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ABSTRACT

The validity of the computation of pressurized-water-reactor (PWR) spent fuel isotopic
composition by the SCALE system depletion analysis was assessed using data presented in the
report. Radiochemical measurements and SCALE/SAS2H computations of depleted fuel
isotopics were compared with 19 benchmark-problem samples from Calvert Cliffs Unit 1, H. B.
Robinson Unit 2, and Obrigheim PWRs. Even though not exhaustive in scope, the validation
included comparison of predicted and measured concentrations for 14 actinides and 37 fission
and activation products.

The basic method by which the SAS2H control module applies the neutron transport
treatment and point-depletion methods of SCALE functional modules (XSDRNPM-S,
NITAWL-II, BONAMI, and ORIGEN-S) is described in the report. Also, the reactor fuel
design data, the operating histories, and the isotopic measurements for all cases are included in
detail. The underlying radiochemical assays were conducted by the Materials Characterization
Center at Pacific Northwest Laboratory as part of the Approved Testing Material program and
by four different laboratories in Europe on samples processed at the Karlsruhe Reprocessing
Plant.

Comparisons are given in terms of percentage differences of computed minus measured
compositions of the fuel. The SCALE depletion analyses for all cases applied two different
cross-section libraries. One was the 27-energy-group SCALE-4 library, which has light-element
and actinide data processed from ENDEF/B-IV and fission-product data processed from
ENDEF/B-V. The second library applied was a 44-energy-group library derived entirely from the
latest ENDF/B-V files with the exception that data for °0, **Eu, and *Eu were taken from
ENDEF/B-VI. Almost all the total average percentage differences for the actinide isotopes and
for the isobaric mass values 154 and 155 were significantly better in cases using the latter library,
whereas other fission-product comparisons with measurements were essentially the same in using
either library. The final fuel rod and batch average differences for nuclides Z°U and 2°Pu were
-3.1 and 5.4% for the former library and -2.2 and -0.4% for the latter library, respectively.
Except for #’Np, only #*Cm and Cm had excessive differences (>15%); these isotopes had
similarly large uncertainties in their measurements. The percentage differences exceeded 15%
for fission products ®Tc, *Sn, 1¥Sm, °Sm, *¥'Sm + *'Euy, ¥*?Sm, *Sm + *Eu + ™Gd (for
the former library only) and **Eu + *Gd. Although the spread of the percentage differences
for all cases of each nuclide were large (particularly for comparisons of pellet sample results),
reasons why the pellet-location-dependence of reactor flux affect significant nuclide reaction
rates were briefly investigated and discussed. It was concluded by the authors that the SCALE
depletion analysis properly qualifies as a basic tool for predicting isotopic compositions of spent
fuel from PWR power plants. Also, it was evident that cross sections of actinide isotopes
processed from ENDF/B-V were superior to those taken from ENDF/B-IV.






- 1. INTRODUCTION

The radionuclide characteristics of light-water-reactor (LWR) spent fuel play key roles
in the design and licensing activities for radioactive waste transportation systems, interim storage
facilities, and the final repository site. Several areas of analysis require detailed information
concerning the time-dependent behavior of radioactive nuclides including (1) neutron/gamma-ray
sources for shielding studies, (2) fissile/absorber concentrations for criticality safety
determinations, (3) residual decay heat predictions for thermal considerations, and (4) curie
and/or radiological toxicity levels for materials assumed to be released into the
ground/environment after long periods of time. One of the functions of the SCALE
(Standardized Computer Analyses for Licensing Evaluation) code system' is to predict the
radionuclide composition of depleted fuel discharged from a pressurized-water reactor (PWR).
Recent applications of calculated isotopic contents for depleted reactor fuel include several
criticality safety analyses for investigation of storage or shipment of spent fuel.”® The ANSI/ANS
8.1 criticality safety standard’ requires validation® of the analytical methods used in these spent
fuel criticality analyses. Although this study focuses on isotopes important for criticality studies,
the results should be of sufficient scope to apply to other areas such as radiation shielding and
heat transfer as well. The purpose of this report is to present and discuss a set of problems to
be used in the validation of the SCALE modular code system for computing the isotopic content
of PWR spent fuel.

The spent fuel isotopic predictions reported in this document were computed by the
SAS2H control module**'® contained in Version 4.2 of the SCALE system (SCALE-4.2) except
for an additional application of the more recently developed 44-group cross-section library noted
below. All further references to SCALE-4 in this document refer generically to Version 4 of the
SCALE system, although all calculations herein were performed with SCALE-4.2. The major
portion of the radiochemical assays of PWR spent fuel included in this study were conducted**
by the Material Characteristics Center (MCC) at Pacific Northwest Laboratory (PNL) using
discharged PWR fuel from Calvert Cliffs Unit 1 and H. B. Robinson Unit 2. Additional spent
fuel characterizations'>'® presented herein were conducted by four research laboratories in
Europe uvsing fuel elements from the Obrigheim (KWO) PWR.

A wide range of parameters was included in the problems analyzed for this study. The
fuel exposures, or burnups, are in the range 16.02 to 46.46 gigawatt days per metric ton uranium
(GWdA/MTU). The PWR designs are substantially different. Also, there are significant variations
in fuel 2°U enrichments (2.45 to 3.04 wt %), assembly power histories, material temperatures
(743 to 923 K), specific powers (13.1 to 44.7 MW/MTU), and other pertinent operational
conditions among the cases considered.

The source of the neutron cross-section data used in fuel depletion analyses by the
SCALE system is a significant aspect of the validation. Two different cross-section libraries were
applied. The SCALE "27BURNUPLIB" cross-section library (Vol. III, Sect. M4.2.8 of ref. 1)
has actinide and light-element data derived from Version IV of the Evaluated Nuclear Data Files
(ENDF) and fission-product data processed from early ENDF/B-V files. The second library,
"44GROUPNDF5,"" applied in the analyses reported here, is a 44-energy-group library derived
entirely from the latest ENDF/B-V files with the exception of data for three nuclides. The cross
sections for %0, *Eu, and *Eu in this library were taken from ENDF/B-VL the cross sections
of the latter two nuclides were expected to substantially improve the computation of *Eu, 3Eu,
and *Gd inventories. |
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The model and methods applied in SAS2H are discussed in the next section. The
benchmark problems used in this analysis are given in the subsequent section, including the
reactor fuel assembly design and operating data required for input to the SCALE fuel depletion
cases. Comparisons of predicted and measured isotopic compositions of the problems for the
three reactors are then presented, discussed, and summarized. Finally, the reliability of the basic
data and computation techniques based on comparisons of predicted and measured isotopics is
discussed in the general summary of this report.



2. MODEL AND METHODS IN SAS2H

The SAS2H control module of the SCALE code system has been documented extensively
elsewhere (Sect. 82, ref. 1). A concise description of the model is included in this section.

21 BACKGROUND

The SAS2H control module of the SCALE-4 system was designed to provide an
automated, yet highly flexible, analysis sequence for determining the characteristics of spent fuel
(i.e., isotopics, decay heat, radiation sources, etc.). The SAS2 control module was originally
developed for earlier versions of SCALE to provide a sequence that generates radiation source
terms for spent fuel and to utilize these sources within a one-dimensional (1-D) shielding analysis
of a shipping cask. Although the shielding portion of the sequence can still be accessed, the
principal use of SAS2(H) over its history has been fuel depletion and decay analyses to obtain
spent fuel characteristics needed for subsequent analyses. Because earlier SAS2 versions used
an infinite lattice pin-cell model for the neutronics analysis, only variations in lattice design and
composition could be considered. This simple procedure has been shown to produce
conservative actinide inventories for PWR spent fuel, but does not provide the versatility
required for depletion analysis of boiling-water-reactor (BWR) fuel.”® Thus, the original SAS2
sequence has been enhanced considerably to produce the SCALE-4 version that is denoted as
SAS2H. With the SAS2H model, the presence of water holes, control rods, burnable poison
rods (BPRs) orifice tubes, and other assembly design features can be considered in an
approximate fashion. This new capability allows a more accurate evaluation of isotopic
concentrations and source terms at long cooling times (>10 years), where actinide contributions
are more important.

The criteria originally apphcd in developing the SAS2 module have not changed over its
continual evolution. These criteria are the following: ,

1. predict, using first prmcxpl&s the nuclear charactenstxcs for spent fuel assemblies
having a specified reactor history;

2. predict radiation dose rates for a radial model of a shipping cask containing spent
fuel with the calculated characteristics;

3. permit the user to supply a minimal quantity of input using the relatively convenient
format of the SCALE system;

4. apply standard analytical models using well-established computer codes to represent
the physics of the system being analyzed within the 1-D limits of the codes;

5. apply acceptable and documented data bases, which can be updated in the future;

6. automate the use of known methods in calculating some of the input parameters and
the selection of appropnate control options for the various codes applied in the
analysis;

7. document extensrvely the analytical techniques, limitations, program flow, sample
cases, and user’s guide; and

8. make both the code and the manual easily available to the technical community.

In noting the more general value of the module, the neutron and photon spectral sources
produced by SAS2H can now be con:veniently accessed by the SCALE shielding analysis modules.
i



4

The remainder of this section describes the SAS2H analysis sequence used to calculate
the characteristics of spent LWR fuel. Previous limited validation/verification efforts for the
SAS2H models and results will also be discussed.

22 MODULES AND DATA

The SAS2H control module performs the depletion/decay analysis using the well-
established codes (or functional modules) and data libraries provided in the SCALE system. The
applicable modules and data libraries are reviewed briefly in this section. More detail can be
found in ref. 1.

Problem-dependent resonance processing of neutron cross sections is performed by
SAS2H using the BONAMI-S and NITAWL-II modules. BONAMI-S applies the Bondarenko
method of resonance self-shielding for nuclides that have Bondarenko data included with their
cross sections. NITAWL-II is an updated version of the NITAWL code and performs resonance
self-shielding corrections using the Nordheim Integral Treatment for nuclides that have
resonance parameters included with their cross sections.

The XSDRNPM-S module, as applied by SAS2H, is used to produce weighted and
collapsed cross sections for the fuel-depletion calculations. XSDRNPM-S performs a 1-D
discrete-ordinates transport calculation based on various specified geometries requested in the
data supplied by SAS2ZH. Data from the weighted cross-section library and spectra produced by
XSDRNPM-S are used by the COUPLE module to update an ORIGEN-S nuclear data library
and modify the ORIGEN-S spectral parameters (THERM, RES, and FAST).

The ORIGEN-S module is used for the depletion/decay portion of SAS2H. ORIGEN-S
is referred to as a point-depletion code and contains no explicit spatial dependence. Therefore,
all data provided to ORIGEN-S (i.e., cross sections or spectral data) are effective values
weighted over the spatial region of interest. ORIGEN-S is used to compute time-dependent
concentrations and source terms for a large number of isotopes that are simultaneously
generated or depleted through neutronic transmutation, fission, radioactive decay, input feed
rates, and physical or chemical removal rates. The time dependence of the nuclide
concentrations is solved by using the matrix exponential expansion technique. A generalized
form of the Bateman equation is used to solve for concentrations of short-lived nuclides to
ensure better accuracy.

Any master AMPX cross-section library”® with SCALE nuclide identifiers can be used
by the SAS2H module. Of the available SCALE libraries, the hybrid 27-group neutron cross-
section library is typically applied. This library primarily has ENDF/B-IV data, but carly
ENDF/B-V data have been added for the needed fission products. Also, a 44-group neutron
cross-section library prepared with the latest revised ENDF/B-V data files, with the exception
that 0, **Eu, and ™’Eu cross sections were prepared with ENDF/B-VI data files, has recently
been processed and is used in this study. A fission-product evaluation conducted at ORNL and
reported!” in 1990 showed a significant difference between ENDF/B-V and ENDF/B-VI capture
cross-section evaluations of both Eu and **Eu. The resonance integral for *Eu in the
ENDF/B-VI evaluation was greater than an order of magnitude higher than that in the
corresponding ENDF/B-V evaluation. The reason for this extreme difference is that Eu
resonance parameters were not available in the ENDF/B-V data files.

The ORIGEN-S data libraries (Sect. M7 of ref. 1) are accessed for the half-lives, decay
constants, fission yields, and Q-values. One maodification to the ORIGEN-S decay data base in
Version 4.2 of SCALE was rcguircd in this study. The half-life of Se was corrected from
33,000 to 330,000 years. The "Se spent fuel content was measured in units of curies. The
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conversion of the calculated *Se mass to curies applies the half-life. Preliminary results were
an order of magnitude too high. An inspection of the progress report in which the upper limit
of the ™Se half-life was first reported indicated that instead of using the correct factor of 1.68 x
10 for converting ug/(dfs) to half-life in years, a value of approximately 1.68 x 107 was applied,
which is too low by a factor of 10. The larger half-life was updated in the ORIGEN-S library
for local use and will be included in future releases of SCALE.

Input data for each SCALE module are prepared by SAS2H based on a single set of
input consisting of basic engineering parameters (e.g., fuel pin-cell dimensions and compositions)
and keywords cast in a simple, free-form format. The SAS2H program uses this basic
information to derive additional parameters (e.g., number densities or associated physics data)
and to prepare the input for each of the functional modules in the sequence. Nuclide densities
required by the codes are prepared by the SCALE Material Information Processor Library
(MIPLIB) from both the user input (e.g., material densities or volume fractions) and the
contents of the SCALE Standard Composition Library. MIPLIB is also an essential tool in
calculating applicable physics parameters (e.g., Dancoff factors) for the neutronics modules.

23 METHOD AND TECHNIQUES

The method applied by SAS2H utilizes data describing a fuel assembly as it is initially
loaded into a particular reactor. The geometry, initial material composition, average zone
temperatures, and time-dependent specific power of the fuel assembly are required input.
Fundamentally, the chief function of the SAS2H program is to convert this user input data, plus
data available within the SCALE system, into the input required by functional modules and
transfer the data onto the interface units read by these codes. A diagram of the basic flow path
invoked by SASZH and the SCALE driver for depletion and decay analyses is shown in Fig. 1.
Appropriate parameters are returned to the SCALE driver to properly invoke the functional
modules in the SAS2H method. The methods and techniques employed by SAS2H through the
execution of the final ORIGEN-S case are discussed in the remainder of this section.

23.1 Neutronics Models

The flow chart of Fig. 1 indicates two computational paths (path A and path B) for the
neutronics portion of the depletxon analysis. Although the neutronics modules used in these
sequential flow paths are similar (both access BONAMI-S, NITAWL-II, and XSDRNPM-S), the
models analyzed are quite different. Path A evaluates a model similar to that used in earlier
SAS2 versions. The addition of flow path B and its model distinguishes the new version of the
SAS2 control module that is denoted SAS2H.

Basically, the model used in path A represents the fuel as an infinite lattice of fuel pins.
Cross-section processmg is followed by a 1-D discrete-ordinates transport computation of the
neutron flux in a unit cell with white boundary conditions. The cell-weighted cross sections
produced by this path-A model are then applied to the fuel zone of the path-B model. The
model applied in path B is a larger unit cell model used to represent part or all of an assembly
within an infinite lattice. The concept of using cell-weighted data in the 1-D XSDRNPM-S
analysis of path B is an approximate method for evaluating heterogeneity effects found in fuel-
pin lattices containing different types of rods or water "holes." The path-B model is used by
SAS2H to generate few-group, cellawelghtcd cross sections for ORIGEN-S and to calculate the
neutron flux for an "assembly- avc#agcd" fuel region that is used to update the ORIGEN-S
spectral parameters for isotopes not explicitly included in the cell model.



SCALE DRIVER AND SAS2H
START
SET PATH-B
SET PATH-A 1 BONAMI-S
1 NITAWL-II
NO -
PATH-B? XSDRNPM-S
YES
—%  COUPLE
1 ORIGEN-S
»  ORIGEN-S

END

NEUTRONICS-DEPLETION
ANALYSIS PASSES,
PRODUCING TIME-DEPENDENT
CROSS-SECTIONS AS
ORIGEN-S LIBRARIES.

Y

BURNUP AND DECAY
ANALYSIS, PRODUCING
SPENT FUEL SOURCES.

Fig. 1. Flow path invoked in SAS2H depletion and decay sequences.
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Two examples of the larger unit cells are depicted in Fig. 2, where diagram (a) applies
to a PWR control rod assembly and diagram (b) applies to a burnable poison assembly in a
BWR. Variations to diagram (b) (¢.g., omitting the casing and channel moderator) would apply
to different types of BWR or PWR assemblies. The essential rule in denvmg the zone radii is
to maintain the relative volumes in the actual assembly. The central region of the larger cell can
be modeled as an assembly guide tube, a BPR containing no fuel, an orifice rod, an axial peaking
rod, a fuel rod containing a burnable poison, or almost any other pin-cell type rod. A fuel region
surrounds the central region moderator with a radius that conserves the relative volumes of fuel
and moderator for the entire assembly. Also, the fuel assembly housing material, or casing, and
channel moderator between assemblies may be added by conserving volumes. Assembly rod
spacers and other hardware that may be present are usually ignored. However, if their effects
are estimated to be significant, they may be input by using zone average or effective densities.

During normal reactor operation, there are axial variations in moderator density and
power in all assemblies. The approximation used to determine the average water density may
have a significant effect upon the results. A frequent and acceptable practice in using SASZH
for PWR assemblies is to derive the average density using the water pressure and the average
core temperature.

232 Bumup-Dependent Cross Sections

Fuel cross sections vary with burnup because of the change in nuclide concentration and
because of the resulting shift in the energy spectrum of the neutron flux. The neutronics-
depletion procedure of Fig. 1 is apphed repeatedly by SAS2H to produce cross-section libraries
for the irradiation intervals requested in the input. The major data differences for the sequential

"passes” are in the nuclide densities and reactor history parameters.

The user input specifies the number of reactor power cycles, the number of libraries to
make per cycle, the specific power in each cycle, and both the total operation time and downtime
of each cycle. The irradiation-time interval associated with each library is derived from this
input. With the exception of the initial fresh-fuel library, each cross-section library is based on
number densities obtained for the midpoint of the irradiation-time interval. The midpoint
number densities for an irradiation interval are computed from an ORIGEN-S case that uses the
library from the previous irradiation interval. Collapsed cross sections for all nuclides included
in the path-B XSDRNPM-S analysis are explicitly updated and included on each new
ORIGEN-S working library. Other nuclide cross sections on the ORIGEN-S library are updated
using broad-group, flux-weight factors from the path-B XSDRNPM-S analysis. Trace amounts
of the selected nuclides shown in Table 1 are automatically included by SAS2H in the
XSDRNPM-S analysxs to ensure that appropriate cross sections are available for unportant
nuclides that build up in the fuel during depletion. Additional trace nuclides (e.g., major fission
products) can be input hy the user.

The procedure is illustrated schematncally in Fig. 3 for a two-cycle case where two
libraries per cycle are requested. The first step is to produce the "PASS 0" library prepared using
the fresh fuel isotopics. This initial library is used in the first ORIGEN-S case to generate
number densities at the midpoint of the first irradiation interval. Next, the SAS2H module
performs the necessary data processing and rewrites all code interfaces. Then, the "PASS 1"
library is produced by executing path A and path B of Fig. 1 a second time with the new input
interfaces. Each additional pass applies the same procedure as used for "PASS 1" [ie,
(1) isotopic densities at the midpoint of the Ni# irradiation interval are obtained using the hbrary
from the N-1 interval and the isotopic densities at the start of the N-1 interval, and (2) the
"PASS N" library is obtained using the neutronics procedure with the midpoint isotopic densities).
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Fig. 2. Examples of larger unit cell for the model used in the path-B portion of SAS2H.



9

Table 1. List of fuel nuclides automatically included by
SAS2 for neutronics processing®

13530 ! B3p,) ‘ 242m A
133CS 239P u 243 Am
234U 240Pu 242Cm
235U ' 241 Pu '243Cm
Z’i6U 242P u 244Cm
B3y 2 Am 1/v-absorber®
737Np

*Unless overridden by user input, these nuclides are added to the
initial fuel mixture with a number density of 10 atoms/b-cm.

PUsed to calculate the THERM parameters applied in ORIGEN-S
(see Sect. F7 of Ref. 1).

ORNL-DWG pOM-12166
LIBRARIES ‘
USED |
(1,2,3,4) « ; » FINAL ORIGEN-S CASE
(3) ——— 4th ORIGEN-S CASE
@) S 3rd ORIGEN-S CASE
(1) > 2nd ORIGEN-S CASE
© — 1st ORIGEN-S CASE
| | | | |
o 1 2 3 4 LOCATION OF
| i - ] | PASS 0-4 LIBRARIES
| _ , |
} ) ]
CYCLE 1 ‘ CYCLE 2

Fig. 3. Schematic of successive ORIGEN-S cases used to produce the burnup-dependent
number densities for a SAS2H case with two libraries per cycle.
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Number densities for the heavy nuclides of the fuel, together with their activation
products and fission products, are all computed by ORIGEN-S. In addition, ORIGEN-S
calculates the depletion of the burnable poisons boron, gadolinium, and cadmium, and some of
the specified structural materials or light elements (e.g., lithium). As noted earlier, the
moderator density does not change from the initial material specification unless requested by the
user. The fraction of the first-cycle (initial material specification) density of the water or soluble
boron may be specified by the user for each cycle.

23.3 Final Depletion and Decay Analysis

The purpose of the neutronics-depletion method was to produce a set of ORIGEN-S
working libraries that apply to the specified fuel assembly at various points during its irradiation
history. These libraries and the initial nuclide densities form the input to the final ORIGEN-S
depletion case. All the nuclides in the ORIGEN-S binary library' are available for the analysis.
These nuclides presently include 689 light elements, such as clad and structural materials, 129
actinides, including fuel nuclides and their decay and activation products, and 879 fission-product
nuclides. All depletion/decay transitions are automatically provided in the ORIGEN-S library
and can be updated easily by COUPLE.

The first step of the final ORIGEN-S case is the nuclide generation and depletion
computation using the "PASS 1" library. The first-cycle power and "PASS 1" time interval are
applied. Four equal-size time steps are used during the irradiation time, followed by a single
downtime interval. If no downtime is specified, a zero-time interval is applied. Next, a similar
computation is performed using the compositions determined at the end of the "PASS 1"
calculation and the cross-section data on the "PASS 2" library. The analysis proceeds with each
succeeding library and corresponding assembly power and time interval. Ultimately, the nuclide
inventories (actinides, fission products, and light elements) are computed at the burnup
corresponding to the discharge of the assembly from the reactor. Finally, a decay-only subcase
(six equal-size time steps) is computed for the requested spent fuel cooling time. The calculated
compositions from this last decay subcase are applied in the determination of other spent fuel
characteristics (e.g., radiation sources and heat generation).

24 INPUT FEATURES

Basic engineering data, in free-form input, are required to perform the SASZH analysis.
An example of the input for the fuel-depletion data in a sample case is shown in Fig. 4. The
input provided in Fig. 4 is for a three-cycle depletion of a 17 x 17 PWR assembly to
33 MWd/kgU. The first part through the line giving the square-pitch dimensions defines the
reactor materials and lattice cell design, the next part describes the power operating history and
other data on the fuel assembly, and the final part gives the light-element contents. Even though
all the data are available at reactor sites, nominal data can be found in various reactor fuel
characterization compilations (see various references in Sect. 3).



=SAS2H PARM=’ SKIPSHIPDATA'

SAS2 SAMPLE CASE 3: 33 MWD/KGU, 17%17 PIN, PWR, 3 CYC, DRY-FUEL CASK
27GROUPNDF4  LATTICECELL

UO2 1 0.9018 811 92234 0.028 92235 3.2 92236 0.015 92238 96.757 END

ZIRCALLOY 2 1 620 END

H20 3 DEN=0.733 1 570 END

AREM-BORMOD 0.733 1 1 0 O 5000 100 3 550.0E-6 570 END
C0-59 3 1-20 570 ED

END COMP

SQUAREPITCH 1.25984 0.83566 1 3 0.94996 2 END
NPIN/ASSM=264 FUELNGTH=365.76 RCYCLES=3 NLIB/CYC=1
PRINTLEVEL=4 |

LIGHTEL~16 | |

POWER=~18.3025 BURN-290 DOWN-30 END

POWER=17.3025 BURN=300 DOWN=60 BFRAC=0.95 END
POWER=16.3025 BURN=-290 DOWN=1826.25 BFRAC=0.92 END
C 0.05999 N 0.03377 O 62.14 AL 0.04569
SI 0.06586 P 0.1422 TI 0.04983 CR 2.340
MN 0.1096 FE 4.599 CO 0.03344 NI 4.402
ZR 100.8 NB 0.3275 MO 0.1816 SN 1.652
END S

Fig. 4. Exzjample of fuel depletion SAS2 input.

