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An essential component of a proposed burnup credit methodology for commercial PWR 
spent nuclear fuel (SNF) is the validation of the tools used for isotopic and criticality 
calculations [l]. A number of benchmark experiments have been analyzed to establish 
the validation of the tools and to determine biases and corrections [2]. To benchmark 
the RCPO1 Monte Carlo computer code [3], an isotopic validation study was conducted 
for one of the benchmark experiments, a SNF sample taken from the Calvert Cliffs PWR 
Unit-1 (CCPU1). Modeling considerations and nuclear data associated with’the RCPO1 
transpotVdepletion calculations are discussed. The accuracy of RCPO1 calculations is 
demonstrated to be very good when RCPO1 results are compared to destructive 
chemical assay data for major actinides and important fission products in the SNF 
sample. 

RCPO1 Monte Carlo Code 

The RCPO1 code solves neutron and photon transport problems in three-dimensional 
geometry with detailed energy description. RCPO1 can be used to analyze many 
nuclear fuel configurations such as a core in its pressure vessel, fuel storage arrays, 
shipping container arrangements, and ex-core neutron detector configurations. RCPO1 
accesses detailed microscopic cross section data from a “job” library that is based on the 
cross sections processed with routines taken from the NJOY code system. A job library 
contains the Doppler broadened resonance cross sections (CSs), smooth CSs, fast 
range differential CSs, thermal range double differential CSs, and inelastic transfer 
matrices in a detailed energy description (typically -43,300 energy mesh points between 
20 MeV and l o 5  eV) so that a “continuous” energy solution is possible. RCPO1 permits 
an arbitrary number of compositions and up to 999 isotopes per composition; the only 
limit is available computer storage. RCPO1 is capable of depleting various reactor 
components as an integral part of the code architecture. RCPO1 can subdivide the input 
compositions representing reactor components into a large number of depletable 
compositions, each representing a small depletion block. The RCPO1 depletion 
calculation was adapted from the Bateman formula for linear chains of nuclides that was 
employed in the CINDER depletion code [4]. 

RCPO1 Depletion Calculations of CCPU1 Fuel 

The SNF analyzed is a fuel sample, designated D047-MKP109, taken 165.22 cm from 
the bottom of a fuel rod (MKP109) in assembly DO47 irradiated in the CCPU1 over four 
consecutive fuel cycles [2]. Assembly DO47 is a Combustion Engineering 14 by 14 
array. It contains five guide tubes but no burnable absorber rods. The discharge burnup 
of the fuel sample was 44.34 GWdMTU, and the discharge concentration of *%U was 
13.2% of the fresh fuel that had been enriched to 3.038 weight percent. This particular 
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fuel sample was selected to benchmark the RCPO1 code on the basis of (i) availability of 
detailed power history and cycle-specific fuel temperatures, (ii) more complete measured 
isotopic data and independent isotopic benchmark sets than certain SNF samples, and 
(iii) relatively high burnup. 

A single fuel rod (MKPlO9) model in an infinite array had initially been analyzed but was 
judged to be inadequate to represent the environment (e.g., fast neutron leakage and 
thermal neutron in-flow) where the fuel rod was irradiated. Most affected b the single- 

%m. Therefore, to create a representative environment, a quarter-assembly model, 
representing a 7x7-rod array based on the assembly DO47 specification [2], was 
developed and used in subsequent analyses. This was possible due to an RCPO1 
capability to deplete an entire region only knowing power history within a subregion in 
the region, the subregion being the MKP109 fuel rod in this case. RCPO1 determines 
power fractions of all individual subregions (or fuel rods) in the region, and then 
computes their power levels, normalizing their power fractions to known power level of a 
particular subregion. The fuel pellet in the MKP109 fuel rod was partitioned into three 
concentric annuli (of identical volumes) to treat radial-dependence of the flux and 
isotopic concentrations. A reflective boundary condition was imposed on four surfaces 
of the 7x7-array model. 

pin approximation were inventory predictions for n5U, 239Pu, 241Pu, 241Am, ' Y 'Cs, and 

A detailed fission product model, which treated 186 fission product nuclides explicitly in 
84 linear depletion chains, was employed in the RCPO1 depletion. Thirty-two heavy 
isotopes produced in the irradiated uranium fuel were treated. The chains included 
important radioactive decay paths and (n,2n) reactions as well as (n,y) reactions. 
Twenty million neutron histories were analyzed at each depletion time step, which led to 
small statistical uncertainties on the isotopic absorption reactions in the fuel rod MKP109 
(i.e., less than 1% at one Q at the end of the fourth fuel cycle for all isotopes listed in 
Table 1 , except for '"Nd and %m). Various time-step intervals ranging from 1 hour to 
2000 hours were employed to accurately model time-dependence of the flux and isotopic 
concentrations. After completion of the depletion calculation for each fuel cycle, the 
resulting end-of-cycle fuel composition was employed in a decay-only-mode RCPO1 
calculation at zero power for the appropriate cooling period. 

