creating a computational model for the reactor restart critical: fuel assembly design data, moderator
soluble boron contents, power operating histories, burnable poison effective cell data, and reactor
core geometry.

2.1 ISOTOPIC CALCULATIONS

The basic model in SAS2H deals with a single fuel assembly. The fuel isotopes, their
activation products, the fission products, and applicable light-element nuclides are either depleted or
generated during the operating cycles in which the assembly resides in the reactor. The operating
power history data of the assembly, in addition to its design parameters, are used in the depletion



analysis. Thus, the isotopic densities needed to describe the entire reactor core at the time of a
criticality measurement could be provided by performing a SAS2H calculation for each of the fuel
assemblies in the core (e.g., the Sequoyah Unit 2 reactor has 193 fuel assemblies). However, this
method would be very inefficient and computationally overindulgent.

An alternative method is to perform a SAS2H calculation for subgroupings of the fuel
assemblies referred to as fuel batches. Generally, a reactor core is loaded with fuel assemblies of
different compositions or initial enrichments. At the end of each operating cycle, the fuel is shuffled
(moved in-core) or removed from the reactor with the potential to be reinserted during a later cycle.
These fuel groupings are physical fuel batches and, because of their uniformity, may be used to
simplify the isotopic calculations. One other parameter that is used to batch the fuel for the isotopic
calculations is the presence of absorber materials in the fuel assembly [i.e., control rods (CR) or
burnable poison rods (BPRs)]. At a given point in the reactor history, assemblies belonging to one
of these fuel batches may have up to 20 BPRs, or none at all. Each of the physical fuel batches
(assembly type and initial enrichment) is considered independently in a separate SAS2H analysis that
follows ihe specific operating history of the particular fuel batch. Fuel batches that are incore at the
startup and have external poisons in some assembly locations are split into equivalent batches with
and without BPRs are calculated independently. Although it is considered significant to model the
presence of BPRs for the cycle for which the criticality calculation is to be performed, it is not
considered necessary to model the history of the assembly with respect to the insertion and removal
of BPRs in early reactor cycles. In order to model the influence of the BPRs in the cycle of interest,
an effective cell is derived. This effective cell conserves the mass of the nuclides comprising the
BPRs, guide tube, and fuel rods. In this effective cell, the densities of the isotopes remain
unchanged, but the rod diameters of the glass and stainless steel in the BPRs are modified
appropriately for the I D assembly model required by SAS2H.

The average soluble boron is observed from boron letdown curves provided by the utility.
Average values for specific power are computed from average assembly burnups and the total
exposure or uptime for the assembly. The operating histories used in the SAS2H calculations utilize
these specific powers in small burnup intervals of 3 to 5 MWd/kgU, with a downtime between
exposure steps determined from the ratio of the real cycle downtime to the true cycle exposure or
uptime.

The actual number densities used in the criticality calculations are derived from the SAS2H
calculation for a given fuel batch using a newly developed interface module, SAS2H Nuclide
Inventories for KENO Runs (SNKR).

2.2 THE SNIKR MODULE

This module was developed to enable the user to interpolate number densities from a SAS2H
calculation as a function of burnup and to perform the necessary decay calculations to represent
cooling time for use in spent fuel critical calculations.

The current version of the code has been written to be executed as a sequence of
computational routines. In the first phase, SNIKR1, burnup-dependent nuclide inventories are read
from a dataset produced from a SAS2H calculation. SNIKR 1 uses a Lagrangian interpolation scheme
to calculate nuclide inventories for the user-requested burnup. In the Lagrangian interpolation
scheme, a polynomial of degree one less than the number of data points to be fit is used to represent
the number density for each nuclide as a function of burnup. The use of burnup interpolation
significantly reduces the cost of performing spent fuel criticality analyses by reducing the n umber of



SAS2H calculations required. Comparisons have been made against results using nuclide inventories
calculated directly from SAS2H for a specified burnup to examine the effect of the interpolation
procedure on pin cell k. values. The results of these comparisons indicated agreement to within
0.1% Ak in the k. values calculated using isotopics derived from the two methods.

SNIKR1 then sets up the input needed to decay these burnup-specific isotopics to the
requested cooling time using the ORIGEN-S point-depletion code. The second phase of SNIKR
executes the ORIGEN-S control module in the SCALE code system. Phase three, SNIKR3, reads
the number densities produced by ORIGEN-S for the requested cooling time and extracts the
nuclides to be used in the depleted fuel for the burnup credit criticality analysis. Number densities
for these nuclides are then written to output files in several formats. One output file contains the
data in a format suitable for input to the ICE macroscopic cross-section processing code, which
creates mixtures to be used in a KENO calculation. Another output file contains the data written
for use as mixing table input for a stand-alone KENO calculation and also as Material Information
Processor (MIP) data [1] for a CSAS25 calculation. The user may choose any of these formats for
the output of problem-specific nuclide inventories.

2.3 CRITICALITY MODELS

The KENO V.a models for the reactor restart calculations are very detailed full-core models
starting from the fuel pins working out to the core baffle, thermal shield, and reactor vessel. Eighth-
core or quarter-core symmetry is assumed in the definition of fuel mixtures. This means that the
number of unique assembly compositions is limited to those represented in either one-eighth or one-
fourth of the reactor core. Burnup-dependent isotopics generated for each of these assemblies are
inserted into the KENO V.a model as mixture numbers. The assembly in the appropriate geometrical
location is then assigned the mixture number corresponding to the assembly type and burnup as
determined from the core symmetry. Burnable poison rods are modeled explicitly in the KENO V.a
calculations for BOC configurations. Fresh BPRs were used in the North Anna and Surry BOC
models, whereas the Sequoyah model contained burnup-dependent number densities calculated from
ORIGEN-S. The EOC configurations modeled the depleted BPRs using PDQ-calculated isotopics.