25 HEAT GENERATION VALIDATION

Reference 21 describes work performed to validate the SAS2H analysis sequence for use
in calculating heat generation rates for PWR and BWR spent fuel. The validation study involved
comparing calorimetric measurements of spent fuel assembly heat rates with computed values.
In this study, results were compared for ten PWR and ten BWR spent fuel assemblies obtained
from three reactors: Point Beach Unit 2 (PWR), Turkey Point Unit 3 (PWR), and Cooper
Nuclear Station (BWR). Measured and computed decay heat rates and percentage differences
for each measurement are documented. The average differences for the three reactors indicated
the computed values of the Point Beach PWR assemblies to be greater than the measurements
and the opposite relationship for data of the other two reactors. Specifically, the assembly
average percentage differences were 3.0 + 1.9%, -0.7 + 1.7%, and -0.7 + 2.6% for the Point
Beach, Turkey Point, and Cooper Nuclear Station analyses, respectively. The report concluded
that SAS2H gave valid results for spent fuel heat generation for a wide range of burnups, initial
enrichments, and reactor power history. The validation performed here provides a more
strenuous test of the analysis sequence since heat generation is a global quantity that could mask
compensating errors in individual isotopics.



3. PWR FUEL ASSEMBLY DATA FOR PROBLEMS ANALYZED

The problems selected for validation of depletion and decay analysis using the SAS2H
control module of the SCALE code system are based on post-irradiation measurements
performed with PWR spent fuel from the Calvert Cliffs Unit 1, H. B. Robinson Unit 2, and
Obrigheim reactors. The Materials Characterization Center at Pacific Northwest Laboratory
selected three 14 x 14 Combustion Engineering (CE) assemblies from Calvert Cliffs and one
15 x 15 Westinghouse assembly from H. B. Robinson for the Approved Testing Material (ATM)
program that was designed to provide a source of well-characterized spent fuels.!'* For a
specific rod within each assembly, radiochemical measurements were made on fuel pellets from
either three or four axial positions with each position corresponding to a different burnup. For
each pellet, measured data were obtained for the major actinides, cesium isotopes, and *Tc.
Other fission products of importance to burnup credit (i.e., high neutron absorbers) have recently
been measured for one Calvert Cliffs assembly [D047 (ATM-104)}.22 Isotopic measurements of
the Obrigheim 14 x 14 assemblies were performed in Europe.'® For these measurements,
each assembly was cut in half lengthwise and dissolved separately at the Karlsruhe Reprocessing
Plant in Germany. The radiochemical analysis for a number of actinide and fission products was
subsequently carried out by four independent institutes. The Obrigheim measurements thus
provide "assembly average" isotopic values that, in comparison with individual pellet
measurements, are more consistent with the spatially independent (i.e., assembly average) point-
depletion techniques typically used to characterize spent fuel for away-from-reactor applications.
Some pellets were also selected from the Obrigheim assemblies for radiochemical assay, but these
measurements have not been included in this evaluation.

The initial 2°U fuel enrichment, the accumulated burnup, and the cooling time are very
important parameters in characterizing the nuclide inventory of spent PWR fuel. Table 2
provides these basic characterization parameters for the three Calvert Cliffs assemblies, the single
H. B. Robinson assembly and the five Obrigheim assemblies considered in this report. The
enrichments, burnups, and cooling times in Table 2 are representative of a very large percentage
of the spent fuel inventory in the United States and thus provide appropriate data for validating
nuclide depletion, buildup, and decay models. The following subsections provide the detailed
descriptions necessary to perform a calculational prediction of the spent fuel isotopic
compositions for each assembly and pellet location. Listings of the actual input data to SAS2H
for all of the validation cases are shown in Appendix A. Comparisons of the measured data
against isotopic compositions predicted using the SASZH/ORIGEN-S sequence of SCALE-4
code system are given in Sect. 4.

3.1 CALVERT CLIFFS PWR SPENT FUEL DESIGN AND OPERATING DATA

The Calvert Cliffs Unit 1 PWR uses CE fuel assemblies with a 14 x 14 pin lattice. A
general description of the standard Calvert Cliffs fuel assembly design is presented in Table 3.
The initial fuel compositions for the assemblies are listed in Table 4. The locations within the
14 x 14 assembly lattice of the specific fuel rods examined from each assembly are shown in
Figs. 5 through 7.

The assembly designated D047 was loaded in Calvert Cliffs Unit 1 during cycles 2
through 5, inclusive. D101 was only loaded during cycles 2 through 4, inclusive. BT03 was
loaded during cycles 1 through 4, inclusive. The operating data (e.g., cumulative burnups) on

12
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Table 2. Basié parameters of the measured spent fuel

Test

Axial®
assembly Enrichment location Burnup Cooling
Pressurized water reactor (ATM No.)  (wt % 2U) (cm) (GWA/MTU) time (d)
Calvert Cliffs Unit 1 D047 3.038 13.20 27.35 187
(ATM-104) 2770 37.12
165.22 44.34
Calvert Cliffs Unit 1 D101 272 8.90 18.68 2374
(ATM-103) 24.30 26.62
161.70 33.17
Calvert Cliffs Unit 1 BTO3 2.453 11.28 31.40 2447
(ATM-106) 19.92 37.27
161.21 46.46
H. B. Robinson Unit 2 BOS 2.561 11 16.02 3936
(ATM-101) 26 23.81 3936
199 28.47 3631
226 31.66 3631
Obrigheim 170 3.13 N/AS 25.93 o
Obrigheim 172 3.13 N/AC 26.54 o
Obrigheim 176, batch 91 3.13 N/AS 27.99 o
Obrigheim 168 3.13 N/AS 28.40 o
Obrigheim 171 313 N/A® 29.04 1
Obrigheim 176, batch 90 3.13 N/A® 29.52 o’

“Distance from bottom of fuel.
*Radiochemical analyses of additional fission products at 3817 d, with reported values adjusted

to 1870 d.

‘Not applicable. Assembly average isotopic measurements and burnup.
“Measured data converted to time of shutdown for discharge.
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Table 3. Calvert Cliffs general fuel assembly design data

Parameter Data
Assembly ID D047 and D101 BTO3
Assembly general data
Designer Combustion Engineering  Combustion Engineering
Lattice 14 x 14 14 x 14

Number of fuel rods
Number of guide tubes
Assembly pitch, cm

Fuel rod data
Type fuel peliet
U0, density, g/cm®

Pellet end dishing, vol %
Pellet stack density, g/cm®

Rod pitch, cm (in.)

Rod OD, cm (in.)

Rod ID, cm (in.)

Pellet diameter, cm (in.)

Active fuel length, cm (in.)

Clad material

Guide tube data
Inner radius, cm (in.)
Outer radius, cm (in.)
Tube material

176
5
20.78

U0,

10.413

3.539*

10.045

1.4732 (0.580)
1.1176 (0.440)
0.9855 (0.388)
0.9563 (0.3765)
347.22 (136.7)
Zircaloy-4

1.314 (0.5175)
1.416 (0.5575)
Zircaloy-4

176
S
20.78

Uo,

10.175

1.366*

10.036

1.4732 (0.580
1.1176 (0.440)
0.9855 (0.388)
0.9639 (0.3795)
347.22 (136.7)
Zircaloy-4

1.314 (0.5175)
1.416 (0.5575)
Zircaloy-4

“Calculated from design dimensions of pellet.
Sources: refs. 12 through 14 and ref. 23.
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Table 4. Fuel composition of Calvert Cliffs fuel assemblies

D047 D101 BTO03°

Parameter (ATM-104) (ATM-103) (ATM-106)
Enrichment,

wt % 25U 3.038 2.72 2.453

wt % 2*U* 0.027 0.024 0.022

wt % P°U* 0.014 0.013 0.011
Total uranium, wt % B8.14 83.14 88.14
Oxygen, wt % 11.86 11.86 11.86
Carbon, ppm 18 12 19
Nitrogen, ppm 23 24 44
Fluorine, ppm <5 <5 <5
Chlorine, ppm <10 <10 <10
Iron, ppm <45 52 <45
Silver, ppm <1 <1 <1
Aluminum, ppm <115 <121 <115
Nickel, ppm <25 <25 <25

“Data taken from réf. 13.

*Data taken from ref. 12.

“Data taken from ref. 14.

“Not part of fuel certification data; calculated according to the

following equations:*
B0 wt % = 0.0089 x ZU wt %
20U wt % = 0.0046 x ZU wt %
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the samples taken from the D047jassembly were available in greater detail® than the data for
the D101 and BT03 assemblies. Linear heat generation rates (LHGRs) for D047 Rod MKP109
at the three axial locations of the samples are listed in Table 5. At each axial location, the linear
burnups of time intervals (i.e., the product of interval size and LHGR) were summed for each
cycle. The linear burnups per cycle were then normalized to the total bumups of the three D047
samples listed in Table 2 to produce the cumulative burnups presented in Table 6. Estimates
of the cumulative burnups for samples from the other two assemblies were derived with a
different procedure because no LHGR data were reported for their samples. Assembly D101
resided in the reactor during the first three of the four cycles in which D047 was present. Also,

each of the axial distances to the bottom of the fuel of the D101 samples were only 3.2 to 4.1 cm
less than those of the D047 samples at similar positions. Thus, the cumulative burnups of the
D101 samples were estimated by assuming that the burnups experienced during a cycle at similar
axial locations in both assemblies were equal fractions of the corresponding cumulative burnup
over the three cycles of operations common to both assemblies. The method of estimating the
sample burnup used for D101 could not be applied to BT03 because the reactor residence period
of BTO03 included one cycle prior to that of D047. Also, operating history data of the BT03
assembly samples were specified in terms of the cycle and cumulative burnups of the entire Rod
NBD107. Therefore, the fraction of the total four-cycle burnup that was experienced in each
cycle by the rod was applied to the total burnup of each sample of BT03 to produce the cycle
and cumulative burnups of the samples. The final cumulative burnups of the nine samples listed
in Table 6 are equal to the corresponding sample burnups in Table 2. The power histories of
each of the pellet samples, also shown in Table 6, were calculated from the cycle lengths and
corresponding cycle burnups.

The cycle average boron concentrations in Table 6 were derived from the data in
Table 5. The first and last soluble boron concentrations for each cycle were used to estimate
the rate of change in boron versus time. An initial and final boron concentration for each cycle
was calculated by extrapolation ‘from the average values in the first and last intervals,
respectively, nsmg the calculated rate of change in boron versus time. The cycle average boron
concentrations in Table 6 are the average of the extrapolated initial and final concentrations.
The boron concentration of cycle 1 was set equal to that of cycle 2.

The effective fuel temperature data in Table 6 was specifically for D047 Rod MKP109,
but were applied to all three fuel rods since no data were available for D101 Rod MLA098 or
BTO03 Rod NBD107. An cffcchve fuel temperature for each sample was derived by burnup-
we1ght1ng of cycle temperatures in Table 6 for assemblies D047 and D101. Estimates of the

impact of these temperature assumptions were determined. The cumulative burnup, and thus
the average power, during the first three cycles of D101 Rod MILA098 was between 3 and 9.5%
less than that of peliet samples from similar locations in D047 Rod MKP109. Computations for
fuel temperatures with a 100 K difference, indicated a maximum uranium and plutonium isotopic
change of 0.013%/ K. Applying an estimate (based on Obrigheim temperature vs power data
in Sect. 3.2) of 2.3 K/% change in power, the maximum isotopic error in uranium and plutonium
is estimated to be 0.3% (9.5 X 2.3 x 0.013). The average power of BT03 Rod NBD107 was
between 6 and 18% less than the corrcspondmg values of D047 Rod MKP109. Using the same
type of estimate as applied to D10}, the maximum uranium and plutonium isotopic error would
be 0.5%. Although the possible bias from fuel temperature estimates are not ideal, they may be
considered acceptable. Note that there were no estimates of fuel temperatures in cycle 1 to
apply to assembly BT03. Thus, thcw effective fuel temperature for a sample in BT03 was assumed
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Table 5. Power historics and boron concentrations
Fuel Assembly D047 Rod MKP109

Cycle No. 2 (3-22-77 to 1-22-78)

Average LHGR,® kW/ft
Interval soluble
days boron, ppm 13.20 cm 27.70 cm 165.22 cm
7.0 654 2.0 3.04 542
308 614 273 4.08 6.64
163 563 - 2.80 4.18 6.60
114 533 2.86 4.26 6.60
125 507 2.94 434 6.56
237 468 3.01 443 6.41
228 418 3.16 4.61 6.44
232 368 3.27 473 6.37
8.1 333 3.30 475 6.34
31.4 290 3.48 495 6.34
343 218 3.59 5.05 6.53
16.4 162 375 5.25 6.38
19.2 122 3.75 5.21 6.26
128 86 3.81 5.28 6.30
34.2 36 3.63 4.98 5.95
19 0 3.64 498 5.96
71.0 0 0 0 0
Cycle No. 3 (4-3-78 to 4-20-79)
Average LHGR,* kW/t
Interval soluble
days boron, ppm 13.20 cm 27.70 cm 165.22 cm
79 883 2.63 3.85 7.47
14.4 862 27N 395 7.20
19.7 837 2.14 3.11 5.04
16.8 808 3.18 4.58 7.79
163 775 3.35 4.81 7.78
154 741 3.74 533 8.16
39.1 684 3.71 523 7.45
312 611 3.95 5.50 7.37
318 545 4.08 5.64 7.20
318 478 420 5.75 7.02
443 368 438 5.93 6.93
25.0 291 0 0 0
59.1 224 4.67 6.20 6.89
28.9 120 4.95 6.52 7.12

81.0 & 0 0 0
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. Table 5. (continued)

Cycle No. 4 (7-10-79 to 10-18-80)

Average LHGR,” kW/ft

Interval soluble ‘

days boron, ppm 13.20 cm 27.70 cm 165.22 cm
46.1 960 2.79 3.97 6.59
24.0 889 291 411 6.54
22.6 827 3.07 4.29 6.43
257 759 3.29 4.56 6.33
30.2 706 1.57 2.17 3.05
412 788 1.79 2.46 3.18
50.3 720 1.72 2.35 3.00
11.0 673 3.18 4.33 523
328 527 3.93 5.31 6.17
23.5 460 4.07 5.42 6.12
29.4 370 4.05 5.35 5.95
28.1 301 4.25 5.56 6.07
65.4 191 4.42 5.67 5.98
35.7 73 4.62 5.87 6.02
85.0° 31 0 0 0

Cycle No. 5° (1-11-81 to 4-17-82)
Average : LHGR,” kW/ft

Interval soluble ,

days boron, ppm 1320 cm 27.70 cm 165.22 cm
65.0 919 | 1.98 2.67 455

55 911 : 2.15 291 4.80

6.6 896 i 2.20 298 4.80
28.6 B854 ‘ 2.36 3.15 4.79
31.2 784 | 2.54 3.36 472
27.0 715 2.66 352 4.73
22.7 655 277 3.63 4,71
271 603 : 2.46 3.22 4.05
552 521 ! 281 3.64 434
209 434 ? 3.17 4.08 4.75
41.9 356 3.32 4.24 4.79
216 281 3.38 4.30 4.80
27.6 226 3.21 4.04 4.49
19.0 173 3.57 4.49 4.87
61.2¢ 7 3.05 3.79 4.00

*At indicated axial locations from bottom of fuel.

*Cooling times to dates of D101 and BTO03 sample analyses (April 1987 and June 1987) were 2374 d
(65 y) and 2447 d (6.7 y), respectively. |

“Only assembly D047 was loaded in this cycle.

“Cooling time following this final irradiation interval to date of D047 sample analyses (June 1987) was
1870 d (5.1y). :

Sources: refs. 13 and 25.
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Table 6. Operating data for Calvert Cliffs Assembly D047, Rod MKP109,

Assembly D101, Rod MLAQ98, and Assembly BT03, Rod NBD107

Cycle number 1° 2 3 4 5
Cycle length, d 8160  306.0 381.7 466.0 461.1
Downtime after cycle,? d 81.0 71.0 813 8s5.0 -
Cumulative burnup, GWd/MTU
Rod MKP109, 13.20 cm - 5.28 12.69 20.63 2735
Rod MKP109, 27.70 cm - 7.56 17.78 2842 37.12
Rod MKP109, 165.22 cm - 9.52 21.93 34.14 44.34
Rod MLA098, 9.10 ¢cm - 4.78 11.49 18.68 -
Rod MLA098, 24.50 cm - 7.08 16.65 26.62 -
Rod MLA098, 161.90 cm - 925 2131 33.17 -
Rod NBD107, 11.28 cm 14.59 2031 2529 31.40 -
Rod NBD107, 19.92 cm 17.32 24.10 30.02 37.27 -
Rod NBD107, 161.21 cm 21.59 30.05 37.42 46.46 -
Cycle average power, MW/MTU
Rod MKP109, 13.20 cm - 17.24 19.43 17.04 14.57
Rod MKP109, 27.70 cm - 24.72 26.76 22.84 18.87
Rod MKP109, 165.22 cm - 31.12 3251 26.20 22.12
Rod MLA098, 9.10 cm - 15.61 17.59 15.43 -
Rod MLA098, 24.50 cm - 23.15 25.06 2139 -
Rod MLA098, 161.90 cm 30.24 31.58 25.46 -
Rod NBD107, 11.28 cm 17.88 18.67 13.06 13.10 -
Rod NBD107, 19.92 cm 21.22 22.16 15.51 15.55 -
Rod NBD107, 161.21 cm 26.46 27.62 1933 19.39 -
Cycle average boron, ppm (wt) 3308 3308 4694 503.7 492.1
Effective fuel temperature,” K
Rod MKP109, 13.20 cm - 829 850 775 709
Rod MKP109, 27.70 cm - 940 927 793 712
Rod MKP109, 165.22 cm - 997 958 794 747
Rod MLA098, 9.10 cm - 829 850 775 -
Rod MLA098, 24.50 cm - 940 927 793 -
Rod MIL.A098, 161.90 cm - 997 958 794 -

“No burnup or power specified if assembly not loaded in cycle.

*Cooling times after shutdown for discharge to time of assay analyses listed in Table 2.

“No fuel temperature data for Assembly BT03, Rod NBD107.
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to be equal to that for a sample at the corresponding axial location in D047. The estimated
weighted effective fuel temperaturcs, derived by the above procedures, are listed in Table 7.

The moderator temperatures listed in Table 7 were calculated as a function of distance
from the bottom of the fuel rod. The calculation was based on an inlet temperature of 543.2°F
and an outlet temperature of 593.6°F. It was assumed that the heat produced in the moderator
versus fuel height was a sine function. Integrating this function yields the following formula for
moderator temperature vs height: |

V T "‘T zh
=T, AT MY -cos — |,
Th) = Ty + 3 ( - cos H)

where

T(h) = temperature (°F) at height h,
Ty = inlet temperature = 543.2°F,
Toyr = outlet temperature = 593.6°F,

H = total fuel height = 347.22 cm.

The moderator temperatures in Table 7 are based on this formula. The moderator densities
were determined by using these temperatures to interpolate on a temperature-pressure-density
table at a pressure of 2247 psia. The inlet and outlet temperatures and moderator pressure were
supplied by the operating utility.”

32 H B. ROBINSON PWR SPENT FUEL DESIGN AND OPERATING DATA

The H. B. Robinson Unit 2 PWR uses Westinghouse fuel assemblies with a 15 x 15 pin
lattice. Descriptions of the design characteristics of Assembly B05 and the burnable poison
fixture present in the assembly during cycle 1 are presented in Table B (refs. 19 and 26). The
assembly was loaded in H. B. Robinson during cycles 1 and 2. The location within the B0S
lattice of Rod N-9, the fuel rod examined, is shown in Fig. 8.

Power histories and other operating data for Assembly BOS are listed in Table 9.
Detailed operating data were condensed to that given in the table. As a modeling
approximation, each reactor cycle was split into two equal irradiation time intervals to allow the
placement of downtime at the cycle midpoints. The 64-day downtime was the duration of the
reloading period between cycles. The specific power of each pellet sample was assumed to
decrease linearly with irradiation time and was normalized to produce the final total burnup in
deriving the interval burnups and corresponding average powers. The differences between the
estimated and detailed power histories should not cause a significant change in the isotopic
compositions calculated at the cooling times (~ 10 years) of the radiochemical analyses.

Moderator temperatures and densities and effective fuel temperatures are listed in
Table 10. The moderator temperatures were calculated by the same method applied to the
Calvert Cliffs moderator (see Sect. 3.1) using inlet and outlet temperatures of 546.5°F and
600.6°F, respectively.”’ The moderator densitics were determined by interpolating data on a
temperature-pressure-density table at a pressure of 2250 psia.”’ The effective fuel temperatures
were determined from the fuel temperature versus rod linear power curve in Fig. 9 (from
ref. 16). Although the curve was developed for the Obrigheim PWR, the rod dimensions, rod
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Table 7. Moderator conditions and effective
fuel temperatures for Calvert Cliffs 1 PWR

Moderator Moderator Fuel

Test Rod Axial temperature density temperature
assembly D location (cm)  (°F) (X) (g/em®) (X)
D047 MKP109 13.20 543.4 557 0.7575 790
27.70 5440 558 0.7569 841
165.22 566.5 570 0.7332 873
D101 MLAQO98 9.10 5433 557 0.7576 816
24.50 543.8 558 0.7571 880
161.90 565.7 570 0.7341 910
BT03 NBD107 11.28 5433 557 0.7576 790
19.92 543.6 557 0.7573 841

161.21 565.6 570 0.7342 873
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Table 8. Design data for H. B. Robinson Fuel Assembly B0OS

Instrument tube data -
Inner radius, cm (in.)
Outer radius, cm (in.)
Material

Burnable poison rod data
Air OD, cm (in.)
SS304 OD, cm (in.)
Air OD, em (in.)
Borosilicate glass OD, cm (in.)
Air OD, cm (in.)
$S304 OD, cm (in.) |

Parameter Data
- Assembly general data
Designer ‘ Westinghouse
Lattice 15 x 15
Soluble boron, cycle avg, ppm (wt) 450
Number of fuel rods 204
~ Number of position with only guide tubes 8
Number of burnable poison rods 12
Number of instrument tubes 1
Assembly pitch, cm (in.) 21.50 (8.466)
Assembly fuel, kg U 443.7
Fuel rod data ~
Type fuel pellet Uo,
Enrichment: wt % 2°U 2.561
wt % P*U 0.023
wt % 25U 0.013
Pellet stack density, g/om® (% TD) 9.944 (90.73)
Rod pitch, cm (in.) | 1.4300 (0.563)
Rod OD, c¢m (in.) 1.0719 (0.422)
Rod ID, cm (in.) 0.9484 (0.3734)
Pellet diameter, cm (in.) 0.9294 (0.3659)
Active fuel length, cm (in.) 365.76 (144)
Clad temperature, K 595
Clad material Zircaloy-4
Guide tube data
Inner radius, cm (in.) 0.6502 (0.256)
Outer radius, cm (in.) 0.6934 (0.273)
Material Zircaloy-4

0.6502 (0.256)
0.6934 (0.273)
Zircaloy-4

0.5677 (0.2235)
0.6007 (0.2365)
0.6172 (0.2430)
1.0058 (0.3960)
1.0173 (0.4005)
1.1151 (0.4390)

Sources: refs. 19 and 26.
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Fig. 8. Location of Fuel Rod N-9 in diagram of Assembly B05
coupled with burnable poison fixture. Sources: refs. 11 and 26.
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Table 9. Operating data for H. B. Robinson Assembly B0S, Rod N-9 pellet samples

Operating interval number 1 2 3 4
Cycle number including interval 1 1 2 2
Interval time, d 243.5 243.5 156.0 156.0
Downtime following interval, d 40.0 64.0 39.0 -2
Cumulative burnup, GWd/MTU
No. N9B-§, 11 cm 5.08 9.99 13.04 16.02
No. N-9B-N, 26 cm 785 15.18 19.60 23.81
No. N-9C-J, 199 cm 9.62 18.41 23.61 28.47
No. N-9C-D, 226 cm 10.88 20.68 26.39 31.66
Interval average power, MW/MTU
No. N-9B-§, 11 cm | 20.86 20.15 19.57 18.11
No. N-9B-N, 26 cm 3223 30.10 28.35 26.99
No. N-9C-J, 199 cm 39.50 36.11 33.33 31.16
No. N-9C-D, 226 cm 44.68 40.25 36.61 33.78
Average soluble boron, ppm (wt) 652.5 247.5 652.5 2475
Burnable poison fixture, infout in in out out

“Cooling times after shutdown, on May 6, 1974, for discharge to time of radiochemical
analyses listed in Table 2.
Source: ref. 11.