Fuel temperature was first assumed to be uniform over the entire depletion period. To 
determine an appropriate average fuel temperature, cycle-specific fuel temperatures 
were weighted by the cycle burnups. An analogous approximation was also made to 
determine an average concentration of the soluble boron in the coolant. Additional 
RCPO1 depletion calculations that followed explicit cycle-dependent fuel temperatures 
and boron contents showed that use of the average temperature and the average boron 
content was indeed adequate (less than 3% difference in isotopic predictions between 
the two cases). 

Use of a uniform recoverable fission energy of 200 MeV/fission for all fissile isotopes at 
all times in life resulted in an over-depletion of the fissile material since the recoverable 
fission energies for transuranic isotopes, which build up as the uranium isotopes deplete, 
are slightly higher than those of uranium isotopes. An implementation of burnup- 
dependent recoverable energies per fission improved actinide predictions, especially the 
highly depleted 235U. 
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Most of the nuclear data, including cross sections, decay constants, and fission-product 
yleM data, were taken from ENDFIB-VI Release 5. When initial depletion calculations 
resulted in significant mispredictions of certain nuclides, alternate (e.g., JENDL3.2) or 
newer releases of ENDF/B-VI cross sections for relevant nuclides were evaluated in 
subsequent depletion calculations. An earlier version of ENDWB-VI cross-section data 
for '=EU Release 1) caused a significant under-prediction of concentrations of r55Eu as 
well as "Gd by approximately 25%. A new data set created in 1998 for 155E~ by Wright 
[5] significantly improved the RCPO1 prediction, as shown in Table 1. This data set was 
subsequently incorporated into Release 7 of ENDWB-VI. 

Results 

The RCPO1 results, based on the 7x7-array model that employed best modeling features 
regarding reactor operation parameters and nuclear data, are compared to chemical 
assay data in Table 1. Also shown are corresponding results from the SCALE code 
system via the SAS2H sequence that used either one-dimensional (XSDRNPM) or two- 
dimensional (TWODANT) assembly models [6]. The assay data were measured after 
1870 days of cooling. Conclusions from the RCPO1 analysis include the following: 

RCPO1 predicted inventories of most major actinides within k5%, except for 242Pu 
and 241Am. The RCPO1 prediction of 237Np is excellent, which contradicts large 
deviations between calculated and measured values for "Np as discussed in a 
burnup credit topical report [ l ]  andalso indicated in Table 1 by the SCALE 
predictions. 

RCPO1 predicted inventories of important fission products within k5%, except for 
'TC, "%my 14'Sm, "'Sm, and 151Eu. The large discrepancies observed for these 
nuclides are somewhat consistent in RCPO1 and SCALE. These results are also 
similar to SCALE analyses performed for other SNF samples from the CCPU1 as 
well as other reactors [7]. Measurement difficulty associated with relatively small 
isotopic abundance of these isotopes, especially l4'Srn, may be a potential cause 
of the discrepancies [7]. Other potential causes for the 
include possible inaccuracies in lMrnPm cross sections and '47Pm branch 
fractions. 

Sm discrepancy 

The accuracy of the RCPO1 prediction of most actinides and fission products measured 
was very good. These results provide a qualification of the neutron spectrum calculafion 
capability as well as the isotopic generatiotddepletion calculation of the RCPO1 code. 
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Table 1 
Comparison of Concentrations of Nuclides in a Calvert Cliffs PWR Fuel Sample 

Sm152 1.21 E-01 1.19 1.20 0.95 
Sm151 + 9.78 E-03 1.37 1.33 1.08 
Eu151 
Eul53 1.48E-01 0.91 0.91 0.97 

Eu155 + 9.82E-03 2.04 2.00 1.02 
Gd155 

"The transport calculation was approximated in a one-dimensional XSDRNPM model. 
Fluxes from a two-dimensional TWODANT model were used in a modified SAS2H 
sequence. 
The concentration of a certain radioactive fission product plus the concentration of its 
P-decay product was treated as one measurement in Reference [6]. 
The concentration and SCALE C/M ratio of '%m are not available in Reference [6], 
but were based on information reported in a SCALUSAS2H analysis document, 
CRWMS/M&O, 800000000-01 717-001 38, Rev 0 (Sept. 1997). 
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