2.4 CROSS-SECTION DATA

The cross-section data for the criticality calculation also relies on eighth-core or quarter-core
models, depending on the symmetry of the particular reactor. Cross-section sets or batches are
determined for the assemblies in this symmetrical model based on average burnup, initial enrichment,
and assembly type. Special care should be taken to limit the burnup range within a given cross-
section set due to the resonance self-shielding effect; this may result in more cross-section sets than
fuel batches in the isotopic calculations. There should always be at least one cross-section set for
each isotopic fuel batch. Just as the isotopics for each fuel assembly are interpolated to the burnup
for that assembly location in the symmetrical model, the importance of burnup is accounted for by
updating the cross sections for the more important actinides as a function of burnup. As shown in
Table I, these actinides include *«U, a sU, ^U, ^U, ^ u , ^ u , and Z41Pu. Batch-average isotopics
are used for all other nuclides listed in Table I.



3. REACTOR CRITICAL RESULTS AND SUMMARY

Criticality calculations for both BOC and EOC core configurations of the VP Surry Unit 1
and North Anna Unit 1 PWRs have been analyzed in this study. Preliminary calculations have also
been performed for TVA's Sequoyah Unit 2 PWR for BOC conditions following a long (31 months)
outage with no fresh fuel inserted. Table IV gives the calculated effective multiplication factors for
these reactor core configurations using the SCALE code system via the methodology described in this
paper.

These results suggest a systematically lower value of ke(r for BOC conditions which include
higher concentrations of soluble boron. The VP BOC reactor core configurations are typical BOC
cores where approximately one-third of the core is fresh fuel, and the cooling times are on the order
of 30 days. However, the Sequoyah Unit 2 critical is representative of a mid-cycle soluble boron
concentration with isotopics representative of spent fuel (no fresh fuel) with a significant cooling
time. Both the EOC calculation for the Surry Unit 1 reactor and the Sequoyah Unit 2 calculation
gave very good results. The BOC calculations for the VP reactors predicted a lower kcn for high
soluble boron conditions. These results appear to be somewhat systematic and are being investigated
further.

4. CONCLUSIONS

The work performed demonstrates the feasibility of using PWR reactor critical configurations
in conjunction with experimental fresh fuel critical data and chemical assay results to provide a
method for the validation of spent fuel criticality analyses for transport and storage casks. The
SCALE code system, particularly the SAS2H and CSAS25 modules, have performed well in the
calculation of these spent fuel critical configurations.
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Table I. Nuclides used in reactor critical calculations
234|j*,b

3STja,b
236|j»,b

^ N p

SMpu*
2«>pu».b

24tpu«,k

242pu ,

»$?

^ C m
O*
«&
93Zr
95Mo*

1 0 1Ru
103Ru
1<BRh»
l 0 S Rh

! « P d

I09Ag
l3SI
m X e
l 3SXe
l33Cs*

13sCs.

l«p r

145Nd,
M 7 Nd

"?m

H 3 N d .
14lPm
l 4 9Pm
"7Sm*
» 9Sm|

15lSm*
IS2Sm*
»'Eu*
I S 4Eu
15$Eu

•Nuclides used in typical bumup credit cask analyses.
''Cross sections are updated for these nuclides as a

function of burnup in the criticality analyses.

Table II. Impact of calculated/measured isotopic concentrations difference on kM*

Average isotopic
concentration

Nuclide different (%) _ k ^ SjJ

^ U 5.9
-4.2
0.9

1.2
4.8

-6.3
2 n Pu 6.2

-9.7
-6.2

"Tc 8.2
133Cs 2.5
13SCs 18.8

1.0855
1.0914
1.0855
1.0845
1.08550
1.0794
1.0821
1.0835
1.0852
1.0847
1.0859
1.0855
1.08554

1.0788

•0.0012
0.1246

-0.0052
-0.1723
-0.0016
0.1229

-0.0463
0.0319

-0.0023
-0.0103
-0.0046
-0.0053
-0.0003

Ak = -0.0066

'Analyses performed with 17 x 17 Westinghouse fuel pin model using the CSASIX sequence
of SCALE and assuming no decay of the spent fuel isotopics.

hAverage of (computed/measured -1)100% isotopic concentration values from ref. 6.
Te. values are calculated by modifying the computed concentration for each nuclide by the

average (C/E - 1 ) for that nuclide reference case. Using unmodified calculated isotopic
concentrations yielded k . = 1.0855.

'This is a reactivity sensitivity coefGcient calculated as percentage change in k . divided by the
percentage change in isotopic concentration,



Table III. Summary of fresh fuel critical results -
mean Ic* by category

Categories

All critical experiments
UO2 criticals reflected by water
UO2 criticals reflected by metal
Mixed oxide criticals
Subcritical experiments

(Number of
experiments)

(15)
(11)
(3)
(1)
(1)

Meanly*

0.9927
0.9923
0.9984
0.9801
0.9032

'Calculations were performed using the SCALE-4
27BURNUPLEB cross-section library.

Table IV. Effective multiplication factors for
reactor configurations using KENO V.a

and SAS2H/ORIGEN-S isotopics

Core configuration

North Anna 1
BOC-5, HFP»

Surry Unit 1
BOC-2, HZP1

Surry Unit 1
EOC-2.HFP

Sequoyah Unit 2C

BOC-3*. HFP

Kn
0.9787(21)b

0.9757(22)

0.9960(20)

1.0054(10)

*HFP = hot full power; HZP = hot zero power.
bRead as 0.9787 ± 0.0021.
Preliminary calculation for BOC conOguration

following 31-month downtime, no fresh fuel at restart