Table 10. Moderator conditions and effective fuel
temperatures for H. B. Robinson Unit 2 PWR

Moderator Fuel
Pellet  Axial Total IMPELAWIE” 1y nsity of  Rod linear  omperature’
sample  location burpup . ————————== moderator’ power
ID (cm) GwaMTU) (CF (K (g/cm®) (Wem)  (°C) (K)
N-9B-S 11 1602 5866 559 0.7544 119.2 470 743
N-9B-N 26 23.81 5472 559 0.7538 1772 557 830
N-9C-J 199 2847 5773 576 0.7208 2119 610 883
N-9C-D 226 3166 = 5833 579 0.7135 2356 650 923

“Derived by method in Sect. 2.1 iising 546.5°F and 600.6°F for inlet and outlet temperatures
(ref. 27).

*Determined from the moderator temperature and the nominal pressure of 2250 psia (ref. 27).

“Estimated from curve of effective fuel temperature as function of linear power for reactor rod
data (ref. 16) of similar dimensions and pitch (Fig. 9).
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Fig. 9. Fuel temperature vs rod power for Obrigheim. Source: ref. 16.
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lattice pitch, and operating conditions of the H. B. Robinson and Obrigheim fuel assemblies are
similar. The temperatures were then converted from Celsius to Kelvin.

The BPRs referred to in Tables 8 and 9 and Fig. 8 contained the high-neutron absorber
boron in borosilicate glass. The composition of borosilicate glass taken from ref. 28 is listed in
Table 11, with the exception that the boron itself? applies to the H. B. Robinson PWR. These
data, and the atomic weights and mtoplc abundances from the Chart of the Nuclides® were used
in calculating the atomic densities in Table 12.

33 OBRIGHEIM PWR SPENT FUEL DESIGN AND OPERATING DATA

Obrigheim is a Siemens PWR that uses a 14 X 14 fuel assembly lattice. A description
of the Obrigheim fuel assemblies examined is presented in Table 13. All the fuel assemblies
analyzed were loaded in Obrigheim during cycles 3, 4, and 6. Power histories for these cycles
are listed in Table 14. The total days of uptime and downtime for each cycle are summarized
in the table. |

Table 15 gives the cycle-specific operating data for the Obrigheim assemblies used to
prepare the power history input. The cycle uptime and downtime is taken from Table 14. The
cumulative burnups and cycle average powers are based on data’® reported by the reactor
operating utility. The data were normalized to the measured burnup for each assembly. The
effective fuel temperatures were determined from the fuel temperature vs rod linear power curve
in Fig. 9 (from ref. 16). The cycle average power was converted to the linear power of the rod
in order to obtain temperatures from the curve. These temperatures were then converted from
Celsius to Kelvin. A single effective fuel temperature for each assembly batch was determined
by incremental burnup weighting qf the cycle-dependent fuel temperatures.

3.4 ADDITIONAL PWR DATA USED FOR SCALE SYSTEM INPUT

The essential data for fuel depletion analyses of the problems listed in Table 2 are
included in Tables 2 through 15. However, additional data (e.g., the selection of options or the
generic quantities of light elcments) are required as input to the SAS2H control module of
SCALE-4. These data, or selections, were separately listed in this subsection because they apply
more than one of the reactor types considered here.

The data presented in Tables 3 through 7 were used to prepare the SAS2H input for the
1sotop1c calculations for the nine Calvert Cliffs spent fuel samples. Because of the large guide
tubes in the CE 14 x 14 fuel assembly design (refer to Fig. 4), a "path-B" model for the SAS2H
calculations was set up to describe the larger unit cell as a guide tube surrounded by fuel. This
was done by usmg input level (INPLEVEL) 2. The path-B model is illustrated in Fig. 10.
The guide tube is surrounded by a fuel zone that is equivalent in area to one-fifth of the total
cross-sectional area of all fuel rods in an assembly because there are five guide tubes per
assembly.

Special consideration was also needed for the H. B. Robinson "path-B" model. The
path-B unit cell described in Fig. 2 accounts for the use of a different type of rod, such as a BPR
or a guide tube, in addition to the fuel rods. However, it does not aliow the model to exphmtly
simulate two different types of rods or tubes plus fuel rods. In the case of the burnable poison
fixture located in Assembly B0S in the H. B. Robinson PWR, there are 12 positions with BPRs,
8 positions with only guide tubes, and a single position with an instrument tube (refer to Table 8
and Fig. 8). An effective fuel cellwas derived to incorporate the BPR cell together with the
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Table 11. Borosilicate glass composition®
in BP assemblies

Compound Weight fraction
Sio, 0.805
B,0, 0.125
Na,O 0.038
K,O 0.004
AL O, 0.022

“Data from The Properties of Glass,
by G. W. Morey (ref. 28).

Table 12. Borosilicate glass input atom densities®

Weight Density,

Element Isotope fraction atoms/barn-cm
o 0.5358 0.04497
Na 0.0282 0.00165
Al 0.0116 0.00058
Si 0.3763 0.01799
K 0.0033 0.00011
B 0.03882

log 9.595 x 10

1B 3.863 x 107
Total 0.99402

“Applying weight fractions of compounds in Table 11
and 2.23 g/em® glass density (ref. 28).



Table 13. Design data for the analyzed Obrigheim fuel assemblies

Parameter Data
Assembly general data
Designer Siemens
Lattice 14 x 14
Water temperature, K 572
Water density, gicm® 0.7283
Soluble boron, cycle avg, ppm (wt) 450
Number of fuel rods 180
Number of guide tubes 16
Assembly pitch, cm 20.12
Fuel rod data
Type fuel pellet Uo,
Enrichment,
wt % 2°U 3.13
wt % U 0.028°
wt % 2°U 0.014°
Pellet stack density g/cm® 9.742
Rod pitch, cm 1.430
Rod OD, cm 1.071%
Rod ID, cm 0.930°
Pellet diameter, cm 0.925°
Active fue] length, cm 295.6
Clad temperature, K 605
Clad material Zircaloy4
Guide tube data
Inner radius, cm 0.6413¢
Outer radius, cm 0.6845¢
Tube material Zircaloy-4

*Not available, calculated according to the following equations

(ref. 24):

B4y wt % = 0.0089 x BU wt %
BT wt % = 0.0046 X BUwt %

*Dimensions and density while hot, in operating reactor.
‘Dimensions of Westinghouse 14 % 14 guide tubes assumed

(ref. 23). :

Sources: refs. 15 and 16.
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Table 14. Power history of Obrigheim fuel assemblies 168, 170, 171, 172, and 176

Days Operating Days Operating Days Operating Days Operating
Cycle 3 condition Cycle4 condition Cycle5 condition Cycle6  condition

4.9 FL* 124.2 FL 377 Z1s 127.8 FL
2.4 Z1b 8.5 ZL 24 ZI.
79.1 FL 90.1 FL 54.8 FL
3.7 ZL 24 ZL 1.2 ZL
18.3 FL 9.7 FL 65.7 FL
1.2 Z1 1.2 ZL
12.2 FL 134 FL
37.7 AW 4.9 zL
136.5 FL 1.2 FL
6.8 ZL 2.4 ZL
37.0 FL 70.6 FL
29.2 ZL
Cycle length, days
369 328 377 252
Uptime days
288 309 0 248
Downtime days
81 19 377 4
“FL. = full load.

YZL = zero load.
“The specified assemblies were not loaded in cycle S.
Source: 1ef. 16.
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Table 1S. Operating data for the Obrigheim fuel assemblies and dissolved fuel batches

Cycle number

Burnup
weighted
Operating history Assembly  Batch fuel
parameter type ID  number 3 4 5 6 temp®
Uptime, days all all 288 309 - 248
Downtime, days all all 81 19 377 913
Cumulative burnup,
GWdMTU: 170 94 6.03 1761 - 25.93
172 92 10.03 1777 - 26.54
176 91 8.77 1955 - 27.99
168 86 8.16 1990 - 28.40
171 89 8.39 2042 - 29.04
176 90 9.25 2062 - 29.52
Average power,
MW/MTU: 170 94 20.929 37468 -  33.564
172 92 34833 25035 - 35374
176 91 30457 34894 - 34016
168 86 28336 38.005 - 34.249
171 89 29.124 38952 - 34.748
176 90 32121 36801 - 35875
Effective fuel
temperature, K- 170 94 743 896 - 851 846
172 92 865 778 - 870 841
176 91 825 B6S ~ 855 849
168 86 807 895 - 860 859
171 89 813 905 - 865 867
176 90 840 883 - 875 867

*Applied a constant effective fuel temperéture derived from weighting the cycle

temperature by cycle incremental burnup.

Source: ref. 16.
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ASSEMBLIES
Region Radius (cm)  Description Source of dimension
1 1.314 Moderator inside guide tube Guide tube inner radius
2 1.416 Guide tube Guide tube outer radius
3 1.662 Moderator outside guide tube Area of single unit cell
4 5.203 Fuel area per guide tube Ratio areas by 14 X 14 to 20
S 5.243 Space between assemblies per guide tube  Apply assembly pitch

Fig. 10. SAS2H "Path B" model for Calvert Cliffs fuel assemblies.
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guide tube cell. In the effectlve cell, the densities of the isotopes or elements remained
unchanged from their actual densities, but rod diameters of the glass and stainless steel in the
BPRs were reduced to account for their absence in the guide tube positions. The method of
deriving the effective cell was such that the various material total masses were conserved. The
effective cell geometry of the 21 non-fuel-rod positions is shown in Table 16, listing the effective
radii from the innermost to the outside of the guide tube.

The SAS2H input data for the cases described in this report are included in Appendix A.
Fuel assembly design and cycle operation data considered essential for isotopic analyses using
fuel depletion codes were presented earlier in this section. These data were sufficient to prepare
SAS2H input with the exception of two types of data. The first type of data was the weights of
the light elements or structural materials of the spcclﬁcd fuel assemblies. These data were not
readily available. Although large uncertainties in the light-element weights produce only small
uncertainties in energy per fission, it is more complete to include the data in the SAS2H input
(see mg‘ut example in Sect. 2.4). A commonly applied generic set of light-clement weights for

listed in Table 17, was assumed. These data are provided both in units of kg/MTUO,
and kg/MTU to allow the predictions to be compared more directly with analyses performed in
units of either mass/MTUQ, or mass/MTU.

The second set of SAS2H data not specified explicitly in Tables 3 through 15 are the
nuclides selected as those for which cross sections should be updated durmg the depletion. The
nuclide set to be updated is listed in Table 18. A nuclide was included in the set to be updated
if any of the following criteria applied.

The nuclide was in the set for radiochemical analyses for which results were reported.
The nuclide was a precursor and the omission of its cross section from the calculation
would cause a = 1% change in the predicted concentration of a measured nuclide.

¢ The nuclide had a neutron absorption fraction >0.005 and thus could have a potential
impact on the flux spectra.
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Table 16. Effective parameters of the 21 nonfuel positions—
20 guide tubes (12 with BPRs) and 1 instrument tube

Material Density, g/cm? Effective radius, cm
Air 1.22 x 103 0.21457
SS-304 7.92 0.22705
Air 122 x 103 0.23329
Glass 223 0.38017
Air 1.22 x 103 0.38449
SS-304 7.92 0.42145
Water - 0.65024
Zr-4 6.44 0.69342

Table 17. Light element® mass per unit of fuel for SAS2H input

H. B. Robinson Calvert Cliffs Obrigheim

Element kg/MTUO, kg/MTUO, kg/MTU
0] 119.0 119.0 135.0
Cr 52 52 5.9
Mn 0.29 0.29 0.33
Fe 11.0 11.0 13.0
Co 0.066 0.066 0.075
Ni 8.7 8.7 9.9
Zr 195.0 195.0 221.0
Nb 0.63 0.63 0.71
Sn 3.2 3.2 3.6
“Included only elements with contents exceeding
0.5 kg/MTU plus Mn and Co.

Source: ref. 24.
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|
Table 18. Fuel, fuel activation, fission product, and light-element nuclides

for which cr0s$ sections were updated in SAS2H cases

Fuel nuclides and fuel activation products:

24y ”?N P Uopy 1 Am
B5U Zpy Hipy 2 Am
By Zopy %2py #Cm
zy
Fission products:

BKr - BX%e 14Ng? 1598m
MKIA 132Xca 145Nd ISISm
SKr .G “6Nd 1529m
e <3 B¥e “TNd gy
9421. 13§Xea 148Nd 153Eu
%Nb 1By 10N g 1S4y
94M0a 134Cs : 147Pm lSSEu
QSMO 1315Cs 148Pmb 154Gd
'”TC : 137CS 149Pm ISSGd
106Ru luce 147Sm 157Gd
103Rh 1413131. 14ssmb . 158Gd
lOSRh 14§Nd llQSm 160Gd
1268n | ‘

Light-element nuclides:

g 12C 150 NG
IOBc ; HN :BNac 59C0
nge

“Included only in the Obrigheim PWR cases in order to predict fission-product
ratios not analyzed in other cases.

*Included only in Assembly D047 cases in order to properly predict additional
measured nuclides not analyzed in other cases.

“Updated only for BPR material of H. B. Robinson PWR cases.



4. PREDICTED AND MEASURED ISOTOPIC COMPOSITIONS

Comparisons of spent PWR fuel isotopic compositions predicted by SCALE-4
calculations and measured by radiochemical assay analyses are provided in this section.
Percentage differences between the computed and measured values for all isotopes selected for
the assay analysis are given for each sample. Also included in this section are the average
percentage differences for each assembly and for each of the three reactor types. The
comparisons are shown for two different SCALE cross-section libraries derived, in part, from
different versions of ENDF/B data. Automated comparison outputs listing measurements,
predictions, and percentage differences of all the cases are given in Appendix B.

4.1 CALVERT CLIFFS PWR ANALYSES

Radiochemical isotopic analyses of Calvert Cliffs PWR spent fuel were conducted by the
MCC at PNL. Isotopic measurements, in units of grams per gram UQO,, of spent fuel samples
from assemblies D047, D101, and BT03 are listed in Tables 19 through 21. Also, other assay
data for the samples from the three assemblies measured in units of curies per gram UQO, are
tabulated in Tables 22 through 24. The general description of the fuel specimens analyzed, such
as the initial 2*U enrichments and cooling times, are given in Table 2.

Spent fuel isotopic compositions predicted by SCALE-4/SAS2H for the Calvert Cliffs
samples were compared with the measured data listed in Tables 19 through 24. Percentage
differences between the measured and computed nuclide compositions for the three axial
samples from the assemblies are given in Tables 25 and 26, applying cross-section libraries in
which the actinide data were derived from ENDF/B-IV and ENDEF/B-V, respectively. The
average percentage difference of each assembly for the nuclides and final average of the three
assembly comparisons are presented in Table 27.

4.2 H. B. ROBINSON PWR ANALYSES

Radiochemical analyses of H. B. Robinson spent fuel were performed by the MCC at
PNL. Isotopic compositions of the samples from Assembly B0O5 are listed as grams per gram
UQ, and curies per gram UO, in Tables 28 and 29, respectively. Percentage differences between
measured and computed nuclide compositions for the four axial samples from the assembly are
listed in Tables 30 and 31 for SCALE-4/SAS2H calculations applying cross-section libraries in
which the actinide data were derived from ENDF/B-IV and ENDF/B-V, respectively.

43 OBRIGHEIM PWR ANALYSES

The average isotopic measurements from Obrigheim derived from plotted data® are
listed in Table 32. Also, average nuclide atomic ratio measurements (tabulated in Appendix C)
are shown in Table 33. The radiochemical analyses were performed independently by the
laboratories of the European Institute for Transuranic Elements, the Institute for
Radiochemistry, the Karlsruhe Reprocessing Plant, and the International Atomic Energy Agency.
Each fuel assembly was split lengthwise before dissolution so that two batches per assembly were
available for analysis. The measured results used here were from one batch of each fuel
assembly. Both the assembly ID and the batch number are used to identify samples in Tables
32 and 33. The burnups and cycle average powers in Table 15 correspond to these specific
batches. Percentage differences between measured and computed nuclide compositions for the
assembly samples, using cross-section libraries in which the actinide data were derived from
ENDE/B-IV (27BURNUPLIB) and ENDF/B-V (44GROUPNDFS), are listed in Tables 34 and
35, respectively.
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Table 19. Measured irradiated composition,” in g/g UO,, of Calvert Cliffs

Assembly D047 Rod MKP109
Axial location, cm from bottom of fuel
‘ (Burnup,” GWd/MTU)
113.20 cm 27.70 cm 16522 cm
Nuclide - (27.35) (37.12) (44.34)
By 1.6 x 10* 1.4 x 10 1.2 x 10*
By 847 x 103 5.17 x 103 3.54 x 103
BsU 3.14 x 10% 3.53 x 103 3.69 x 103
By 8425 x 101 8327 x 107 8.2486 x 107
B3py 1.01 x 10* 1.89 x 10* 2.69 x 10*
B9py 4264 x 102 4357 x 103 4357 x 10
A0py 1.719 % 103 2.239 x 103 2.543 x 103
Alpy 1681 x 10* 9.03 x 10* 1.020 x 103
#2py 289 x 10* 5.76 x 10* 840 x 10*
Z'Np 2.68 x 10* 3.56 x 10* 4.68 x 10*
133(e 85 x 10* 1.09 x 103 124 x 103
Bicg 1.0 x 10?2 2.0 x 102 3.0 x 10?
13505 3.6 x 10* 4.0 x 10* 43 x 10*
BICs 7.7 x 10* 1.04 x 103 1.25 x 10°
3N e 6.13 x 10* 7.16 x 10* 7.63 x 10*
Nd 943 x 10°* 1.388 x 103 1.643 x 103
145Ng¢ 5.10 x 10* 6.53 x 10* 7.44 x 10
146Nd 490 x 10* 6.82 x 10* 830 x 10*
1Nd 2.65 x 10°* 3.59 x 10* 4.28 x 10*
1'Nd 1.24 x 10* 1.72 x 10* 2.08 x 10
“Pm + MSm? 221 x 10* 2.54 x 10* 2.68 x 10
145Sm 1.06 x 10* 1.64 x 10 2.22 x 10*
9G4 29 x 10° 3.0 x 10° 4.7 x 10°®
1308 m? 207 x 104 271 x 104 3.61 x 104
Bism + B'Eu’ 934 x 10° 930 x 10 9.78 x 10°
152G m? 87 x 10° 1.04 x 10 1.21 x 10*
L3Eyd 79 x 10° 1.09 x 10 1.48 x 10
B4Sm + ¥Eu + Gd 4.16 x 10° 6.07 x 10° 842 x 10°
BSEu + $Gd? 4.74 x 10 7.10 x 10° 9.82 x 10

“Radiochemical analyses pefformcd after a cooling time of 1870 days, unless

different time specified.

*Burnup based on measured “*Nd concentration (ASTM 1985).

“Based on **¥’Cs/**Cs mass ratio.
“Radiochemical analyses performed after 3817 days cooling time, with reported

values adjusted to 1870 days.

Sources: refs. 13, 22, and 25
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Table 20. Measured irradiated composition, in g/g UO,, of

Calvert Cliffs Assembly D101 Rod MLA098

Axial location, cm from bottom of fuel

(Burnup,” GWd/MTU)

8.90 cm 2430 cm 161.70 cm

Nuclide (18.68) (26.62) (33.17)

By 1.400 x 10* 1.210 x 10* 1.200 x 10*
By 1.025 x 102 6.940 x 103 4.780 x 103
BéYy 2.500 x 10 2.990 x 103 3.260 x 103
By 8551 x 101 8.538 x 107 8.422 x 107
B3py 4.850 x 10 9.690 x 10° 1.483 x 10*
By 3.954 x 103 4252 x 10% 4.187 x 10%
2A#0py 1.243 x 103 1.766 x 103 2.111 x 103
21py 4.543 x 10* 6.822 x 10* 8.125 x 10*
#2py 1394 x 10* 3.301 x 10* 5474 x 10*

“Burnup based on measured **Nd concentration (ASTM 1985).

Source: ref. 12.

Table 21. Measured irradiation composition, in g/g UO,, of

Calvert Cliffs Assembly BT03 Rod NBD107

Axial location, cm from bottom of fuel

(Burnup,” GWd/MTU)
11.28 cm 19.92 cm 161.21 cm

Nuclide (31.40) (37.27) (46.46)
By 1.53 x 10* 1.27 x 10* 7.49 x 103
By 3.86 x 103 271 x 103 1.406 x 103
Bsy 2.86 x 103 3.03 x 103 3.04 x 103
By 8446 x 10! 8438 x 107 8272 x 101
Bipy 1.426 x 10* 1.947 x 10* 2.842 x 10*
B9py 3.814 x 103 3.835 x 103 3.766 x 103
2#0py 2.067 x 103 2.321 x 10° 2.599 x 103
A1py 7.260 x 10* 8.130 x 10* 8.862 x 10*
242py 5.463 x 10* 7.753 x 10* 1.169 x 103

“Burnup based on measured **Nd concentration (ASTM 1985).

Source: ref. 13.
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ed irradiation composition, in Ci/g UO,, of

Calvert Cliffs Assembly D047 Rod MKP109
Axial location, cm from bottom of fuel
(Burnup,* GWd/MTU)
1320 cm. 27.70 cm 165.22 cm

Nuclide - (27.35) (37.12) (44.34)
2Am | 8.56 x 10* 1.18 x 102 131 x 10°
2Cm + #Cm - 7.34 x 10* 2.93 x 103 6.40 x 103
PSe 455 x 10°® 6.036 x 10® 6.49 x 108
03¢ 459 x 102 590 x 102 6.58 x 102
PTc - 9.59 x 10°¢ 1.23 x 10° 1.35 x 10°

“Burnup based on measured 8Nd concentration (ASTM 1985).

Source: ref. 13.

Table 23. Measured irradiation composition, in Ci/g UO,, of

Calvert Chffs Assembly D101 Rod MLAQO98

Axial location, cm from bottom of fuel

(Burnup,” GWd/MTU)

I 89 cm 243 cm 161.7 cm
Nuclide (18.68) (26.62) (33.17)
ZINp 1.23 x 107 2.11 x 107 2.41 x 107
XlAm 6.67 x 10* 991 x 10* 1.20 x 10?3
Cm + *Cm 1.64 x 10* 815 x 10* 2.11 x 103
ue 391 x 107 5.03 x 107 769 x 107
PSe 343 x 10 4.59 x 10® 5.54 x 10°
0S¢ 336 x 10? 441 x 107 5.23 x 107
PTc - 7.07 x 10¢ 9.37 x 10° 1.13 x 10°*
12680 860 x 10°® 136 x 107 1.69 x 107
1297 1.75 x 10°® 2.41 x 10°% 3.36 x 10%
B5Cs 279 x 107 3.12 x 107 332 x 107
137Cs 4.59 x 102 6.53 x 10? 8.06 x 107

“Burnup based on mcasured T8Nd concentration (ASTM 1985).

Source: ref. 12.
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Table 24. Measured irradiation composition, in Ci/g UO,, of

Calvert Cliffs Assembly BT03 Rod NBD107

Axial location, cm from bottom of fuel

(Burnup,” GWd/MTU)
11.28 cm 19.92 cm 161.21 cm

Nuclide (31.40) (3727) (46.46)

ZINp 1.84 x 107 2.26 x 107 2.66 x 107
21Am 1.18 x 103 1.46 x 103 2.18 x 103
2Cm + *Cm 1.87 x 103 411 x 103 9.86 x 103
PSe 4.18 x 10 563 x 10% 5.99 x 10°
2S¢ 4.64 x 107 5.18 x 10?2 6.04 x 10?
PTc 7.70 x 108 896 x 10 1.09 x 10°
1269n 1.41 x 107 1.60 x 107 2.10 x 107
135Cg 4.04 x 107 4.15 x 107 479 x 107
137Cg 747 x 102 8.56 x 1072 1.12 x 101

“Burnup based on measured **Nd concentration (ASTM 1985).

Source: ref. 14.



43

Table 25. Percentage difference® between measured and computed” nuclide compositions for
Calvert Cliffs PWR pellet samples (27BURNUPLIB library)

Assembly D047 Assembly D101 Assembly BT03
Burnup, GWd/MTU | 2735 37.12 4434 | 1868 2662 33.17 | 3140 3727 4646
Initial wt % U 304 304 304 | 272 272 272 | 245 245 245

Nuclide
Ll V] 07 04 46 |146 175 73 |-21.2 -126 314
By 55 86 96 | -16 44 24 | 09 43 14
By 31 29 17 |07 04 -13 14 09 05
B&y 06 03 01 |11 17 09 |-08 -13 03
Bipy 31 05 o1 |-177 71 -10 3.1 34 22
Ppy 04 13 46 | -15 -08 5.6 5.8 65 118
#opy 61 717 86 | 68 15 -18 | 56 60 56
%ipy 41 33 44 | 09 22 6.4 18 23 66
%ipy 42 36 65 {-110 79 91 [-105 -111 -140
BINp 178 285 193 | 104 23 179 {362 333 397
#Am 01 65 -56 | -24 0.7 2.4 13 99 .334
*Cm + *Cm 181 -15.0 -147 {293 -194 -120 | -89 -130 -116
“c - - ~  |-173 47 206 - - -
»Se° 88 89 189 | -01 4.5 60 |328 153 320
%St 89 60 70 53 6.0 4.7 5.6 6.5 5.3
*Te 48 60 111 0.4 4.1 42 450 435 401
1265n - - - 179.1  181.0 201.8 {249.1 2837 2869
1 - - - -11.7 61 -14.7 - - -
BCs 12 18 27 - - - - N -
Bics 07 95 -155 - - - - - -
b o3 93 79 11 9.4 97 108 | 148 179 114
¥iCs 17 20 12 0.1 0.2 11 0.6 29 20
BNd 12 10 17 - - - - - -
Nd 03 02 -03 - - - - - -
Nd 06 03 03 - - - - - -
14Nd 05 04 04 - - - - - -
Nd 05 03 02 - - - - - -
'Nd 23 33 41 - - - - - -
¥Pm + ¥Sm 1.9 46 69 - - - - - -
“4Sm -166 -13.7 -174 - - - - - -
¥Sm 252 -21.0 -449 - - = - - -
%Sm -19 48 45 - - - - - -
BiSm + YEu 13.0 286 368 - - - - - -
52Sm 1.7 210 192 - - - - - -
By 58 05 92 - - - - - -
Sm + ™Eu + **Gd | 21.7 384 324 - - - - - -
BEu + Gd 774 1062 104.2 - -~ - - - -

“(Calculated/measured — 1) X 100%

*Using SAS2H/ORIGEN-S analysis sequence and 27-group cross-section library
(27BURNUPLIB) of SCALE-4. j

“The computed composition was converted to curies using the corrected ”Se half-life of 330,000
years. The ORIGEN-S decay hbrary contained an incorrect value (an error in the ENDF/B data)
of 1000% at the time of the analysis,
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Table 26. Percentage difference® between measured and computed® nuclide compositions for
Calvert Cliffs PWR pellet samples (44GROUPNDFS library)

Assembly D047 Assembly D101 Assembly BT03
Burnup, GWd/MTU | 27.35 37.12 4434 | 1868 2662 33.17 | 3140 3727 4646
Initial wt % 2°U 304 304 304 | 272 272 272 | 245 245 245

Nuclide
By 1.5 31 14 12.6 14.9 45 |-235 -156 261
By 47 17  -87 -0.9 34 -1.4 0.2 3.1 2.5
ByU 29 29 19 -1.0 -0.6 -13 1.3 09 03
Yy 06 03 0.1 1.1 -1.7 0.9 -0.8 13 03
B3py 83 55 50 |-225 -120 -6.1 2.6 22 34
Py 53 46  -15 -6.6 6.4 -0.5 -0.5 0.1 5.1
Hpy 06 27 -39 -0.9 2.0 2.5 0.3 1.0 08
#ipy 19 31 24 -6.0 3.8 -0.2 -4.3 41 -03
“zpy 66 70 4.1 0.5 2.4 0.9 -1.2 -1.8 46
BINp 58 155 72 | -1.7 -85 57 |213 186 238
“lAm 49 -11.6 -11.0 -7.0 4.7 3.5 41 -148 -372
Cm + #Cm 31 -14  -1.8 [-151 5.0 2.7 4.5 11 -03
uc - - - -17.0 44 202 - - -
®Se* 87 88 188 0.2 4.4 5.9 | 32.7 152 319
Sr 87 59 10 50 58 4.6 5.6 6.4 5.4
Tc 51 65 119 0.5 4.5 4.7 45.5 42 410
1265n - - - 1798 1809 2013 |2485 2827 2857
121 - - - -11.6 60 -14.7 - - -
®Cs 16 24 34 - - - - - -
B4Cs 29 -127 -186 - - - - - -
3¢ 46 2.7 1.7 4.8 4.5 5.2 9.6 12.2 5.8
Bics 1.7 20 1.2 0.1 0.2 1.0 -0.7 28  -21
N4 06 01 05 - - - - - -
Nd 06 07 02 - - - - - -
SNd 01 -04 -06 - - - - - -
Nd 1.0 11 13 - - - - - -
48Nd 06 04 03 - - - - - -
BINd 25 34 42 - ~ - - - -
¥Pm + Y'Sm 08 -29 -48 - - - - - -
“Sm -17.8 -146 -182 - - - - - -
Sm 314 273 -49.1 - - - - - -
°Sm 26 38 56 - - - - - -
BiSm + ®Eu 152 306 385 - - - - - -
52Sm 145 239 220 - - - - - -
WEy 1.1 113 25 - - - - - -
BSm + “Eu + **Gd -55 26 34 - ~ - - - -
gy + 5G4 27.1 207 253 - - - - - -

“(Calculated/measured - 1) X 100%.

*Using SAS2H/ORIGEN-S analysis sequence and a 44-group ENDF/B-V cross-section library
with data for **Eu and "Eu taken from ENDF/B-VL

“The computed composition was converted to curies using the corrected ™Se half-life of 330,000
years. The ORIGEN-S decay library contained an incorrect value (an error in the ENDF/B data)
of 1000% at the time of the analysis.
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Table 27. Average perccntagb difference® between measured and computed nuclide
compositions for each Calvert| Cliffs PWR assembly, using two ENDF/B data versions

Source of ,

cross sections 27BURNUPLIB 44GROUPNDF5

Assembly ID D047 D101 BTO3 D047 D101 BTO3

Initial wt % j ,

By 304 272 245 3 272 245
Nugclide % difference/assembly | Average | % difference/assembly | Average

Bayg 17 132 08 47 | -11 107 43 -1.8
By 79 28 13 40 |71 19 01 3.0
By 25 08 <01 0.6 26 09 0.1 0.6
BEYy 04 -13 08 08 | 04 .12 08 0.8
Bipy 12 86 29 23 | 63 135 27 75
%py 21 11 8.0 38 | 38 45 1.6 2.2
%py 15 14 58 69 | 24 18 07 -1.6
Uipy 3.9 2.6 3.5 34 | 24 33 29 2.9
Wpy 48 93 -119 -86 59 09 25 14
ZINp 218 102 364 228 95 15 212 9.7
#Am 4.0 03 -140 S$59 |92 51 -187 -11.0
XCm + *Cm -159 202 -112 -158 | 21 58 10 23
u“c - -14.2 - -14.2 - -13.8 - -13.8
®Se 12.2 35 267 141 | 121 34 266 14.0
%St 73 53 58 6.1 7.2 51 5.8 6.0
*Tc 73 29 429 17.7 7.8 32 436 18.2
1%8n - 1873 27133 | 2303 - 1873 2723 229.8
191 - -10.8 - -10.8 - -108 - -10.8
:Cs 19 - 19 2.5 - - 2.5
BaCs 81 - - 81 |-114 - - -11.4
B5Cs 81 100 147 10.9 3.0 4.8 9.2 57
Bics 17 05 01 0.7 16 04 <01 0.7
WNg 13 - - 13 0.4 - - 0.4
Nd 01 - - 0.1 05 - - 0.5
“Nd 0.4 - - 04 | 03 - - 03
“Nd 04 - N 0.4 1.1 - - 1.1
Nd 0.3 - - 03 04 - - 0.4
9Nd 3.2 - - 32 34 - - 34
“Pm + ¥Sm 4.5 - - -45 | -28 - - 2.8
sm -15.9 - - -159 {-169 - - -16.9
¥Sm -30.3 - - 303 |-359 - - 359
5Sm 0.5 - - 05 | -15 - " -1.5
Bigm + PRy 26.1 - - 26.1 | 281 - - 28.1
Bigm 17.3 - - 173 | 201 - - 20.1
gy 48 - - 4.8 5.0 - - S0
34Sm + BEu + Gd | 30.8 - - 308 | -21 - - 2.1
BSEy + %5Gd 96.0 - - 96.0 |-244 - - 24.4

*(Calculated/measured - 1) X 100%.
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Table 28. Measured irradiation composition, in g/g UO,, of
H. B. Robinson Assembly BOS Rod N-9

Axial location, cm from bottom of fuel

(Burnup,” GWd/MTU)

11 cm® 26 cm® 199 cm® 226 cm®
Nuclide (16.02) (23.81) (28.47) (31.66)
By 1.07 x 102 721 x 103 6.18 x 103 486 x 103
By 2.19 x 10% 274 x 103 2.82 x 103 3.00 x 103
By 8.47 x 101 8.47 x 101 8.34 x 101 8.42 x 10!
Bipy 2.83 x 10° 6.95 x 10° 1.14 x 10* 1.30 x 10*
BIpy 3.64 x 103 402 x 103 439 x 103 420 x 103
A0py 1.09 x 103 1.67 x 103 197 x 103 2.12 x 103
Apy 3.04 x 10* 5.04 x 10* 6.81 x 10* 6.92 x 10*
BNp 1.55 x 10* 2.60 x 10* 3.04 x 10* 3.33 x 10*

“Burnup based on measured *Nd concentration (ASTM 1985).
bSample radiochemical analyses in April 1984.

“Sample radiochemical analyses in February 1985.

Source: ref. 11.

Table 29. Measured irradiation composition, in Ci/g UO,, of
H. B. Robinson Assembly B05 Rod N-9

Axial location, cm from bottom of fuel

(Burnup, GWd/MTU)
11 cm® 26 cm® 199 cm° 226 cm®
Nuclide (16.02) (23.81) (28.47) (31.66)
9Tc 5.44 x 10 8.09 x 10 895 x 10° 1.01 x 10°%
137 3.59 x 102 5.39 x 102 6.27 x 10? 7.13 x 107

“Burnup based on measured *Nd concentration (ASTM 1985).
Sample radiochemical analyses in April 1984.
“Sample radiochemical analyses in February 1985.

Source: ref. 11.
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Table 30. Percentage difﬁbrence“ between measured and computed® nuclide
compositions for H. B. Robinson PWR pellet samples and average
from Assembly BO5 Rod N-9 (27BURNUPLIB library)

Sample number N-9B-S N-9B-N  N-9C-J N-9C-D

Pellet height, cm 11 26 199 226

Burnup, GWd/MTU ~ 16.02 23.81 28.47 31.66

Initial wt % #*U 2.561 2.561 2.561 2.561

Nuclide Average
>y 0.6 14 4.9 33 0.1
et ¥ -1.5 ¢ -2.2 22 -0.4 -0.5
By 0.1 -0.6 0.5 -0.8 0.2
Zepy 15 0.9 6.5 2.6 0.4
PPy 7.0 7.7 53 12.8 8.2
WPy -1.5 4.2 -4.9 4.1 -3.7
Hipy 5.9 6.0 0.5 9.1 5.4
®'Np 6.0 55 14.3 184 11.1
®Tc - 124 86 14.6 11.2 11.7
BiCs 0.2 | 0.8 39 , 15 1.2

“(Calculated/measured - 1) X 100%.
*Using SASZH/ORIGEN-S analysis sequence and 27-group cross-section library
(27BURNUPLIB) of SCALE—4

Table 31. Pcrcentage mfference between measured and computed® nuclide
compositions for H. B. Robinson PWR pellet samples and average
from Assembly BOS Rod N-9 (44GROUPNDFS library)

Sample number N-9B-S N-9B-N N-8CJ N-9C-D

Pellet height, cm 1 26 199 226

Burnup, GWd/MTU 16.02 23.81 2847 31.66

Initial wt % U 2.561 2.561 2561 2561

Nuclide 1 Average
»y 13 24 -39 4.5 1.0
2y -1.8 24 2.1 -0.4 -0.6
By 0.1 0.6 0.5 038 0.2
B8Py 5.3 -5.1 -11.9 -3.4 6.4
PPy 16 18 0.5 6.5 23
Mpu 4.5 13 0.2 09 1.7
Hipy . 06 <0.1 -54 25 -0.6
ZNp 64 -5.9 22 6.0 -1.0
Tc 125 89 15.1 11.8 121
¥iCs 0.1 0.9 38 15 1.1

*(Calculated/measured ~ 1) X 100%.
*Using SAS2H/ORIGEN- S analysis sequence and a 44-group ENDF/B-V cross-
section library.
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Table 32. Obrigheim average measured nuclide composition
relative to time of unloading, in g/MTU

Batch 94 92 91 86 89 90
Reactor assembly 170 172 176 168 171 176
Burnup, GWd/MTU  25.93 26.54 27.99 28.40 29.04 29.52
Nuclide

By 10950 10580 9850 9680 9580 9180
zBoYy 3590 3620 3700 3730 3750 3810
B3pys 80.1 88.9 94.8 105.4 101.3 107.1
Z9py 4805 4713 4925 5013 4957 4943
20py 1800 1830 1920 2020 2000 2040
A1py 978 978 1058 1103 1107 1128
22py 312 328 372 407 405 438
22Cm 17.1 19.4 18.5 20.1 20.8 218
2MCm 10.3 11.6 14.1 15.8 169 19.2

“Based on correction for the measured discharged component from ’Cm, as analyzed
by only the European Institute for Transuranic Elements (TUI).
Source: ref. 15.

Table 33. Obrigheim average measured isotopic
atomic ratios adjusted to time of unloading

Batch 94 9”2 91 86 89 90
Reactor assembly 170 172 176 168 171 176
Burnup, GWd/MTU  25.93 26.54 27.99 28.40 29.04 29.52
Nuclide

SKrAKr 0.252 0.245 0231 0.248 0.238 0.241
#Kr/A%Kr 0.64 0.64 0.63 0.65 0.63 0.66
Blye/34Xe 0.308 0.304 0.297 0.306 0.286 0.292
B2X e/ Xe 0.706 0.710 0.714 0.745 0.705 0.720
136X e/¥Xe 1.483 1.490 1.505 1.470 1.540 1.520
134Cs137Cs 0.0733  0.0726 0.0782 0.0760 0.0770 0.0794
3Nd/*Nd 2.45 2.45 235 2.35 2.35 2.34
SN d/M*Nd 1.938 1.950 1.915 1.910 1.920 1.920

USNd/*Nd 1.857 1.876 1.851 1.850 1.873 1.865
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Table 34. Percentage difference® between measured and computed® nuclide

compositions and atomic ratios for Obrigheim PWR assembly samples

(using 27BURNUPLIB cross sections)

Batch® 94 92 91 86 89 90

Reactor assembly 170 172 176 168 171 176

Burnup, GWd/MTU | 2593 2654 2799 28.40 29.04 29.52

Nuclide ‘ Average
By 33 28 26 27 4.7 29 32
Béy 1.0 1.4 1.8 1.7 2.1 1.3 1.6
Bépyd 6.3 2.8 8.4 0.5 10.0 82 6.1
B9py 6.1 87 5.0 35 5.1 5.7 5.7
A0py 53 41 44 8.1 54 5.8 5.5
Alpy 7.5 97 7.4 48 7.0 6.7 7.2
22py [11.9 -120 -11.3 -159 -10.8  -14.5 -12.8
22Cm [22.4 236 -134 -18.5 175 -16.7 -187
#Cm 247 237 -198 235 205 241 -22.7
Atomic ratio Average
BRrAKr -4.9 2.6 22 -5.0 -15 3.1 2.5
KK 36 33 -11 -4.0 0.6 5.0 29
Biye/34Xe 1.4 21 34 0.1 6.5 3.8 29
B2Xe/%*Xe 32 33 29 -6.7 -1.0 2.8 33
136X e/ Xe -1.5 1.8 20 0.6 36 2.1 -17
B30y 29 02 -40 03 0.9 0.4 1.1
13N d/M43Nd -13 22 0.2 0.5 1.2 -1.5 0.9
SN/ 4Nd 19 0.9 1.9 1.9 1.0 0.7 1.4
1SNd/"**Nd <0.1 08 09 1.0 -0.1 0.5 0.3

“(Calculated/measured - 1) x 100%.

*Using SAS2H/ORIGEN-S analysns of SCALE-4.2 with 27-group cross-section library

(27BURNUPLIB).

°Assembly cut in half lengthwme and separately dissolved.

“Corrected for the measured discharge component from #*Cm, which was measured
only by European Institute of Transuranic Elements.
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Table 35. Percentage difference” between measured and computed” nuclide

compositions and atomic ratios for Obrigheim PWR assembly samples

(using 4GROUPNDFS5 cross sections)

Batch 94 47} 91 86 89 90

Reactor assembly” 170 172 176 168 171 176

Burnup, GWd/MTU | 2593 2654 27.99 28.40 29.04 29.52

Nuclide Average
By 25 20 -17 -19 3.8 20 23
Boy 0.9 1.3 1.7 1.5 2.0 1.2 1.4
Bpyd 1.1 23 3.1 44 47 3.0 0.8
B9py 0.5 29 07 21 -0.6 <0.1 <0.1
240py 0.6 1.7 14 25 0.3 0.1 0.2
Alpy 1.5 3.6 12 -1.2 0.7 0.5 1.0
A2py -1.6 17 11 62 0.6 4.7 2.6
22Cm 128.5 294  -202 249 239 231 | -25.0
24Cm 9.0 81 -37 82 4.7 9.1 7.1
Atomic ratio Average
BKr°Kr -4.9 26 22 -5.0 -1.5 3.1 25
K/ Kr 3.5 32  -10 -3.9 0.6 -4.9 29
Biye/13Xe -12 0.6 0.5 28 33 07 | <01
B2Xe/PXe -1.9 20 -16 5.4 0.4 -1.4 2.0
136X e/34Xe 0.7 09 -11 1.5 2.8 -13 -0.9
B4Cs/M7Cs 6.3 37 73 33 2.7 -40 -4.6
M3NJ/M3Nd -19 28 -04 -0.1 -19 22 -1.6
SNJ/ 8 Nd 1.4 0.4 1.4 1.4 0.4 0.2 0.9
46Nd/8Nd 0.4 0.4 1.3 1.5 0.4 1.0 0.7

“(Calculated/measured - 1) x 100%.

bUsing SAS2H/ORIGEN-S analysis of SCALE-4.2 with 44-group ENDF/B-V data

(44GROUPNDFS).

“Assembly cut in half lengthwise and separately dissolved.

4Corrected for the measured discharge component from #*Cm, which was measured
only by European Institute of Transuranic Elements.



5. SUMMARY AND DISCUSSION OF RESULTS

The percentage differences between measured and calculated nuclide compositions were
provided in Sects. 4.1 through 4.3 A statistical data analysis of these differences is given in
Appendix D. The purpose of this section is to summarize and discuss the measured/calculated
comparisons. The most significant differences or inconsistencies in the comparisons are discussed
in this summary. Reasonable explanations for many of the differences or apparent
inconsistencies also are discussed in Appendix E.

5.1 SUMMARY OF THE RESULTS

The percentage differences between calculated and measured compositions as presented
in Sects. 4.1 through 4.3 represent data for 19 spent nuclear fuel samples taken from nine spent
fuel assemblies representing three different PWRs. Assembly-averaged results were obtained
for H. B. Robinson and Calvert Cliffs by averaging data for pellet samples within the same
assembly. The six Obrigheim samples (two from the same assembly) were taken from
dissolutions of half-assemblies, spht 1engthw:se and effectively represent average-assembly results.
Individual percentage differences in measured and computed compositions by nuclide for results
using the 27BURNUPLIB data are shown in Figs. 11 and 12. Figure 11 shows the data using
all 19 cases, and Fig. 12 shows the data using assembly averages as compiled in Table 36. The
same types of plots are shown in Figs. 13 and 14 for results using 4GROUPNDFS cross
sections. The assembly-averaged data using 4GROUPNDFS is summarized in Table 37. The
right-hand columns in Tables 36 and 37 provide a global average of all the assembly data.

There are numerous means by which one could evaluate the results of Sects. 4.1 through
4.3. Table 38 provides a summary of average percentage differences and the spread (maximum
and minimum) in the percentage differences for all the nuclide results, by case (i.c., sample) and
by assembly average. The average percentage differences of Table 38 could be interpreted as
representing an estimate of the constant bias in the calculation of the nuclide composmon The
uncertainty (or error) in the bias can be represented qualitatively by the maximum-minimum pair
of percentage differences. Table 39 shows the average percentage difference for each element
based on the absolute values of average percentage differences between measured and computed
compositions for the isotopes of the element. This table, which lists the average element
percentage differences based on the absolute averages of Tables 36 and 37 data, is a concise
means for summarizing the quantitative bias and/or validation comparisons of the SCALE-4.2
(SAS2/ORIGEN-S) fuel depletion analysis sequence.

5.2 BASIS FOR DISCUSSION

The purpose of the SAS2H fuel depletion sequence in SCALE is to predict the set of
fuel volume-averaged nuclide densities of a specified LWR spent fuel assembly. In general, the
fuel assembly is the smallest unit of fuel moved or loaded into the reactor core, placed into
storage, or transported by a shipping cask. Associated with each fuel assembly are its burnup,
injtial enrichment, design, power history, and other operating conditions. Specific space-
dependent nuclide densities are not explicitly computed, because final densitics are derived from
cross sections integrated over space- and energy-dependent flux. However, if nuclide densities
vary from one fuel rod to another for equal burnups, this variation would be reflected as a
fraction of the difference between the measured and computed values of a fuel pellet at a
specified location. ,

51



Range of Calculated vs Measured Isotopic Differences

o}

All Samples

Calvert Cliffs
H.B. Roblnson
Obrigheim

A
0

Results with SCALE 27BURNUPLIB

52

D o

000 O

co

O O @O

Q

<A g

00 O o

o

(0G5 <)SSI-PO +851-n3
$S1-PO + $51-N3 + $5}-WG

@ €5 i-n3

csi-ug

1§ 1-n3 + 1§ }-Wg
05 |-ws
6¥ |-wg
8¥ |-ws
Ly -US + L -wid
0S I-PN

8% I-PN

9y I-PN

S I-PN

¥ 1-PN

E¥ 1-PN

LEI-SD

SEI-SO

PE-SD

EE SO

62 i+

66-91

06-15

6.-98

¥1-0

yP2-wd + ep2-WO
pe-wy

L82-AN

eye-nd

we-nd

ovZ-nd

6€c-Nd

gee-nd

8eeNn

9g2-N

see-n

vES-N

0 O (o}

00
oae o}
ano a O O
@QA0 QA0

LI

_.___.
© © o o
® T w @

% ‘Painseaul / (painseall - paje|nodjed)

o
-

Nuclide

Fig. 11. Range in calculated vs measured isotopic differences for 19 cases (27BURNUPLIB cross-section data).



Calvert Cliffs
H.B. Robinson
Obrigheim

e
A
a

Results with SCALE 27BURNUPLIB

53

T ITUR TN AR STRITI IR ST AP OROT O AU

Ao

O mmiSyndnn O
<>

g0

<DIED,

gnae o

(0S<)S51-PD +G554-N7

YSI-PO +9S1-N3 + p51-WS

© esi-na -
cSj-ws -

1S1-n3 + 1G1-Wg -

osl-ws -

° 6y -ws -

o 8y l-wg -

o Ly |-WS + Iy -Wd
0SI-PN |-

8¥1-PN

v 1-PN |-

S¥I-PN -

Yy I-PN -

EVI-PN |-

LE-SO -

SE-S0 -

o PEL-SO -
EE-SO

o 621
66-0L -

06-18 -

6,-88 -

o ¥i-0
PyC-w + ep-wd -
eye-wd -

We-wy -

LEZ-ON

cve-nd -

we-nd -

ove-nd |-

6ec-nd -

8ge-nd -

gee-n

gee-n

© See-n
vee-n -

O O ran
Omn 0o

AL N L L B

L
(=] Q (=] o) o
~ (v N ot

AR RLLELEAR B LIS B BB AN A SN

(= o o [ =]
Auu 4 5 6

__
[~] (=]
- o

-70

% ‘Pa.nseaul / (Painseaw - paje|noje)

Nuclide

Fig. 12. Range in calculated vs measured isotopic differences for 10 assembly averages (27BURNUPLIB cross-section datab.



Table 36. Average percentage difference” between measured and computed® nuclide compositions or atom ratios for each
PWR fuel assembly examined and averages of all assemblies® (27BURNUPLIB library)

PWR analyzed Calvert Cliffs H. B. Robinson Obrigheim

Assembly ID D047 D101 BTO3 BOS 170 172 176 168 171 176

Batch - - - - 94 92 91 86 89 90

Initial wt % U 3.04 272 245 2.561 313 313 313 313 313 313

Nuclide or ratio Average
By 1.7 13.2 08 - - - - - - - 4.7
By 19 2.8 -13 0.1 33 28 26 27 47 29 3.1
sy 2.5 0.8 <0.1 0.5 10 14 18 17 21 13 1.1
By 0.4 -1.3 08 0.2 - - - - - - 0.7
s -1.2 8.6 29 0.4 63 28 84 05 100 82 2.9
D%y 2.1 1.1 8.0 82 61 87 50 35 51 57 5.4
#py 15 14 5.8 3.7 53 41 -44 81 -54 58 -5.7
Uipy 39 2.6 35 5.4 75 97 14 48 10 67 59
Wpy 4.8 9.3 -11.9 - -119 -120 -113 -159 -10.8 -145 -114
BINp 218 10.2 36.4 11.1 - - - - - - 19.9
MAm -4.0 0.3 -14.0 - - - - - - - -59
Cm - - - - 224 236 -134 -185 -175 -167 -18.7
Cm + ™Cm or “Cm -15.9 -20.2 -11.2 - 247 -237 -198 -235 -205 -24.1 -20.4
e - -14.2 - - - - - - - - -14.2
™Se 12.2 3.5 26.7 - - - - - - - 14.1
Sr 7.3 53 5.8 - - - - - - - 6.1
*Tc 73 2.9 429 11.7 - - - - - - 16.2
1%5n - 187.3 2733 - - - - - - - 230.3
1391 - -10.8 - - - - - - - - -10.8
e 1.9 - - - - - - - - - 1.9
B4Cs -8.1 - - - - - - - - - -8.1
35¢Cs 8.1 10.0 14.7 - - - - - - - 10.9
Cs 1.7 0.5 0.1 1.2 - - - - - - 0.8
“Nd 13 - - - - - - - - - 1.3
“Nd 0.1 - - - - - - - - - 0.1
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Table 36. (continued)

PWR analyzed Calvert Cliffs H. B. Robinson Obrigheim

Assembly ID D047 D101 BTO03 B05 170 172 176 168 171 176

Batch - - - - 94 92 91 86 89 90

Initial wt % **U 3.04 272 245 2.561 313 313 313 313 313 313

Nuclide or ratio Average
“Nd 0.4 - - - - - - - - - 0.4
HNd 0.4 - - - - - - - - - 0.4
"¥Nd 0.3 - - - - - - - - - 0.3
BONd 32 - - - - - - - - - 32
¥pm + ¥Sm 4.5 - - - - - - - - - -4.5
5Sm -15.9 - - - - - - - - - -159
Sm -30.3 - - - = - - - - - -30.3
59Sm 0.5 - - - - - - - - - 0.5
Bigm + B'Eu 26.1 - - - - - - - - - 26.1
b23m 173 - - . - - - - - - 173
3Ry -4.8 - - - - - - - - - -4.8
BSm + YEu + %Gd 308 - - - - - - - - - 308
BSEy + %5Gd 96.0 - - - - - - - - - 96.0
BKr/ %Kr - - - - 49 26 22 50 15 31 25
5Ke/ *Kr - - - - 36 33 -L1 40 06 -50 2.9
Bixe/Xe - - - - 14 21 34 01 65 38 29
B2xe/Xe - - - - 32 33 29 67 -10 -28 33
X e Xe - - - - 15 18 20 06 36 21 -1.7
BCsMCs - - - - 29 02 -40 03 09 -04 -11
WNd/*Nd - - - - -3 22 02 05 12 -LS 09
“SNd/Nd - - - - 19 08 19 19 10 07 1.4
H6Nd/8Nd - - - - <01 08 09 10 -01. 05 0.3

“(Calculated/measured - 1) x 100%.

Using SAS2H/ORIGEN-S analysis of SCALE-4.2 with 27-group cross-section library (27BURNUPLIB).

“Used the averages of rod data for Calvert Cliffs and H. B. Robinson PWRs and batches for Obrigheim PWR.
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Table 37. Average percentage difference® between measured and computed® nuclide compositions or atom ratios for each
PWR fuel assembly examined and averages of all assemblies® (44GROUPNDFS library)

PWR analyzed Calvert Cliffs H. B. Robinson Obrigheim

Assembly ID D047 D101 BTO3 BOS 170 172 176 168 171 176

Batch - - - - 94 92 91 86 89 90

Initial wt % U 3.04 272 245 2.561 313 313 313 313 313 313

Nuclide or ratio Average
By -1.1 10.7 43 - - - - - - - 1.8
»y -11 -1.9 0.1 1.0 25 20 17 19 38 20 22
U 26 -0.9 0.1 -0.6 09 13 17 15 20 12 1.0
By 0.4 -1.2 08 0.2 - - - - - - -0.7
Bépy -6.3 -13.5 =27 -6.4 11 23 31 44 47 30 -2.4
Hpu -3.8 -4.5 1.6 23 05 29 07 21 06 <01 -04
%py 24 -1.8 -0.7 1.7 06 17 14 25 03 -01 -0.2
Hipy 2.4 -33 29 0.6 15 36 12 -12 07 05 -0.3
#py 5.9 0.9 -2.5 - -6 -1.7 11 62 06 47 -13
ZNp 9.5 -1.5 212 -1.0 -~ - - - - - 7.0
Am 9.2 -5.1 -18.7 - - - - - - - -11.0
#Cm - - - - -285 -294 -202 -249 -239 -231 -25.0
*Cm + *Cm or *Cm 21 -5.8 1.0 - 90 81 -37 82 47 91 -5.5
He - -13.8 - - - - - - - - -13.8
®Se 12.1 34 26.6 - - - - - - - 14.0
%Sr 7.2 5.1 58 - - - - - - - 6.0
"Tc 7.8 32 43.6 12.1 - - - - - - 16.7
2%68n - 187.3 2723 - - - - - - - 229.8
bt - -10.8 - - - - - - - - -10.8
B¢ 2.5 - - - - - - - - - 2.5
¥Cs -11.4 - - - - - - - - - -11.4
B5Cs 3.0 4.8 9.2 - - - - - - - 5.7
BCs 1.6 0.4 <0.1 1.1 - - - - - - 0.8
Nd 0.4 - - - - - - - - - 0.4
Nd 0.5 - - - - - - - - - 0.5
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Table 37 (continued)

PWR analyzed Calvert Cliffs H. B. Robinson Obrigheim
Assembly ID D047 D10t BT03 BOS 170 172 176 168 171 176
Batch - - - - 94 92 91 86 89 90
Initial wt % 2°U 3.04 2.72 2.45 2.561° 313 313 313 313 313 3.13
Nuclide or ratio Average
5N 03 - - - - - - - - - 03
1Nd 1.1 - - - - - - - - - 1.1
1Nd 0.4 - - - - - - - - - 0.4
1ONd 3.4 - - - - - - - - - 3.4
“IPm + ¥Sm 2.8 - - - - - - - - - 2.8
_“Sm -16.9 - - - - - - - - - -169
195m -35.9 - - - - - - - - - 359
1509 m -1.5 - - - - - - - - - -1.5
5igm + Y'Ra 28.1 - - - - - - - - - 28.1
526m 20.2 - - - - - - - - - 202
9Ey 5.0 - - - - - - - - - 5.0
54Sm + Y“Eu + P'Gd 2.1 - - - - - - - - - 2.1
5Ey + 15Gd -24.4 - - - - - - - - - -24.4
8Kr/®Kr - - - - 49 26 22 50 -15 31 2.5
SKr/%Kr - - - - 35 32 10 -39 06 -49 29
BiXe/MXe - - - - 12 06 05 -28 33 07 <0.1
P2Xe/MXe - - - - 19 20 -16 54 04 -14 2.0
1% e/MXe - - - - 07 09 -11 15 -28 -13 09
BCe/B1Cs - - - - 63 37 73 33 27 -40 4.6
Nd/*Nd - - - - 19 28 04 01 -19 22 -1.6
Nd/M*Nd - - - - 14 04 14 14 04 02 0.9
14N/ “**Nd - - - - 04 04 13 15 04 10 0.7

4(Calculated/measured - 1) X 100%.

*Using SAS2H/ORIGEN-S analysis of SCALE-4.2 with 44-group ENDF/B-V data (44GROUPNDF?5).
“Used ten averages of rods for Calvert Cliffs and H. B. Robinson PWRs and batches for Obrigheim PWR.
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Table 38. Summary of percentage difference® averages and spreads

27BURNUPLIB data 44GROUPNDFS data
Average Spread in data Average Spread in data
Case’  Assembly” Case Assembly Case  Assembly Case Assembly

Nuclide or ratio Max Min Max Min Max Min Max Min
By 47 4.7 314 212 | 132 0.8 1.8 18 26.1  -235 10.7 -4.3
By 29 -3.1 3.3 9.6 0.1 79 -1.9 2.2 45 -8.7 1.0 271
By 0.7 1.1 3.1 2.2 2.5 0.8 0.6 1.0 2.9 2.4 2.6 0.9
By 0.6 0.7 0.5 17 | -02 -1.3 0.6 0.7 0.5 -1.7 0.2 -1.2
Bépy 0.7 2.9 10.0 -17.7 | 100 8.6 -4.6 2.4 47 225 47  -135
PPy 53 5.4 12.8 -1.5 8.7 1.1 0.6 0.4 6.5 -6.6 2.9 4.5
#py 5.8 5.7 -1.5 86 | -37 8.1 0.3 0.2 45 3.9 1.7 25
Wpy 5.0 5.9 9.7 -0.9 9.7 2.6 -12 0.3 3.6 -6.0 3.6 33
%py -10.3 -11.4 3.6 2159 | -48 -15.9 0.2 -1.3 7.0 6.2 5.9 6.2
Z’Np 19.2 19.9 39.7 23 | 364 10.2 6.4 7.0 23.8 -85 21.2 -1.5
#Am 59 5.9 2.4 -33.4 03 -14.0 -11.0 -11.0 35 3712 51 -187
*Cm -18.7 -18.7 -13.4 236 |-134 236 250 25.0 202 294 | 202 294
*Cm + *Cm

or Cm -18.6 204 -89 293 |-11.2 247 -4.2 5.5 45  -151 1.0 9.1
“c -14.2 -14.2 4.7 206 |-142 -14.2 -13.8 -13.8 44 202 | -138 -138
™Se 14.1 14.1 32.8 0.1 | 267 3.5 14.0 14.0 32.7 0.2 26.6 34
%Sr 6.1 6.1 8.9 4.7 73 53 6.0 6.0 8.7 4.6 7.2 5.1
*Tc 15.8 16.2 45.0 04 | 429 2.9 16.3 16.7 455 0.5 436 3.2
12650 230.3 230.3 286.9 179.1 2733 1873 229.8 229.8 2857 1798 | 2723 1873
i | -10.8 -10.8 -6.1 -14.7 | -10.8 -10.8 -10.8 -10.8 60 -147 | -108 -108
Bcy 19 1.9 2.7 1.2 1.9 1.9 2.5 2.5 3.4 1.6 2.5 2.5
B4Cs 8.1 8.1 0.7 -155 | -81 8.1 -11.4 -11.4 29 186 | -114 -114
B5Cs 10.9 109 17.9 7.1 | 147 8.1 5.7 5.7 12.2 1.7 92 3.0
s 0.9 0.8 39 2.0 1.7 0.1 0.8 08 3.8 2.1 1.6 0.0
Nd 13 13 1.7 1.0 1.3 1.3 0.4 0.4 0.6 0.1 0.4 0.4
"Nd 0.1 0.1 0.3 0.3 0.1 0.1 0.5 0.5 0.7 0.2 0.5 0.5




Table 38 (continued)

27BURNUPLIB data 44GROUPNDFS data
Average Spread in data Average Spread in data
Case®  Assembly Case Assembly Case  Assembly Case Assembly
Nuclide or ratio Max Min Max Min Max Min Max Min
Nd 0.4 0.4 0.6 0.3 0.4 0.4 03 0.3 0.1 -0.6 0.3 0.3
%Nd 04 0.4 0.5 0.4 04 0.4 1.1 1.1 1.3 1.0 1.1 1.1
“8Nd 03 0.3 0.5 0.2 0.3 03 0.4 0.4 0.6 0.3 0.4 0.4
BONd 32 3.2 4.1 23 3.2 32 34 34 42 2.5 34 34
“Pm + ¥'Sm 4.5 -4.5 -19 69 | 45 4.5 2.8 2.8 0.8 48 28 2.8
“Sm -159 -159 -13.7 -174 }-159  -159 -169  -169 -146  -182 | -169  -169
“Sm 303 -30.3 2107 449 |-303 -30.3 359 359 273 491 | 359 359
5°Sm -0.5 -0.5 4.8 45 | 05 0.5 -1.5 -1.5 3.8 -5.6 1.5 15
¥Sm + PIEu 26.1 26.1 36.8 130 | 261 26.1 28.1 28.1 385 15.2 28.1 28.1
525m 173 173 21.0 11.7 | 17.3 173 202 20.2 239 14.5 20.2 20.2
B ) -4.8 -4.8 0.5 92 | -48 4.8 5.0 5.0 11.3 1.1 5.0 5.0
BSm +%*Bu + %Gd 30.8 30.8 38.4 21.7 | 308 30.8 2.1 2.1 2.6 5.5 2.1 2.1
SRy + Gd 96.0 96.0 106.2 774 | 96.0 96.0 244 244 207 271} -244 244
BKr/%Kr 25 25 22 5.0 22 -5.0 2.4 2.4 22 5.0 22 5.0
SKr/%Kr 29 29 0.6 S50 | -06 5.0 2.9 2.9 0.6 49 0.6 -49
BIXe/Xe 29 2.9 6.5 0.1 6.5 0.1 <01 <01 33 2.8 33 2.8
B2Xe™Xe 33 33 -1.0 67 | -10 6.7 2.0 2.0 0.4 5.4 0.4 5.4
%X e/MXe -1.7 -1.7 0.6 36 0.6 3.6 0.9 0.9 1.5 2.8 1.5 28
B4Cs/P'Cs -1.1 -1.1 0.9 -4.0 0.9 -4.0 4.7 4.7 2.7 13 2.7 213
Nd/MNd 09 0.9 0.5 22 0.5 2.2 -1.5 -1.5 0.1 2.8 0.1 2.8
SNd/*Nd 14 1.4 1.9 0.7 1.9 0.7 0.9 0.9 1.4 0.2 14 0.2
HNd/**Nd 0.3 0.3 1.0 0.8 1.0 0.8 0.7 0.7 1.5 0.4 1.5 0.4

‘(Calculated/measured - 1) x 100%.
*Data listed under "Case” pertains to either the average or spread of the data applying the values of each of the 19 cases.
‘Data listed under "Assembly” pertains to either the average or spread of the data applying the averages of each of the 10 assemblies or

batches.

19
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Table 39. Percentage differences for each element averaged® over the absolute
values of percentage differences of all isotopes of the element

Cross-section source

Element (single No. of

isotopes given) isotopes ~ 27BURNUPLIB 44GROUPNDF5
U 4 2.4 1.4
Pu 5 6.3 0.9
Np (®*'Np) 1 19.9 7.0
Am (*'Am) 1 5.9 11.0
Cm 2 19.6 153
C MO 1 14.2 13.8
Se (Se) 1 14.1 14.0
St (*°Sr) 1 6.1 6.0
Te (*Tc) 1 16.2 16.7
Sn (**Sn) 1 2303 229.8
I (%D 1 10.8 10.8
Cs 4 54 5.1
Nd 6 1.0 1.0
Pm (*'Pm) 1 4.5 28
Sm 7 17.9 154
Eu 4 394 14.9
Gd 2 63.4 133
Kr ratios 2 2.7 2.7
Xe ratios 3 2.6 1.0
Cs ratio (***Cs/**’Cs) 1 1.1 4.6
Nd ratios 3 0.9 1.1

“Average percentage difference for each element based on the absolute values
of average percentage differences between measured and computed composition or
atom ratio for the isotopes of the element using the data of Tables 36 and 37.

Similarly, in the axial direction even if the spatial variation in power density is well-
known, the characterization of axially dependent isotopics has shortcomings due to the space-
independent nature of the calculational models. These effects, as well as others, are investigated
in detail in Appendix E. The remainder of this section discusses and summarizes the trends seen
for assembly-averaged predicted as compared with assembly data and appropriately averaged
pellet data.

The average of the assembly data and the data spread shown in Table 38 provide the
basis for much of the discussion that follows. The average of the assembly data is used as an
estimate of the probable bias in the calculated individual nuclide contents and, as such, is used
to predict general effects on global variables such as decay heat rates, effective neutron
multiplication factors (k.4), and radiation source spectra.
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5.3 ACTINIDE NUCLIDE RESULTS

This project provides data for a comparison of the differences between the results
computed by applying actinide cross sections from ENDF/B-IV data (27BURNUPLIB) and the
corresponding results using ENDF/B-V data (44GROUPNDFS5). Table 38 contains the averages
of assembly-averaged and sample-specific differences between computed and measured isotopic
compositions using both versions of cross-section data. The averages of absolute values of
assembly-averaged percentage differences for all actinide nuclides in Table 38 are 8.1 and 4.5%
using 27BURNUPLIB and 44GROUPNDF5, respectively. More noteworthy are the average
absolute values of the differences for uranium and plutonium shown in Table 39. These averages
are reduced from 2.4 to 1.4% for uranium and from 6.3 to 0.9% for plutonium in changing from
27BURNUPLIB to 44GROUPNDFS, respectively. In particular, the avera%? differences in

lutonium xsoto es when using the ENDF/B-IV-based hbrary are 5.4% for u, -5.7% for

u, 5.9% for lPu and -11.4% for **Pu, whereas when using the ENDF/B-V-based library

the differences reduce to -0.4% for 2°Pu, -0.2% for %"Pu, -0.3% for *'Py, and -1.3% for #*Pu.
Further discussions of the reasons for this improved agreement are given later in this section.

Several of the actinide isotopes are more significant than others in computing useful
variables such as k., neutron and photon sources and decay heat. Three major fissionable
isotopes, 25U, P°Pu, and #!Pu, have both positive and negative differences in cases using the
27BURNUPLIB data. Thus, there would be some cancellation of errors in determining the bias
of a final computed k.. However, in cases using the 4GROUPNDFS5 data, the three
fissionable isotopes listed above have near-zero or negatxvc differences, resulting in a small
nonconservative bias in the computed k..

The isotopic percentage differences (in Table 38) for Z*Pu, #°Pu, 2*'Am, #*’Cm, and
24Cm, that are significant as o-n or spontaneous-fission neutron sources, are 2.9, -5.7, -5.9, -
18.7, and -20.4%, respectively, using the Z7TBURNUPLIB data. The corresponding differences
for 4GROUPNDEFS cases are -2.4, -0.2, -11.0, -25.0, and -5.5%. Within a few years after
shutdown (the cooling period when most spent fuel shipments would be made), *Cm dominates
the neutron source sufﬁmently that a more correct neutron source would be produced (from the
indicated 15% reduction in the *Cm dxffcrence) by the use of the 44GROUPNDFS data. For
computations of actinide decay heat rates, it is indefinite which source of cross-section data
would produce the better results because the decay heat distribution among the actinides changes
with time (most is distributed among Z*Pu, *'Am, %’Cm, and **Cm for <100 years cooling
time). Actinide photon source spectra are not significant compared with those from fission
products in the 0.5- to 2.0-MeV gamma energy range (typically about 4 to 5 orders of magnitude
lower). This range represents the source interval primarily responsible for the dose from
shipping casks.

The following observations were noted in the spread of percentage differences in actinide
data of Table 38 and Figs. 11 through 14. The data spreads or maximum-minimum ranges, can
be useful in developing conservative error bounds in global variables derived from computed
spent fuel compositions. The three largest actinide spreads in Table 38 for cases usin %8the
actinide ENDF/B-IV data are 53% [31.4% -(~21.2%)] for 3*U, 28% [10.0 - (-17.7)] for
and 37% (39.7% - 2.3%)for. 237Np The reasons for these large spreads are not known. The
initial 2*U content was not given and could possibly have varied from that assumed. All three
of these nuclides are produced from multilink chains and to some extent by more than one chain
path. However, the smaller spreads of 12.9% for “*U and 14.3% for ®*Pu are more significant
because they are the two most nnportant nuclides in computing k., and are of much greater
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significance than 2*U, Z*Pu, or ?’Np. Reasons for the large scatter in the 2°U and ?°Pu data
are discussed in Sect. 5.5.

A detailed study of the differences in the cross-section values produced from ENDF/B-IV
and ENDF/B-V actinide data was not intended in this project. However, the distinct
improvement in the Pu isotopic densities (in particular, *°Pu) prompted a brief comparison of
cross-section data examples relative to Pu production. Reaction rate comparisons are more
meaningful if related to the fission cross section of Z°U (see Appendix E). Thus, cross-section
tabulations for starting and ending cycle libraries computed in two example cases are given in
Table 40. The types of data listed are the (n,y) cross sections for Z*U, the absorption cross
sections for Z2*Pu and the fission cross sections for Z2°U and #°Pu. Also, the ratios taken with
respect to the fission cross section of #°U are listed. Note that although there are essentially
no changes in the o(n,y)y2a/a(n,)y,3s 1atios, the other two ratios for 2*Pu absorption and fission
cross sections are from 5.4 to 7.5% larger by using actinide data from ENDF/B-V relative to that
derived by using data from ENDF/B-IV. These larger cross sections could be due to either
changes in the underlying data or group structure/flux-weighting effects, or both. Only the Z°Pu
production was examined in this example, partly because it was easier to evaluate. Also, Z°Pu
density computations have indirect effects on other isotopes such as Z°U and the other Pu
nuclides and heavier actinides. Finally, the chief motivation for investigating the reasons for the
P%Pu density change was the large magnitude in the reduction of the difference between the
computed and measured densities (from 4.6 to -1.0% for averages by assembly) in changing
versions of ENDF data.

5.4 FISSION-PRODUCT RESULTS

Sample densities were measured for 27 different fission-product isotopes or isobars. Six
of these analyses included 6 to 13 pellet samples taken from 2 to 4 fuel assemblies. The other
21 fission products were analyses of only three different samples from Assembly D047 Rod
MKP109 of Calvert Cliffs Unit 1 PWR. Although the set of fission-product nuclides in the
radiochemical analyses is not nearly as complete as that of the actinide nuclides, it encompasses
the largest set of significant spent fuel fission products (with respect to k. or decay heat) in
assay measurements conducted and documented to date.

A review of the differences in the two cross-section libraries applied may be helpful in
the understanding of the comparisons in fission-product results. One of the libraries in the
"27TBURNUPLIB" SCALE system library (Vol. III, Sect. M4.2.8 of ref. 1). This library has
actinide and light-element data derived (via the 218-group SCALE library) from ENDF/B-IV
files and fission-product data processed from ENDF/B-V files. The other library is a 44-energy-
group library"’ (denoted as 44GROUPNDFS) derived from the 238-group library processed from
ENDF/B-V files for all of the nuclides with the exception of %0, '**Eu, and *Eu, which have
cross sections derived from ENDF/B-VI files. Note that although the ENDF/B-V files were the
same source for some of the data in both libraries, somewhat different group collapse procedures
were used (e.g., the weighting function) for each, and the resultant data representations would
be somewhat different. Highly significant differences between the **Eu cross sections derived
from ENDF/B-V and ENDF/B-VI are shown in the (n,y) cross-section plots over two energy
ranges, 1 x 10° - 1 eV and 1 - 100 eV, in Figs. 15 and 16, respectively.

The results in Table 38 again may be observed for comparisons in the fission-product
results between using the two versions of cross-section data. The difference seen in Table 38
for isobar 155 (or "*Eu + *Gd) is 96.0% applying the ENDF/B-V Eu data and -24.4% using
the ENDF/B-VI Eu data. This unusually large change in the isobar 155 results is due to the



Table 40. Examples of differences between SCALE derived actinide cross sections

processed from ENDF/B-IV and ENDF/B-V data

Cross section (barns)® Ratio in os
Burnup ENDF
’ ) s o(n, o(abs

GWIMTU  Cycle  version  o(nfums  0(0)ums  0(Dpe  0(abS)pury  —ioms o Denazy @)z
AL o(0,0yy35 o(m,Dyy35

27.35 1 B-IV 326.7 5.65 782 1,219 0.0173 2.394 3.73

27.35 1 B-V 306.7 5.32 785 1,231 0.0173 2.560 4.01
Differences® 0.0% 6.9% 7.5%

27.35 4 B-IV 336.9 6.12 754 1,167 00182 2238 3.46

27.35 4 B-V 318.3 5.78 753 1,173 0.0182 2.366 3.68
Differences 0.0% 5.7% 6.4%

44.34 1 B-IV 327.6 5.95 782 1,217 0.0182 2.387 3.71

4434 1 B-V 309.6 5.61 783 1,228 0.0181 2.529 3.97
Differences 0.6% 5.9% 7.0%

44.34 4 B-1V 3423 6.33 755 1,165 0.0185 2206 3.40

4434 4 B-V 323.5 5.9 752 1,170 0.0185 2.325 3.62
Differences 0.0% 5.4% 6.5%

Cross sections are normalized to the thermal flux.
*Percentage differences in the cross-section ratios determined by (ENDF/B-V ratio/ENDF/B-IV ratio - 1) x 100%.
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large SEu resonance at approximately 0.5 €V in the ENDF/B-VI data (Fig. 15) compared with
with the absence of resonances in ENDF/B-V data (increased resonance absorption results in
greater depletion of **Eu during operation). The percentage difference for isobar 154 (**Sm
+ *Eu + ™Gd) is 30.8% using ENDF/B-V Eu data and -2.1% using ENDF/B-VI Eu data.
The change is due to comparable structural variations in the **Eu data in the two libraries. The
changes for other fission products using the two different cross-section libraries are far less than
the changes in isobars 154 and 155. Of all nuclides for which the differences between the
computed and measured contents exceed 5%, there are only two nuclides for which the average
differences changed more than 20% between the results for the two libraries. The percentage
differences for 3*Cs are -8.1 and -11.4% and for *Cs are 10.9 and 5.7%, applying data from
27BURNUPLIB and 4GROUPNDFS5, respectively. The **Cs and '**Cs contents are highly
dependent on (n,y) cross sections of *3Cs and **Xe, respectively. Thus, the differences for
either of the ™Cs and Cs results could be caused by spectral shifts in the neutron flux,
resulting from the changes in actinide cross sections between ENDF/B-IV and ENDF/B-V data.
Also, the smaller differences between results from using data of the two ENDF versions
observed in Table 38 for all other fission products could result from the flux changes to a lesser
degree.

In addition to the nuclides already discussed, there are five fission products (*Se, %Tc,
1%6Sn, %9Sm, and isobar 151) that have either large differences in the comparisons or excessive
spreads in the results of all cases, irrespective of the cross-section library applied. The cause of
the large differences or data spreads may result from inadequate cross sections, half-lives, power
histories, pellet sample locations, radiochemical measurements, computational methodology or
a combination of any or all of these possibilities. The differences for '*Sm and isobar 151 are
in the ranges -21.0 to -49.1% and 13.0 to 38.5%, respectively. A study™ was conducted on the
effect of power histories on both k., and isotopes significant to the computed value of k. It
was determined that 1°Sm was sensitive to the operating history, in particular to the power at
shutdown for discharge. The *°Sm is increased as the final internal power is increased. Also,
it was determined that *!Sm was slightly sensitive in the opposite direction to late-cycle changes
in the operating power. The use of the actual power history of assembly D047 from data in
ref. 13 and values in the study of ref. 30 would account for approximately one-third of the
difference for °Sm for the cases in this project, for which a constant cycle power was used to
reduce computing time. A similar estimate for isobar 151 gave a correction in the correct
direction but was estimated to account for <1%. The difference in ®Tc, for the cases using
27BURNUPLIB data, changed from an average of 7.3% for assemblies D047, D101, and B0S
to 42.9% for assembly BT03. This may provide a reason to discard the BT03 *Tc result as an
"outlier” case. An analysis of the uncertainties in half-lives for isotopes affecting results for *Tc,
45Sm, and isobar 151 proved that source of error to be a small or insignificant fraction of the
differences. The reasons for the significant differences for the fission products not accounted
for in the above discussion (i.e., Se and '*Sn) are unknown. Although *Tc, **Sm, and *'Sm
rank among the most significant fission products in computing k. the total contribution to
uncertainty in k_q from actinide nuclides is several times greater than the contribution from these
three isotopes.

The sample activities of the long-lived isotopes Se and '®Sn were measured and
reported in units of curies. The calculations in units of mass were converted to curies for the
reported comparisons. The conversion factor for mass-to-curies is inversely proportional to half-
life, and, thus, a percentage error in the half-life contributes an equal percentage error to the
result as curies. At the start of this project, it was found that the computed ™Se curies were
approximately ten times the measured values. In examining the document® in which the "Se
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half-life measurement was reported, it was found that the conversion of sample activity to half-
life was too small by a factor of 10. This "measured” half-life was then reported® as an upper
limit. The ENDF/B-VI value, used initially from the ORIGEN-S library, was obtained by an
average of the measured upper limit and a lower limit that was a theoretical calculated minimum.
A similar procedure was used with the corrected upper limit, changing the final half-life from
33,000 years to 330,000 years. The ORIGEN-S library used in SCALE was modified to the new
value for use in this project. The average percentage differences in Table 38 for ™Se of
approximately 14% could be primarily due to the final uncertainty in the half-life. The spread
of -0.1 to 32.8% between cases could be partly due to effects from the pellet locations (discussed
for actinides in Sect. 5.5). :

The average difference in Table 38 for 'Sn is about 230%. A detailed analysis of the
data and equations applied in computing the mass of 'Sn in the cases under consideration
indicated that the cross-section data, the fission-product yields, and the computational model
would not likely have caused an error of 230%. The initial source®* that reported the half-life,
along with photon energy measurements, stated "the half-life of Sn is estimated to be ~ 10°
years" and noted that the work should be continued. Thus, the 230% difference would not be
unexpected when only an "order of magnitude” value is used for the half-life.

Several specific nuclides significant to decay-heat generation from fission products were
examined. These included ¥Kr, %Sr, *Cs, *'Cs, ’Pm, and **Eu (which may be inferred from
isobar 154). Also, the contribution of two other nuclides that are dominant contributors to decay
heat (**Y and '*"®Ba) may be partially inferred because they are in secular equilibrium with *Sr
and ¥'Cs, respectively. The differences in the above decay heat nuclides as listed in Table
38 vary from -8.1% for "Cs to 6.1% for *'Sr and 30.8% for **Eu. The smallest difference was
the 0.8% value for *'Cs. A problem-dependent set of fission-product contents would be
required to accurately determine the propagated bias in the total fission-product decay heat rate,
but the *Sr and '¥Cs data indicate that the heat rates at cooling times where these nuclides and
their daughters make a dominant contribution (<100 years) would have a propagated bias that
is not likely to exceed a few percent. This estimate agrees with the average difference of 1.5 +
1.3% between measured and SCALE-computed heat rates of 10 PWR fuel assemblies.” The
fission products significant to heat rates at the very long cooling times important in repository
waste storage analyses include Se, ®Tc, and '*Sn. These nuclides are somewhat less well
characterized with maximum differences of 14.1% for ™Se, 16.7% for *Tc, and 230% for %Sn.

The photon source production predictions important in shielding studies for spent nuclear
fuel are dependent upon accurate characterizations of '“Pr, %°Co, *Cs, *Eu, %Rh, *Y, and
137=Ba for cooling times less than 100 years. With the exception of ®Co (an impurity material)
and '®Rbh, direct or indirect estirriates of the accuracy of predicted concentrations of these
isotopes are available. The maximum differences seen are 0.5% for '*Pr (indirectly from *Nb),
-11.4% for *Cs, 30.8% for *Eu (from the 154 isobar), 6.1% for **Y (from **Sr), and 0.9% for
B3mBe (from *’Cs). Thus, there are considerable variations in the quality of predictions for
individual fission products that should produce differing impacts upon the specific areas of
application. :

55 COMPARISON OF MEASURED VS PREDICTED DIFFERENCES WITH
EXPERIMENTAL UNCERTAINTIES

Thus far in this report, only measured vs predicted differences have been discussed. Of
primary importance are the magnitude of these differences relative to the experimental
uncertainties.
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Comparisons are shown in Table 41 between the differences in the measured and
computed values and the uncertainties (1 standard deviation) of the radiochemical analyses. The
quoted uncertainties'?>'% apply to the measured nuclide composition derived for each Calvert
Cliffs or Obrigheim PWR case (i.e., each pellet or dissolved sample). These uncertainties relate
only to the experimental measurements and do not include any of the variations discussed in
subsections 5.5.1-5.5.3 and Appendix E that arise from flux or other neutronic changes at
different pellet locations.

Note that the standard deviation of a single case measurement is not directly comparable
with an average percentage difference, but it does permit at least a qualitative comparison. It
is seen in Table 41 that for the use of ENDF/B-IV data the actinide results compare reasonably
well for the more significant isotopes of U and Pu. However, the percentage differences for
most of the isotopes sufficiently exceed the experimental uncertainties to indicate computational
bias. These differences in the Calvert Cliffs cases for U and Pu vary from 0.4¢ for 2°U to 5.4¢
for *?Pu (where o is 1 standard deviation), with an average of 2.4¢ for the nine isotopes
measured. Correspondingly, for the Obrigheim cases, the variation is 0.8¢ for ?*Pu to 7.5¢ for
%2py, with an average of 4.6¢ for the seven isotopes listed. Note that most of the measurement
uncertainties in U and Pu isotopes for Obrigheim cases are lower than those uncertainties for
the Calvert Cliffs cases, causing most of the increase from 2.4¢ to 4.60 in the above average
values. Although the %'Am difference is only slightly more than 1 standard deviation, ?’Np and
#3Cm + 2Cm exceed the uncertainties by excessive quantities (120 and 40, respectively). The
comparisons of the differences for #2Cm and >*Cm for the assembly-averaged measurements of
the Obrigheim fuel are well within the measurement uncertainties.

Comparisons in Table 41 for the use of ENDF/B-V data show that the predictions for
the actinide isotopes agree well with measurements for most nuclides. The percentage
differences of the Calvert Cliffs cases for U and Pu vary from 0.4¢ for ZPu to 4.7¢ for Z*Pu,
with an average of 1.5¢ for the nine isotopes. Also, for the Obrigheim cases, the variation is
<0.1¢ for Z°Pu to 4.6¢ for 2*U, with an average of 1.5¢ for the seven U and Pu isotopes
compared. The percentage differences for Z’Np and *'Am of 9.7 and -11.0% exceed the
measurement standard deviations of 1.9 and 4.9%, respectively.

With the two exceptions, isobar 154 and isobar 155, there are essentially no differences
between fission products (plus *C) applying cross-section data from either of the two ENDF
libraries. Most of the fission-product isotopes in Table 41, for which there are uncertainties
given, have differences several times the corresponding experimental error. The half-life is
mostly likely in error for '¥Sn. Either half-life or cross-section error (and some model
discrepancies) are likely to contribute to the computed differences. Observing the differences
listed by isotopes in Tables 36 and 37, there are seven fission product nuclides or isobars that
exceed 15%: Tc, 1*8Sm, **Sm, ¥'Sm + S'Eu, ¥2Sm, isobar 154, and isobar 155. Most of these
isotopes or their significant precursors have large cross sections. It can be shown that for very
large absorption cross sections (e.g., that of °Sm), the sensitivity of the final nuclide density to
changes in cross section may significantly exceed unity; thus, producing a greater fractional
standard deviation in the density than that of the cross section. Also, it was noted in Sect. 5.4
that the change in ***Eu and **Eu cross sections from ENDF/B-V to ENDF/B-VI data improved
the difference from 96.0 to -24.4%. Although the major contribution to the uncertainty of k4
is from isotopes of U and Pu, some of these seven fission-product isotopes, having less accurate
predictions (e.g., **Gd and **Sm) also significantly contribute to the uncertainty.
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Table 41. Summary of q&pcrimental uncertainties compared with average
percentage differences” in measured and computed compositions

| Average % differences between
Radiochemical | measured and computed composition
measurement, | ;
% uncertainty | 27BURNUPLIB library 44GROUPNDFS library
Nuclide Ave. of Ave. of
or Calvert '] Calvert absolite | Calvert : absolute
clement Cliffs*  Obrigheim® Cliffs ~ Obrigheim  values’ Cliffs  Obrigheim  values
U 1.6 j 24 14
B 1.6 47 -1.8
»y 1.6 0.5 | 40 32 -390 2.3
B 16 04 1 06 16 0.6 14
= 16 0.8 0.8
Pu 16 | 63 0.9
BIpy 1.6 7.7 | 23 6.1 <15 08
BPu 16 13 | 38 57 22 <0.1
#opy 1.6 14 6.9 5.5 -1.6 02
#py 16 13 4 34 72 29 1.0
#2py 1.6 1.7 1 -86 -12.8 14 26
*Np 19 1 228 9.7
MAm 49 -59 -11.0
*Cm 3090 -18.7 25.0
MCm 20-30 -22.7 -7.1
*Cm + *Cm 4.1 1-158 23
ue 5.6 -142 -13.8
PSe 49 1 141 140
“Sr 57 1 61 6.0
®Tc 35 g 177 182
1280 , 102 12303 2298
i | 22 1-108 -10.8
135Cs 14.0 | 112 6.0
¥1Cs 35 0.6 0.6
Cs 9.0/ | 54 5.1
Nd 1.0¢ s 1.0 1.0
Pm 4.0¢ . ‘ 45 28
Sm 7.0 | 179 154
Eu 13.0¢ 3 394 149
Gd 18.0¢ | 63.4 133

¢ (Calculated/measured - 1) x 100%.

* Uncertainty as the standard deviation of measurements conducted by the MCC at PNL.

¢ Uncertainty as the standard deviation in the estimate of the average of the measurements conducted by TUI,
JAEA, WAK, and IRCH. ;

¢ Average percentage difference of the ¢lement based on the absolute values of the average differences for the
isotopes of the element. ‘

* Uncertainty based on KORIGEN calculations 30% lower than the measurements and repeated o-
spectrometer analyses showing differences of up to 90%.

1 Based on average of *Cs and “*'Cs only.

¢ Averages of isotopic standard deviations of the individual measurements.?



6. GENERAL SUMMARY

The purpose of this project is to perform, report, and evaluate computations applying the
SCALE modular code system for isotopic compositions of irradiated fuel from pressurized-water
power plants. This summary includes both a brief synopsis of the body of the report and a few
concluding remarks.

6.1 SUMMARY OF THE BENCHMARK COMPARISONS

Reactor fuel depletion calculations are performed by the SCALE control module SAS2H.
This module applies the neutronics analyses of the well-known XSDRNPM-S, NITAWL-II, and
BONAMI-S functional modules and the depletion and decay evaluations of the COUPLE and
ORIGEN-S codes. Although the 2-D effects from the guide-tube water holes or BPRs are
included in the model, the method is intended to compute the average isotopic compositions of
the spent fuel assembly. An extensive description of the SAS2H model and the basic
applications performed by XSDRNPM-S and ORIGEN-S, in particular, are included in Sect. 2
of this report.

Nineteen different PWR fuel benchmark problems are analyzed in this study. Data on
PWR fuel design and operating conditions for the 19 cases, sufficient for input to a SCALE
computation, are presented in Sect. 3. Fuel assemblies were analyzed from Calvert Cliffs Unit
1, H. B. Robinson Unit 2, and Obrigheim power plants. The basic parameters (i.e., burnup and
25U enrichment) are summarized in Table 2.

Comparisons of predicted and measured isotopic compositions of each of the 19
benchmark cases are given in Sects. 4.1 through 4.3. Data for each reactor are listed as
radiochemical assay measurements and followed by listings of the percentage differences between
measured and computed nuclide compositions. All problems were calculated using two different
libraries. One is the 27-energy-group SCALE-4 library, which has actinide and light-element data
derived from ENDF/B-IV and fission-product data processes from ENDF/B-V. The second
library applied here is a 44-energy-group library derived entirely from ENDF/B-V files with the
exceptions that data for O, 1*Eu, and **Eu were taken from ENDF/B-VL. The comparative
differences included tables listing the results from both of the cross-section libraries. The ranges
or data spreads in the nuclide density differences, along with the corresponding averages, are
given in Table 38 of Sect. 5.1. Plots of the ranges in data spreads are also shown. In general,
results based on the 44-group ENDE/B-V library are better than those obtained using the 27-
group ENDF/B-IV and ENDF/B-V libraries. While some of the improvement is due to the
group structure and collapsing spectrum used in creating the 44-group library (especially for
plutonium), most of the improved agreement results from better data in the ENDF/B-V (plus
some ENDF/B-VI) cross sections.

The average differences between the computed and measured compositions for each
assembly or batch (for Obrigheim cases) in addition to the overall averages are summarized in
Tables 36 and 37 for application of the two cross-section libraries. A final concise summary of
average element differences based on the absolute values of average differences for the isotopes
of the element are given in Table 39. The final averages in Tables 36 through 39 discussed in
Sects. 5.1 through 5.5 are indicative of the overall bias in the SCALE model calculations. The
final average differences for nuclides 2°U and **Pu and elements U and Pu are -3.1, 5.4, 2.4,
and 6.3%, respectively, applying actinide cross-section data from ENDEF/B-IV. Positive
differences for nuclides denote that the computed value is higher than that measured. Note that
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these differences for the elements are always positive because they are the average of the
absolute values of gerccntage differences of all isotopes of the element. The corresponding
averages for 2°U, #°Pu, U, and Pu for cases applying ENDF/B-V data are -2.2, -0.4, 1.4, and
0.9%, respectively. These results indicate a substantial improvement in major actinide
compositions by applying actinide cross sections derived from ENDF/B-V compared with that
from ENDF/B-IV. The reasons for the major differences in the computations using the two
different cross-section libraries were examined, as discussed in Sect. 5.3. Also, note that these
average comparisons indicate the magnitude of overall bias in the computed (or measured)
densities and do not show individual case fluctuations or random errors.

The discussions in Sect. 5.5 and Appendix E deal with evaluations of some of the
inconsistencies, and, in part, the fluctuations in the percentage difference between the measured
and computed density of a specific nuclide in the various samples. The samples analyzed in most
of the benchmark cases were taken from individual fuel pellets. Several peliets were examined
at different axial heights within a fuel rod. The radial location of a fuel rod analyzed was taken
at different distances from the nearest guide tube. The advantage to examining peliets of
different heights and various assemblies was to produce cases having a wide range of burnup and
other conditions. The selection of fuel rods of different proximities to guide tubes succeeded
in covering the possible variations in conditions that may prevail within an assembly. These
differences may be essential in evaluating axial and/or radial effects in 3-D computations of k4.
Although such pellet analyses are necessary in fully characterizing the fuel densities, the
possibility that a significant part of the spread in comparisons for a nuclide depends on spatial
effects within an assembly was motivation for making a limited study of these effects. It was
determined that the radial and axial variation in differences of measured and computed Z°Pu was
affected by changes in the spatially dependent flux spectrum. Also, secondary effects of variation
of #?Pu differences on 2*U were observed, although with less consistency than in the evaluations
of spatial effect.

Other significant differences in comparisons were reviewed in Sect. 5.5. Table 41
presents a summary of known cxpcnmcntal uncertainties compared with average percentage
differences in measured and computed compositions. The magmtudes of the measured/computed
differences for many isotopes correspond to similar quantities in the uncertainty of the
measurement. However, seven of the heavier fission-product isotopes had somewhat excessive
differences exceeding 15%: ®Tc, ¥Sm, “Sm, 15'Sm + 'Eu, ¥Sm, Sm + *Eu + Gd, and
ISSE + ISSGd

6.2 CONCLUSIONS

The validation process of a computational model has a twofold purpose. One purpose
is to determine if the code or method under review calculates the required quantities with a
reasonable degree of accuracy, in comparisons with corresponding measurements. A "reasonable
accuracy” can depend on the ultimate application. For example, the accuracy of the #Cm
content may be very significant in determining total decay heat rate or neutron source but it may
be insignificant in the calculation of k4 The other purpose of validation is the determination
of uncertainties, or some other representation of error, in the quantity being computed. This
purpose of validation, in a broader meaning of the process, tends to override the former purpose
(i-e., accuracy) because it provides a method for establishing the safety factor to be applied to
the computed quantity.
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The fuel depletion analyses computed in this project agree with measurements sufficiently
well to apply the SCALE code system as a basic tool for predicting isotopic compositions of
spent fuel from PWR power plants. However, a method to define and determine the bias and
uncertainties of the SCALE approach relative to the measured data must be established before
this approach may be applied in criticality safety analyses of spent fuel.
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SAS2H INPUT FILES FOR CALVERT CLIFFS, H. B. ROBINSON,
AND OBRIGHEIM FUEL ASSEMBLIES
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Table A.1. Calvert Cliffs Assembly D047 Rod Table A.2. Calvert Cliffs Assembly D047 Rod
MKP109, 27.35 GWd/MTU, ENDF/B-IV MKP109, 37.12 GWd/MTU, ENDF/B-IV

=-as2

, skipshipdats'
calvert cliffs 1 pwr, d047, rod 109, 13.200 cn, 27.35/miu b4 ang-94

cooled 1870 d

27bumuplb  latticeee]l
1n02 1 den=10.045 1 790
92234 0.027 92235 3.038 92236 0.014 92238 96.921 end
¢ lder=18-4 1 790 end
n lden=2.341 790 end
©0-59 301-20 357 end
7-94 101-20 790 end
mo-94 10 1-20 790 end
nb-95 101-20790 end
mo-95 10 1-20 790 end
99 101-20 790 end
103 1 0 1-20 790 end
10510 1-20 790 end
10610 1-20 790 end
sn-126 1 0 1-20 790 end
xe-131 10 1-20 790 end
¢5-134101-20 790 end
c5-135101-20 790 end
€-1371 0 1-20 790 end
Pr-143 1 0 1-20 790 end
nd-1431 0 1-20 790 end
ec-144101-20 790 end
nd-144101-20 790 end
nd-1451 0 1-20 790 end
nd-1461 0 1-20 790 end
nd-147 10 1-20 790 end
pm-14710 1-20 790 end
sm-147101-20 790 end
nd-1481 0 1-20 790 end
pm-148101-20 790 end
sm-148 10 1-20 790 end
Pm-149 10 1-20 790 endd
sm-149 1 0 1-20 790 end
nd-150 1 0 1-20 790 end
x-150 10 1-20 790 end
am-151101-20 790 end
er-151101-20790 end
sm-1525 0 1-20 790 end
€u-153101-20 790 end
e-154101-20 790 ond
£d-154101-20 790 end
eu-155101-20 790 end
£d-155101-20 790 end
gd-157101-20 790 end
gd-158101-20 790 end
§d-160 1 0 1-20 790 end
zircalloy 21 620 end
h2o 3 den=0.7575 1 S57 end
stbm-bormod 0.7575 1 1 0 0 5000 100 3 330.8¢-6 $57 end

* 331 ppm baron (wt) in moderator
f

fuel-pin-cell peometry:
squarepitch  1.4732 095631 3 1.1176 2 0.9855 0 end

bly and cycle p ot

Apin/s 176 fueinght=787.52 ncycles=4 nlib/cycs]
pantievel=4 lighted=9 inplevel=2 numziotk=5 end

3 1314 2 1416 3 1.662 500 5203 3 3243
power=15.197 burn=306.0 down=71 end
power=17.124 bum=381_.7 down=813 bfrac~1.419 end
power=15.018 bum=466.0 dowre=8S5 bfrac=1.523 end
power=12.843 bum=461.1 down=1870 birac=1.488 end
0119 ¢ 52 mn 029

fe 1l. c0 0.066 ni B.7

z195nb 0.63sn 32

=pas2  parm~'hah04 skipshipdats’

catvert cliffs | pwr, d047, rod mipl09, 27.700 em, 37.12/mt b4 aug-94

cooled 1870 d

Iatticocell
uo2 1don=~10.045 1 841
92234 0,027 92235 3.038 92236 0.014 92238 96.921 end
¢ ldon=134 1 841 end
5 ldn=234 1 $4] exd
©0-59 301-20 558 end
xr-94 1 01-20841 and
|

*fission product mxclide set same as table A.1 with new wemperstures®

|
£5-160 10 1-20 841 end

zircalloy 21 620 end
h20 3 den=0.7569 | 558 and
srban-bormad 0.7569 1 1 0 0 SO00 100 3 330.8e-6 558 end

' 331 ppn boeon (W1) in moderator

by sed cycle p

npin/ssem =176 fuclnght =787.52 ncycles =4 nlib/cyc=1
=4 lighwel=9 inplovel =2 sanziotal =5 end

3 1314 2 1406 3 1662 500 5200 3 5243
power=21.799 bum=306.0 down=71 end
posar=23.583 bam=381.7 down=81.3 Mrac=1.419 end
posnr=20.133 bum=466.0 down=85 bfrac=1.523 oxd
power=16.630 bun=461.1 down=1870 bfrsc~1.488 ond

ol19 or 5.2 mn 0.29

11, 200.066n 8.7

zr 195sh 0.63 a0 32
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Table A.3. Calvert Cliffs Assembly D047
Rod MKP109, 44.34 GWd/MTU ENDF/B-IV

=oas2  parn= ‘halt04,skipshipdata
calvert cliffs 1 pwy, 3047, rod mipl09, l&iﬁan,u.:uhuu& nug-N
1870 d cooling time

2Toueplib
w2 1den=10.045 1 §73
92234 0.027 92235 3038 92236 0.014 92238 96.921 end
¢ lden=184 1 873 exd
0 ldon=234 1873 end
59 301-20570 ond
2r-94 101-20873 end
I
*fiasiom product muclide sct ssre as whie A.lwith now wmpesstizees®

|
816010120873 end
' need the following to wee endf/b5 libeacy:
' from stS: (2nd Yine same us def. of zircalloy in sect. mB, scale-4.1)
* arterzire 6.5 4 00 1 40000 97.91 26000 0.5 50118 0.64 S0I200.9521 end
'nl!nzncC“lOOlmﬂmmﬂjﬂllﬂ(}“ﬁlmﬂ%Zlm end
ircalloy 21 620 end i
h20 3den=0.7332 | 50end
arbm-bornad 0.7332 1 1 0 0 5000 100 3 330806 50 end
* 331 ppm boran (wt) in moderator

: fucl-pin-cell peometey:
squarepitch 1.4732 0.9563 1 3 1.1176 2 0.9855 O end

iy and cycie p
Dp/ 176 fueinght ~ 787,52 ncycles =4 nlivVeyc=1
intlovel =4 ligh ’_9. Aevel=2 l=5 ood

31.314214163!,6@5@5”3520 I
power=27.432 bum=306.0 down=71 ond
power=28.654 bum=381.7 doun=913 bfrac=1.419 ond
powere23.004 bum «466.0 down=85 birace1.523 end
power=19.499 bum=461.1 down=18%0 bfrac=1.488 ond

0119 or 5.2 mn 0.29

fe1l.000.066ni 8.7

22195 mb 0.63m 3.2

Table A.4. Calvert Cliffs Assembly D101
Rod MLLAO98, 18.68 GWd/MTU, ENDF/B-IV

gea?  parmn=‘haitD3 skipahindata'
calvoet cliffs | pwr, d101, md miaD€, atm-103 18.68gwd/miu ang-94
8.90 cn sumple pelict -~ weey #2

w2 1den=10.045 1 816
92234 0.4 92035 272 9XB60.016 92389724 ead
¢ lden=l24 | BI6 ead
R ldm=2.44 1 816 ed
-5 30 1-20 557 and
294 101-20816 ed
mo-5d 10120 816 end
nb95 10 1-0816 ed
mo-95 10120816 eed
1099 10120816 cad
#4103 10 1-20816 end
105 10 1-20 816 end
2010610 120 816 end
%0-131 10 120 816 end
13410120816 end
13510 1-20816 end
013710 1-20 816 ond
pe-143 10 1-20 816 end
w143 10 1-20 816 end
o144 10 1-20 816 and
14510 1-20 816 ond
2d-146 10 120 816 end
od-14710 1-20 816 end
por147 10 1-20 816 el
0014710120816 and
24-148 10 1-20816 end
o149 10 120 816 wnd
o149 101-20816 and
o150 16 1-20 816 end
am-151101-20816 end
«-15110 120516 end
1521010216 and
15310120816 end
15410120816 ad
9415410120816 ead
15510120816 eud
#-155 10 120 816 end
#+15710 120816 ead
215810 1-20 816 end
#-160 10 120816 end
siscalloy 21 620 end
o 3den=0.757%6 1 557 end
arben-bormod 0.7576 1 100 5000 100 3 330.80-6 557 end

* 331 ppan boeon (wt) in maderstor

fuel-pin-ostl goamotry:
asquesepitch  1.4732 0.95631 3 1.1176 2 0.9855 0 end

bly snd cycle

q’dn-n-lﬁﬁnh‘h-mﬁwych--B alitveyc=]
imd lightel =9 implevol~2 l=5 cad

3 1314 2 1416 3 1,662 500 5,203 3 5.243
power=13.70 bom=306.0 down=71 ond
posne=]15.504 bum=381.7 down=81.3 birac=1.419 o
powers=13.598 buen=466.0 down=2374 bitac=1.523 oud

0119 er 5.2 om 0.29

ds 11.000.066ni 8.7

zri95ab 0.63m 3.2
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Table A.5. Calvert Cliffs Assembly D101
Rod MLAQO98, 26.62 GWd/MTU, ENDF/B-IV

=pa82  parm= ‘hale}3,akipshipdata
calvert cliffs | pwr, 4101, rod mis098, atm-103 26.62gwd/mitu aug-94
24.300 am sample pelict — assy #2

* mixturos of fuel-pincunit-cell:

2Turmplib  latticocell
uo?2 1 den=10.045 1 880
92234 0.024 92235 2.72 92236 0.0i6 92238 97.24 ond
c lden=124 1 880 end
n [dm=2.44 1 890 exi
©0-59 30 1-20 558 end
zr-94 1 01-20 880 end
i
*fission product mclide set same a8 table A4 with new wmperatures™

]
pd-160 1 0 1-20 880 end
zircalloy 21 620 onxd
b2 3den=0.7571 1 558 end
arhm-bormod 0.7571 1 100 5000 100 3 330.80-6 558 end

' 331 ppm baron (wA) in moderator

fuel-pin-cell goometry:

bly and cycle p

npio/asem = 176 fuclnght = 787.52 noycles ~3  nlib/cyc=1
printlevel =4 lightel =9 inplovel = 2 manziotal =S end
3 1314 2 1.416 3 1.662 S00 5.203 3 5.243
power=20.408 bumn=306.0 down=71 end
power~22.089 bum=381.7 down=81.3 birsc=1.419 end
power=18.857 bum=466.0 down=2374 bfrac=1.523 end

0119 er 52 mn 0.9

fc 1. 00 0.066 i 8.7

2 1950b 0.83 3.2

Table A.6. Calvert Cliffs Assembly D101
Rod MLAQO98, 33.17 GWd/MTU, ENDF/B-IV

=sas2  parm~"hahO3,skipshipdata
calvert cliffs 1 pwr, d101, rod mia098, stm-103 33.17gwd/mtu sug-94
161.70 om samplc pellet - sasy #2

‘' mixturos of fucl-pin-unit-cell:

2ZToumplib  letticecell
w2 1den=10.045 1 910
92234 0.024 92235 2.72 92236 0.016 92238 97.24 and
¢ ldn=124 1 910 end
n 1dm=2.441 910 end
©0-5%9 301-20 570 ond
2094 101-20 910 ond
|
*fisaion product muclide sot same as table A4 with new lemperatures™

|
3d-160 1 0 1-20 910 end
xircalloy 21 62 end
W20 2den=0.7341 1 50 end
arben-boomod 0.7341 1 1.0 0 5000 100 3 330.80-6 570 end
* 331 ppm boron (w1) in moderator

fuel-pin-coll geametry:

squaropiich 1.4732 0.95631 3 1.1176 2 0.9855 0 ond

bly and cycls p

npin/sssrn =176 ficlnght =787.52 ncycles =3 nlib/cyc=1
printlove] =4 lightel =9 inplovel =2 manztotal =5 end
31314 2 1.416 3 1.662 500 5203 3 5.243
power=26.652 bum=306.0 down=71 end
powenr=27.839 bum=381.7 down=81.3 bfrac=1.419 end
pownr=22.437 bum=466.0 down=2374 birec=1.523 end

o119 or 52 o 0.9

f11.c00.066 x 8.7

xr195nb 0.63 a0 3.2

sad




Table A.7. Calvert Cliffs Assembly BT03 Rod
NBD107, 31.40 GWd/MTU, ENDF/B—IV

=sas2  parm= halt04, skipshipdata’

calvort ofiffs 1 pwr, 13, sod nbd107, atm-106, 31.40gwd, bd sug-54
decxy time 6.7 yoars (ox 2447 days) for measaresnent of
pal-5109-106, page: 4.64, tablo 4.17

2Tournuplib
uo2 ] den=10.036 1 790
92234 0.022 92235 2.453 92236 0.011 92238 97.514 end
¢ lden=i.954 1| 790 eexd
n ldon=d 424 1 790 end
c0-59 30 1-20 557 end
2094 10 1-20 790 end
|
*fission product muclide set seme as table A.4 with now semperstarcs®

|
5d-160 10 1-20 790 end
zircalloy 21 620 end
h2o 3don=0.7576 1 557 end
srtan-bhormod 0.7576 1 1 00 5000 100 3 330.80-6 557 end

* 331 ppen boron (W) in moderetar

bly end cycie §

swpin/sesem = 172 fuckngth=793.88 ncycies =4 nlib/cyc=1
printlovpl=$ lightol =9 jopiovel=2 memtotal =S ond
3 1314 2 1416 3 1.662 500 5.156 3 5.243
powpes=15 765 bum=816.0 down=81 ecad
power=16.457 um=3060 down=71 eud
power=11.514 bum=381.7 down=81.3 bfrsc=1.419 ond
power= 11550 bum=466.0 down=2447 birace=1.532 end

0119 or 52 mn 0.29

f£11.000066ni 8.7

ze 1950b 0.683an 32

Table A.8. Calvert Cliffs Assembly BT03
Rod NBD107, 37.27 GWd/MTU, ENDF/B-IV

~saa2 parme halt04,skipshipdata’

oalvest cliffs | pwr, 403, rod nbd 107, atm-106, 37.27gwad, b4 aug-94

decuy time 6.7 yoars {(or 2447 days) for measuroment of
pal-5109-106, page 4.64, teble 4.17

2Tourcaplib
uo? | den=10.036 1 841
92234 0.022 92235 2.453 92236 0.011 92238 97.514 end
c ldm=1.954 1 84] end
1 lden=4.42-4 1 84] exd
00-59 30 1-20 557 end
2094 101-2084] end

|
*Sasion praduct mctide sct same as table A.4 with sow \caporsturce™

|
9516016 120341 and
gircalloy 21 620 end
W20 3dan=0.7573 | 557 oad
acten-boemod 0.7573 1 100 5000 100 3 330.80-6 357 end

* 33t ppm boron (w) in maderstor

bly sed cycle p

npin‘ssan =172 fuclngth = 793.88 ncycles =4 nilb/oyo=1
privtlevel = S lightal =9 inplovel =2 murmtotat=5 sad
3 1314 2 1.416 3 §.662 500 5.156 3 $.200
power=18.712 bum=816.0 dows=81 end
pomer=19_533 bum=3060 down=71 end
power = 13.666 buemn«381.7 down=81.3 Mrac=1.419 exd
powet=13.700 bum=466.0 down=2447 birsc=1.532 exd
oll9 o 5.2 am 0.29
fo11.000.066ni 8.7
20 1958b 0.83 e 3.2




Table A.9. Calvert Cliffs Assembly BT03

Rod NBD107, 46.46 GWd/MTU, ENDF/B-1V

=ae2  parm=‘hah0d, skipshipdata®

caluernt cliffs 1 parr, 003, rod shd107, atme- 106, 46.46g9xl, b4 sug-94

decay tune 6.7 years (or 2447 days) for measuresnont of
pak-5109-106, page 4.64, table 4.17

92234 0.022 92235 2.453 92236 0.011 92238 97.514 and
¢ 1den=1.954 1 8§73 end
D lden=4.424 | 873 et
©0-59 301-20 570 ond
2694 101-20873 end
|
*fission pratuct nuclide sct same as tabic A.4 with bew: wenperatures™

|
24-160 1 0 1-20873 and
zircalloy 21 620 end
h26 3den=0.7342 | SN ond
arbm-bormnod 0.7342 1 1 00 5000 100 3 330.806 570 end
* 33! ppen boran (wi) in moderator

fucl-pin-ooll goometry:

bly and cycie p
npin/uem =172 fuclngth=793.88 ncycles =4 alib/cyc=1
intlevel =S lighael =9 inplovel=2 le=5 sud

3 1314 2 1.416 3 1.662 SO0 5.158 3 5283
power=23.326 blum=816.0 down=8] end
power=24.350 bum=306.0 down=71 end
Ppower=17.036 bum=381.7 down=81.3 bfsc=1.419 end
powor=17.090 bum =466.0 doen=2447 birac=1.532 ead
o119 o 5.2 mm 0.29

fo 11. 00 0.066 i 8.7

2 1950b 0.83en 32

ond

Table A.10. H. B. Robinson Assembly BO5
Rod N-9, 16.02 GWd/MTU, ENDF/B-IV

=sas2h  parm="'hal4,skipshipdata’
h.b. robinean 1 pwr cese 1-¢: B0-5, rod 0-9, 11 cm, 16.02 gwd/miu b4 aug-94

2Tourmplib  lattioecell
w2 1den=9.9441 743
92234 0.023 92235 2.56]1 92236 0.013 92238 97.43 ond
©0-59 30 1-20 559 ond
094 10 1-20 743 oaxt
mo-94 10 1-20 743 end
ob-95 101-20743 and
me-95 101-20743 end
w99 101-20 743 end
10310 1-20 743 end
10510 1-20 743 end
10610 1-20 743 ved
x0-131 10 1-20 743 ond
1341 01-20 743 and

Table A.10 (continued)

13510 1-20 743 and

13710 1-20 743 end

pr-143101-20 743 end

23-143101-20 743 end

co-144101-20 743 end

ad-145101-20 743 ond

nd-146 1 0 1-20 743 ond

nd-14710 1-20 743 end

po-147 10 1-20 743 ond

om-147101-20 743 ond

nd-148 10 1-20 743 ead

pr-149 10 1-20 743 end

w149 1 01-20 743 end

an-150 1 0 1-20 743 end

an-151 10 1-20 743 ond

ou-151101-20 743 ond

mn-152101-20 743 end

-153101-20 70 ond

ou-154101-20 743 ond

§d-1541 0 1-20 743 ond

ou-155101-20 743 ed

9315510 1-20 743 end

pd-157 10 1-20 743 ped

P-158101-20743 end

516010 1-20 743 ond

' noed the following to use endf/bS Library:

' from st5: (2nd line same s def. of ziccalloy in sect. m8, scale-4.1)
' arbozirc 6.5 400 1 40000 97.91 260000.5 50118 0.64 5012009521 end
‘arbenzirc 6.44 4 0 0 1 40000 $7.91 26000 0.5 50118 0.64 50120 0.952 1 595 end
zircalloy 21 595 ond

K20 3 den=0.7544 1| 559 ond

artzn-bormod 0.7544 1 100 5000 100 3 652.5¢-6 559 end

* £52.5 ppen boron (wA) in moderaior

60 0.00011
»10 60 9.5954
11 60 33633
s 4055 559 end

559 end
559 eed
352 end
60 0.01799 559 end
559 end
559 end
559 od

bly end cycle p
Bpin/snsn ~ 204 fucingis = 726.63 ncyclos =4 nlib/cyc=1
printlovel =S lightel =9 inplevel=2 =10 poats =0 end

* the 10 Jarger unit oell xanes follow for 2 passes bp, 2 pasacs h2o :
4 021457 S 0.22705 4 0.23329 6 0.39017 4 0.38449 5 0.42145
3 0.650242 0.69342 3 (.90680 500 2.64088
4 0.21457 5 0.22%05 4 0.23329 6 0.38017 4 0.38449 § 0.42145
3 0.65024 2 0.69342 3 0,80680 S00 2.64088
3 0.214573 0.27053 0.233293 0.380173 0.38449 3 0.42145
3 0.65024 2 0.69342 3 0.90680 500 2.64088
3 0.214573 0.222053 0.23329 3 0.390173 0.38449 3 0.42145
3 0.65024 2 0.693423 0,90680 500 2.64088

power=18.389 bum=24.5 down=40 end
power=17.762 bum~243.5 down=64 blrac=0.379 eond
power=17.247 bum=156 down=3 birac=10 end
poner=16.846 bum=156 down=3936 bHirsc=0.379 ond

0119 ¢ 52 mm 029

foll.c00.066a %.7

3219500 0.63 m 32

* the abovo light eloments comvertad to kg per miuo2...

ol




Table A.11. H. B. Robinson Assemi:ly BO5S
Rod N-9, 23.81 GWd/MTU, ENDF/B-1V

«paaZh  parm= a4, skipshipdata’
h.b. robinecn 1 pwr cese 1-n: B0-5, rad 09, 26 am, 23.8]1 gexd/miu b4 aup-94

2Tourmplib  latticooell
uo? | den=9.9441 830 ‘
92234 0.023 92235 2.561 92236 0.013 92238 97.403 ond
©0-59 30 1-20 559 ond
ze-94 10 1-20 830 end
| ;
*fisgion product mactide st same a8 table A.10 with new lomperaiuses™

$4-160 10 120 830 end

* need the following 10 vac endf/bS libracy:

¢ fromaS: (2nd line summe we def. of zircalloy in sect. ﬂ,lelh-dl)

* arbenzire 6.5 4 00 1 40000 97.91 26000 0.5 30118 0.64 501200.9521 end
'M&“‘OO!mﬂﬂmﬂsﬂlllﬂ“ﬂnmﬂ%le end
zircalloy 21 595 end

h20 3 den=0.7538 | S50 ond

ul:n-lnnmd 0.7538 1 1 00 5000 100 3 652.5¢-6 559 ond

' 652.5mhmm(m)n|mdenhat
iwmmk for the burnable poisan oopled assembly:

20304 51559 ond

o 60 0.04497 S5
= 60 000165 559
al 60 0.00058 359
i 60 00199 55
k 60 000011 5%
510 60 9.5954 389
b-11 60 38633 559
n 4055 55 end

ond
oad
end
end
nd
and
ond

bly and cycle p
opin/asem =204 fueloght =726.63 noycles =4 nlibvVeyos | :
printlevel =S lightele9 inplovel =2 110 0 ‘and

N thhr.u-tullnukﬂbwh2po~hp,2p~hﬂo:
4 0.21457 5 0.227054 0.23329 6 0300174 038449 5 0.42145
3 0.65024 2 0.693423 0.90680 500 2.64088
4 0.214575 0.22705 4 0.23329 6 0.39017 4 0.38449 5 042145
3 0.55024 2 0.693423 0.80680 500 2.54088
3 0.214573 0.22053 0.233293 0380173 0.38449 3 0.42148
3 0.65024 2 0.593423 0890580 500 2.64088
3 0.214573 0.227053 0.233293 0280173 0364493 Gadld
3 0.65024 2 0.693423 0.80680 SO0 2.64088

powerw28.410 vem=243.5 down=40 end
power=26.532 bumn=243.5 down=64 birac=0.379 oad
power=24.991 bum=156 down=39 birac=10 end
power=21.788 bum=156 down«~39036 biac=0.37% i
0119 or 52 om 0.9
fo 11. c00.066ni 8.7 i
2c1950b 0.63 e 3.2

the sbove light alements converted 1o kg por mtual...
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Table A.12. H. B. Robinson Assembly B05
Rod N-9, 28.47 GWd/MTU, ENDF/B-IV

~saa?h pan='habd,skipshipdats’
h.b. robinsan 1 pwr case 1-§: 10-5, rod 59, 199 am, 28.47gwd/mtu b4 aug-94

2Toursplid
w2 1den=9.9441 883
92234 0.023 92235 2.561 92236 0.013 92238 97.403 ond
©0-59 30 120 576 end
2094 10120883 ead

|
“flasion product nuclide st s a8 tabie A.10 with pow semperatums™

|
p3-16010 1-20 883 ond
' nead the following 10 wee endf/b5 tibeary:
' fromstS: (2ud Boo seme as def. of giscalloy in asct. mB, acalo-4.1)
* arbemacire 6.5 4 0 D 1 40000 97.9f 26000 0.5 50118 0.64 5012009521 end
‘srteire 6,44 40 0 1 40000 97.91 26000 0.5 %0118 0.64 $01200.952 1 595 exd
sirealloy 21 595 end
120 3 den=0.7TX8 | 576 oed
arten-bormod 0.7208 1 1 00 S00D 100 3 652.5-6 516 and

* 652.5 ppen boran (wt) in modersior

- la foc the b 5 wplad .
2304 51576 ead

o 60 0.04497 576

o 60 0.00165 5

a 60 0.00058 376

k 6000001 5%
510 60 9.5954 576
b11 60 3.863-3 576 end
2 4055 SHed

ead
ond
end
si 60 001799 576 oad
wd
end

squasepitch  1.4300 0.9294 1 3 1.0719 2 0.484 0 ond

dy and cycic p
npin 204 fusinglt = 726.63 ncyclos =4 nlib/cyc=1
printh 5 lightel =9 mplovele? e 10 poats =0 ond

the 10 Jarger unit csll somes foBow far 2 pasess byp, 2 pesecs h2o :
4 0.21457 3 0.2205 4 023329 6 0.3%017 4 0.38449 5 0.42145
3 0.65024 2 0.50342 3 0.90680 SO0 264068
4 0214575 02275 4 0.23329 6 0.30017 4 038449 S 0.42145
3 0.55024 2 0.69342 3 0.30680 SO0 2.64088
3 0.214573 0.227053 0.233293 0300173 0.38440 3 0.42145
3 0.65024 2 0693423 0.30680 SO0 2.64068
3 0214573 022053 0.233293 0380173 0384493 0.42145
3 D.65024 2 0.69342 3 0.50680 300 2.64088

powme=34.817 bum=~243.S dowm=40 ond
power=31.829 bum=243.5 down=64 birc=037 oad
ponar=29378 bum=156 down=39 bimc=i0D end
power=27.464 bum=156 down=3631 bimc=037 wmd

oll9 or 5.2 wn 0.29

s 11.000.066 i 8.7

xc195ub 0.3 m 3.2

the sbove ligiht cloments comverted 10 kg per mtuol...
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Table A.13. H. B. Robinson Assembly B0O5
Rod N-9, 31.66 GWd/MTU, ENDF/B-IV

=322 parm="halt4,sXipabipdats’
h.b. robinson | pwr casc 1-d: b0-5, rod 0-9, 226 cm, 31.66gwd/mtu b4 aug-94

mixtures of fuel-pin-mit-oell:

2Tourmplib  latticscell
uol | den=9.9441 923
92234 0.023 92235 2.561 92236 0.013 92238 97.403 ed
©0-59 301-20 579 end
2094 10120923 oed
|
*fiesicn product mxclide set ssme 4 table A. 10 with now temperatures®

|
$3-16010 120923 end
* nwed the following 10 usc endf/b5 librery:
' from sth: (2nd line sarne as def. of zirculloy in sect. 8, scale-4.1)
* artanzirc 6.5 400 1 40000 97.91 260000.5 501180.64 5012009521 exd
*artargicc 6.44 40 0 1 40000 97.91 26000 0.5 50118 0.64 501200.952 1 595 end
sircalloy 21 595 et
b20 3den=0.7135 | $5Mend
arten-boemod 0.7135 1 100 5000 100 3 652.5¢-6 579 and

' 652.5 ppm bovan (wt) in modemior

als for the burmabls poisan coupled bly:

0304 51579 end

o 60 0.04497 579 end
e 60 000165 579 end
al 60 0.000S8 579 end
si 60 001799 579 ond
k 60 000011 579 exd
510 60 9.5954 579 end
b-11 60 3.863-3 579 exd

n 4085 SMed
end comp
: fusl-pin-coll goometry:

bly and cycie p

npin/asem =204 fuclaght = 726.63 ncycies =4 nlib/cyc=1
printiove] =5 lightel=9 inplovel =2 manztotal =10 mxropeats =0 end
* the 10 iarger wunit oell sonee follow for 2 pesses by, 2 paascs h2o :
4 0214575 0.22705 4 0.23329 6 0.38017 4 0.38449 5 0.42145
3 0.65024 2 0.593423 0.80680 500 2.64088

4 0214575 0.22754 0.23329 6 039017 4 038449 5 0.82145
3 0.65024 2 0.693423 0.80680 500 2.64088

3 0.214573 0.227053 0.233293 0380173 0.38449 3 0.42145
3 0.65024 2 0.693423 0.90GB0 500 2.64088

3 0.214573 0.227053 0.233293 0390173 0.38449 3 0.42145
3 0.65024 2 0.69342 3 0.80680 500 2.64088

posor=39.382 bum=241.5 down=40 end
power=35.477 bum=243.5 down=64 birec=0.379 end
power=32274 bum=156 down~)¥ bimc=10 exd
power=29.772 bura=156 down=3631 birac=037 end

o119 er 5.2 mn 0.29

fo 11. 00 0.066 i 8.7

ze 195 8b 063 mm 3.2

the above light alements converted to kg per miaol...

Table A.14. Obrigheim (KWO) Assembly 170
Batch 94, 25.93 GWd/MTU, ENDF/B-IV

=sas2  paron="halt)3,skipshipdata’
obrighiem (kwo) pwr, ssem 170, batch 94, 25.93 gwd/miu 3-cyc endf/bd aug-94
orsumed 190 fuel rode, 16 guide tubes..

w02 1 dm=9.742 | B46
92204 0.028 92235 3,13 92236 0.014 92298 96.528 end
0059 301-20572 end
83 101-20 846 end
kr-84 101-20 846 ond
kngS 101-20846 end
¥e86 101-20 846 end
2094 101-20 846 ond
mo-94 101-20 846 end
295 10120846 ond
mo-95 101-20 346 end
w99 101-20846 end
108 1 0 120 B46 end
h-105 1 0 1-20 846 ond
106 10 1-20 846 ead
w126 1 0 1-20 846 end
%0-131 10 120 846 ond
%e-132 10 1-20 346 end
28-134 10 1-20 846 end
13410 1-20 846 and
o135 10 1-20 846 end
%0-136 1 0 1-20 846 end
13710 1-20 846 and
Pee143 10 1-20 846 end
nd-143 10 1-20 846 and
o144 1 0 1-20 46 end
2145 1 0 1-20 846 end
ad-146 1 0 1-20 846 ond
nd-147 10 1-20 846 endd
poa-147 10 1-20 846 and
w147 10 1-20 346 end
nd-148 1 0 1-20 846 ead
pen-149 10 §-20 846 end
o149 1 0 1-20 846 end
o150 10 1-20 846 end
an-151 10 1-20 846 ond
o151 10 1-20 846 and
w152 10 1-20 $46 ond
15310 120 846 ond
154 10 1-20 346 end
o3-154 10 1-20 846 ond
o155 10 120 846 ead
915510 1-20 346 and
215710 1-20 846 and
9315810 1-20 846 ond
93-160 1 0 1-20 846 ond
sircalloy 21 605 end
20 Jdm=0.723 1 ST2 ond
arben-bormod 07263 1 1 00 5000 100 3 450,006 S72 end

* 430 ppm boron (wt) m moderator

fuel-pin-cell geometry:

bly and cycle p

apin/sesen =190 fueknght =962.75 ncycles =3 nlib/eyc=1
peiatiovel =4 lightol=9 inplovel = | sempitch=20.12 mevins =0
ortube=0.6845 artube =0.6413 ond
power=20.929 bum=288.0 down=81 ond
power=37.468 burn=309.0 down=396 end
power=13.564 bum=248.0 doem=913.1 end

0135 or 5.9 mm 0.33

fo13 000.075ni 9.9

22l mb 0.7l mn 3.6




87

Table A.15. Obrigheim (KWO) Assembly 172
Batch 92, 26.54 GWd/MTU, ENDF/B-IV

=002  parm~'bah(3,skipahipdata’

obn;hum(kW)pwr,uaml‘n, batch 92, M;wd/mm:-qcandflu sug-9

...vmed 180 fuel rode, 16 guide tubes...

2Toarmplib

w2 1den=9.742 1 841 :
92234 0.028 92235 3.13 92236 0.014 92238 96.828 ond

00-59 30120 572 end

k83 10 1-20841 eod

|

*fiasion product muclide set same as table A.14 with new temperatires™
}

$3-160101-20 841 exd

zircalloy 21 605 end

120 3don=0.7283 1 572 end

atban-borrnod 0.7283 1 1 00 S000 1003 450.00-6 572 ond

' 450 ppen boron (wt) in moderstor

fucl-pin-ceil goomatry:

bly snd cycle p
Wm-lmw-m 1Sncych--3 nlib/oyc=1
devel =4 lightol =9 inplovel npitch=20.12 manios =0

omh-o 6845 artube =~0.6413 -ﬂ
powor=34.833 bum=288.0 down=81 axi
power=25.135 bum=309.0 down=396 end
power=35374 burn=248.0 down=913.1 and

0135 ¢« 5.9 mn 033

f13 c00.075ni 9.9

2 ob 0.7l 3.6

Table A.16. Obrigheim (KWO) Assembly 176
Batch 91, 27.99 GWd/MTU, ENDF/BIV
=sga2  peem=‘Tuh3, skipshipdata’

m(kw)pwr,ml%,huhﬂ n”‘nd/m}qcmdﬂbdl wg-94
«..usod 180 fuel rode, 16 guide tabes...

2Tbunaplib
w2 1den=9.742 | 849
92234 0.028 92235 3.13 92236 0.014 92238 96 828 end
0059 301-20572 eed
k83 101-20849 and

|

*fiesion prochact suclide set same s table A.14 with now emperatuses™
I

93-160 1 0 1-20 B46 o

zircalloy 21 605 exd

Wo 3den=0.724831 572 end
arbm-boemed 0.7283 1 100 5000 100 3 450.00-6 572 eed

bly and oycle p

npin/asem = 180 fucingly =962.75 noyocles =3 nlib/cyce1
pritlovel=4 Lightel =9 inplevel = | sampltche=20.12 numine =0
ortube=0.6845 artubo=0.6413 ond
power=30.457 burn=288.0 down=81 ond
power=34. 894 bum=309.0 down=396 ond
power=34 016 bum=248.0 down=913.1 ead

0135 o2 5.9 vm 033

13 000750 9.9

221 0.71m 3.6




Table A.17. Obrigheim (KWO) Assembly 168
Batch 86, 28.40 GWd/MTU, ENDF/B-IV

=sas2  panm~ halt03,skipshipdata’
obrighiom (kwo) pwr, assm 168, batch 86, 23.40 gwd/miu 3-cyc endf/bd aug-94
.-.-used 180 fuel rode, 16 guide twbes...., t-facl =859k

sodxtures of fucl-pin-usit-cell:

2Tburmplib  latticooelt
uo2 | den=9.742 1 859
92234 0.028 92235 3.13 92236 0.014 92238 96.328 end
0059 30120572 exd
kr83 101-20859 end
I
*fission product muclide wet same as table A.14 with pow lempemtures™

|
8416010 1-20859 end
zircalloy 21 605 ond
b20 3den=0.72831 572 end
srhm-bormod 0.7283 1 1 00 5000 100 3 450.00-6 572 end
* 450 ppm baron (wi) in moderstor

fuel-pin-cell geometry:

ly and cyclo p

fipin/ssem = 180 fucinght =962.75 ncycles =3 nlib/cyc~1
printievol =4 lightel =9 lnplovol=1 asmpitch=20.12 manine =0
ortube =0.6845 srtube=0.6413 end
power=28.336 bum=288.0 down=81 end
power=38.005 bom=309.0 down=396 end

power=34.249 bum=248.0 down=913.1 end

0135 er 5.9 mm 0.33

fc 13 00 0.0752i 9.9

2inb 0.71an 3.6

Table A.18. Obrigheim (KWO) Assembly 171
Batch 89, 29.04 GWd/MTU, ENDF/B-IV

=oas2  pamm~baltD3,skipshipdata
obrighiemn (kwo) pwr, ssem 171, batch 89, 29.04 gwd/mtu 3-cyc endf/bd aug-94
«...used 190 fuol rode, 16 guide tubes....

mixturos of fucl-pin-unit-cell:

latticecell
w02 1den=9.742 | 867
92234 0.028 92235 3.13 92236 0.014 92238 96.828 end
©00-59 301-20 572 end
kr-83 101-20867 end

]

*fission product muclide sot sarne s tahle A.14 with new \emporahures™
|

od-160 1 0 1-20 867 end

zircalloy 21 605 exxi

h20 3den=0,7283 1 572 axd
arhm-boemod 0.7283 1 1 00 5000 100 3 450.00-6 572 ond

fuel-pin-cell geometry:

bly and cycle p

mpin/ssam =180 fuclnght «=962.75 ncycles =3 nlibveye=1
printlevel =4 lighicl =9 inplevel =1 aampitch=20.12 munins =0
orbe =0.6845 srtube=0.6413 end
power=29.124 bum=288.0 down=38] eud
powee=38.952 bum=309.0 down=396 end
power=34,748 bum=243.0 down=913.1 snd

0135 or 5.9 ma 0.33

$13 c00.075ni 9.9

26221 nb 0.71 mn 3.6




Table A.19. Obrigheim (KWO) Assembly 176
Batch 90, 29.52 GW/MTU, ENDF/B-TV
=sas?  perme='hah03 skipahipdata’

ohl;hﬂu(kw)pm,uml?é,hldlm E.ﬂm!»-qcudw wg-94
...used 180 fuel rode, 16 guide tubes...

2Tourrmplib
wl 1den=9.742 1 867
92234 0.028 92235 3.13 92236 0.014 9238 96.828 and
co-59 301-20 572 end
kr-83 10 1-20 867 end

| )
*fission product muclide set seme aa table A.14 with now wmpemtizres™

|
2d-160 1 0 1-20 867 ond
zircalloy 21 605 end

b2 3 den=0.7283 1 572 end
arben-bonmad 0.7283 1 100 S000 100 3 450.00-6 572 and

: fuel-pio-cell goometry:
squarepisch 1.43 0.925 1 3 1.071 2 0.930 0 exd

bly and cycle p

opin/asem = 190 fucingle «962.75 noycies =3 nlib/cyc=1
printlewel =4 Lightel =9 inplovel=1 asmpitch=20.12 munine=0 ;
ortube=0,6845 srtube=0.6413 end
poser=32.121 buea=288.0 down~81 end
powor=36.801 bueu=309.0 down~396 end
power=35.875 bum=248.0 dowm=913.1 end

0135 o 5.9 1am 0.3

513 c00.0754i 9.9

x221ish 0.71m 3.6

Table A.20. Calvert Cliffs Assembly D047
Rod MKP109, 27.35 GWd/MTU, ENDF/B-V

=npe2  parmes"haliO4,skipahipdats®
culvent cliffs 1 pwr, dO47, rod mkpl09, stoy-104, 27.35gwd/miu ouls wug-54
oooled 18704

w2 1den=~10.045 1 790
92234 0.027 92235 3088 92236 0.014 92238 96.921 e

¢ ldm=1.84 1 790 ond
n ldemw23-4 1 790 end
oo-59 30 1-20 557 exd
=94 101-20 790 ond
mo-34 10120 790 oad
1595 101-20700 end
wo-95 10 1-20 790 omd
1099 101-30 790 end
103 1 0 1-20 790 ead
@-105101-20 790 end
2106 1 0 1-20 790 end
2126 1 01.20 790 eed
ze-131 101-20790 oad

89

Table A.20. (continued)

1341 0 1-20 790 oxd
o~1351 0 1-20 W0 end
©-137 10120 790 ‘end
pr-143 10120 790 end
nd-143 1 0 1-20 790 ead
co-144 1 0 1-20 790 enxd
nd-144 1 0 1-20 790 ond
»d-145 § 0 1-20 790 wad
nd-146 1 0 1-20 790. end
0d-147 1 0 1-20 790- end
pe147 50 1-20 790 end
an-147101-20 790 end
nd-148 10 1-20 790 exd
peo-148 10 1-20 790 end
xc-148 10 1-20 790 and
p-149 1 0 1-20 790 end
149 10 1-20 790 ead
2d-150 1 0 1-20 290 end
2150 10 1-20 790 end
w151 101-20 790 ed
~-151101-20 790 exd
#0-152 10 1-20 790 and
o153 10 1-20 790 ond
1541012090 wad
p4-154 101220 790 end
o-155101-20 790 ond
pd3-155 1 0 1-20 790 ead
9d-157101-20 790 snd
pd-158 10 1-20 790 aed
#5180 10 1-20 790 ead

' need the following 1 wee cexdf/hS d
srheneire 6.44 400 1 40000 97.91 26000 0.5 50116 0.86 50120 0.73 2 1 620 and
B0 3 dan=0.7575 ] 557 end
adbwa-baemod 0.7575 1 100 S000 100 3 330.80-6 $57 and

* 331 ppen baron (wt) in moderator

squueplich 1.4732 0.95631 3 1.1176 2 0.9895 0 ond

iy and cycle p
apin/ossen = 1 76 fosinght = 787.52 meycles =4 nliVeyc=1
peintiovel =4 fightel =9 jnplovel=2 1=5 ond

3 1314 2 1.416 3 1.662 SO0 5203 3 5.243
poser=15.197 bami=306.0 down=7] end
power=17.124 bum=381.7 down=g]3 bbmc=1.419 ead
power=15.018 bum=466.0 down=85 bfrac=1.523 ond
power=12.843 bumw461.1 down=I1820 birac=1.488 end

o119 o 5.2 um 0.29

fo 11. 00 0.066 0 8.7

x1%sb 0.63m 32
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Table A.23. Calvert Cliffs Assembly D101 Rod
MLA098, 18.68 GWd/MTU, ENDF/B—V

=sas2  parn="hatt03 skipshipdats’
caluert cliffs 1 pwr, d101, 70d mia098, atro-103 lamd lng—N
8.90 cm semple pellet -~ ansy 2

2Twrmaplib
102 1 dene=10.045 1 816
92234 0.024 Y235 2.72 9236 0.016 92238 97.24 end
¢ ldonw1.2-4 1 816 end
B lden=2.44 | 816 ed
0059 30 1-20 557 exd
2194 10120816 end
mo-94 10120816 end
nb-95 10120816 end
mo-95 10120 816 end
1099 101-20 816 end
£-10310 1-20 816 end
2105 1 0 1-20 816 end
£u-106 1 0 1-20 816 exxd
12610 1.20 816 end
xe-131 10 120 816 suxdt
o134 1 01-20 816 eed
13510120816 end
13710 1-20 816 ond
pr-143 1 01-20 816 wod
0d-143 10 1-20 816 oad
ce-1441 0 1-20 816 ond
nd-145 10 1-20 816 end
nd-146 10 1-20 816 end
nd-147 10 1-20 816 end
P-147 10 1-20 816 enxd
014710 1-20 816 end
nd-148 10 1-20 816 wad
o149 1 0 120 816 and
am-149 1 0 1:20 816 end
w150 10 1-20 816 end
w151 10 1-20 816 ond
ou-151 10 1-20 816 end
0152 1 0 120 816 end
@153 10 1-20 816 end
o154 1 0 1-20 816 oed i
#d-154 10 1.20 816 ond :
u-155 10 1-20 816 ond
$4-155 1 0 1-20 816 end
#4-157 10 1-20 B16 onnd
9158 1 0 1-20 BI6 end
23-160 1 0 120 816 end
' mwed the following 1o uac end{/bS Gbeary:
srhemzisc 6.44 400 1 40000 97.91 26000 0.5 50116 0.86 50120 0.73 2 1 620 end
B0 3 den=0.7576 1 557 ed
atbenbarmad 0.7576 1 100 5000 100 3 330.80-6 557 end

' 331 ppan boron (wi) in moderator

fucl-pin-cell grometry:

bly and cycie p

qinhum-l?G fucinght =787.52 ncycles =3 nlitveyes=1
ovel=4 lightol =9 ioplowel =2 l=5 ead
3 1314 2 1.416 3 1&50052)3: 5243
powor=13.760 bum=306.0 down=71 ond
power= 15504 bum=381.7 down=81.3 bitace1.419 end
power=13.598 bum=456.0 down=2374 bfrac=1.523 end
oll9 or 52 wn 0.9
$11.000066n 8.7
2r 1950b 0.63 m 3.2
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Table A.24. Calvert Cliffs Assembly D101 Rod
MLAO098, 26.62 GWd/MTU, ENDF/B-V

=saa?  parme‘hal)3 skipuhipdata’
calvert cliffs 1 pwr, d10), rod mla098, atm-103 26.E2gwd/min cub dug-94
U300 am sempie pelist ~ aasy #2

ZTmwrnusplib
w2 1don~10.045 1 880
92234 0.024 92235 2.72 92060016 9238 97. 24 end
¢ lden=1.24 1 880 exd
3 lden=2.44 1 830 end
00-59 30 1-20 558 end
2r-94 101-20 890 exd

|
*fiasiom product muclide set same as table A.23 with new lamperatures®

|
28160010 1-20 880 end
' moed the following to wee eadi/hS Jibeary:
arbeagiec 6.44 4001 40000 97.91 26000 0.5 50116 0.86 501200.73 21 620 end
h20 3den=0.7571 1 558 erd
ssbe-bormad 0.7571 1 1 00 5000 100 3 330.80-6 558 end

* 331 ppen boran (wt) in moderstor

by end cycle p

npin/sesn = 176 fuslnght = 787.52 mcycies =3 nlib/cyc=1
printiovel = 4 lightel=9 jnplovel =2 mumictal =5 and
3 1314 2 1416 3 1,662 500 5.203 3 5.243
powar=20.408 burn=306.0 downm7] and
power =22 089 bum«=381.7 down=B1.3 birac=1.419 end
power=1B.857 burn=466.0 down=2374 birsc=1.523 cexd
0119 o 52 m 0.29
fe 11.000.066 i B.7
ar195sb 0.8 m 3.2




Table A.25. Calvert Cliffs Assembly D101
Rod MLAOQ98, 33.17 GWd/MTU, ENDF/B-V

=axa2  pasm='balt03, skipshipdate’
calvert cliffs 1 pwr, d101, rod mis098, atm-103 33.17gmbimeu cub aug-94
161.70 cm sample peliet ~ assy #2

mixtures of fucl-pin-unit-cell:

2Tourpplib  latticecell
vo2 | den=10.045 1 910
92234 0.024 92235 2.72 92236 0.0k6 92238 974 end
¢ lden=].2-4 1 910 ond
n lden=2.44 1 910 ond
©0-59 301-20 570 eod
2r-94 101-20910 exd

I
*fission product nuclide set same aa table A.23 with now terperatures™
|
24-160 10 1-20 910 ond
' peed the following 10 uee endf/bS fibrary:
arbemzire 6.44 400 1 40000 97.91 26000 0.5 50116 0.86 50120 0.73 2 1 620 end
h20 3 deo=0.7341 | §70 ed
arben-bormad 0.7341 1 100 5000 100 3 330.80-6 570 ond

* 331 ppm boron (wt) in moderator

fuel-pin-cell geometry:
squarepitch 1.4732 0.95631 3 1.1176 2 0.9855 0 exd

by snd cycie p

npin/assm =176 fuclnght = 787,52 ncycles =3 nlitveyc=1
printlevel=4 lightel =9 ioplevel=2 mamitotal =5 end

3 1314 2 1.416 3 1.662 500 5.203 3 5.243
power =26.652 bum=306.0 down=71 end
power=27.839 bum=1381.7 down=81.3 bimac=1.419 ecd
power=22.437 bum=466.0 down=2374 bfrec=1.523 end
o119 or 52 ym 0.29

fe 11, c0 0.066 i 8.7

zr1950b 0.83an 3.2

Table A.26. Calvert Cliffs Assembly BT03
Rod NBD107, 31.40 GWd/MTU, ENDF/B-V

=sae2  panm>="hult04,skipahipdata’
calvert cliffs 1 pwr, 5603, rod nbd 107, atm-106, 31.40gad/men, cub aug-94
deony tane 6.7 yoars (or 2447 days) for messuresmont of

nl-5109-106, page 4.64, tabic 4.17

' mixrosss of fucl-pin-unit-cell:
2Tburmplib  latticocell
w2 t den=10.036 1 790
92234 0.022 92235 2.453 92236 0.011 92238 97.514 end
¢ lden=1954 1 70 end
o ldn=4.42-4 1 790 end
0059 301-20 557 end
2094 101-20 790 end

|
*fissian product miclide set sane a8 table A.23 with new tomperstures™

|
$3-160 10 1-20 790 end
* nwed the following 10 use exdf/bS library:
arbmzire 6.44 400 | 40000 97.91 26000 0.5 50116 0.86 50120 0.73 2 1 620 end

h20 3den=0.7576 1 557 end
arbm-bormnd 0.7576 1 1 00 3000 100 3 330.86-6 557 end

* 331 ppen boron (Wt) in maderstor

fuel -pin-cell geometry:
squropitch 1.4732 0.96391 3 1.1176 2 0.9855 0 exd

assexnbly and cycie parameisrs:

npin/sssm =172 fuelngth =793.88 neycks =4 nlib/cyc=1
printlevel =5 lightcl=9 inplovel =2 mamziotal=5  end
3 1314 2 1.416 3 1662 500 5.156 3 5.243
power=15.765 bum=816.0 down=8] ead
power=16.457 burn=306.0 down=71 end
power=11.514 bum=1381.7 down=81.3 bfrac=1.419 end
power=11.550 bum=466.0 down=2447 bewc=1.532 end

o119 cr 5.2 on 0.29

i 1l.c00.066ni 8.7

xr195nb 0.63an 3.2




Table A.27. Calvert Cliffs Assembly BT03
Rod NBD107, 37.27 GWd/MTU, ENDF/B-V

=sas?  parm=halD4, skipahipdata’
cahvert cliffs | pwr, 003, rod nbdi07, mlo&ﬁﬂMM wg-94
decsy time 6.7 yoars (or 2447 days) jor mossurement of
pal-5109-106, page 4.64, tabic 4.17

latticsoctl
o2 | den>=10.036 1 841
92234 0.0%2 92235 2.453 92236 0.011 92238 97.514 od
¢ ldea=1.9541 B4l end
n ldenwd.424 | 841 end
©0-59 301-20557 end
ze94 101-20 841 end
| !
*fissian product nuclide st ssme 35 table A.23 with new wenpersturee™

|
2d-160 10 1-20 841 end
' pood the following 1o use endf/bS fibenry:
arbenzire £.44 400 1 40000 97.91 26000 0.5 50116 0.86 501200.73 21 620 end
h20 3den+0.7573 | 557 end
arbm-boemad  0.7573:1 1 00 5000 100 3 330.8-6 557 end

* 331 ppen boron (wt) in modemtor

ety e cycle g
npin/assen~ 172 fuclngth = 793,88 acycles =4 nlih/cyc-l
15 lightel =9 inplevel=2 s

3 1314 2 1.416 3 1.662 500 5.156 3 5.243
power«=18.712 bum«816.0 down=81 and
power=19.533 bum=306.0 down=71 end
power=13.666 bum=381.7 down=81.3 bimc=1.419 end
powor=13.7200 bum=466.0 down=2447 birac=1.532 end

0119 or 5.2 om 0.29

fe 11.c00.066ni 8.7

2 1950b 0.683 sn 3.2
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Table A.28. Calvert Cliffs Assembly BT03
Rod NBD107, 46.46 GWd/MTU, ENDF/B-V

=pua? parmes"hal0d,skipehipdsta’

calvest cliffs 1 pwr, b3, rod niil07, nn-lOﬁ,dGlﬁdem:,aﬁ wg-94
decsy time 6.7 years (or 2447 days) for measurerncnt of

pl-5109-106, page 4.64, tabic 4,17

Intticocell
w2 1den=10.036 1 873
92234 0.022 92235 2.453 92236 0.011 92738 97.514 oad
¢ lden~1954 1 §73 cod
a ldea=d4.424 1 B73 exd
0059 301-20 570 exd
xr-94 101-20 873 ond

I
*fission product muctido set sams: a8 table A.23 with new lemporatures™

|
¢d-160 1 0 1-20 B73 end
' 1oed the fotlowing to use endf/bS
ms«won«monommmo.smusousomonum end
20 3 den=0.7342 1 5N ond
arthe-bormacd 0.7342 1 1 00 500 100 3 330.8e-6 S0 and

* 33] ppm boron (wt} in moderator

bty mnd cycle p
npin/ssnn =172 fiwingth =793 88 ncyclee =4 alib/eyc=1
printlevci =" lightol=9 iaplevol=2 1=5 eod

3 1314 2 1.416 3 1662 S00 5.155 3 5.243
power=23.326 tum=816.0 down=Bl ond
ponor=24.350 bum=306.0 dowp=71 end
powere 17.036 bumn~381.7 downe81.3 bfrscw1.419 and
power=17.000 bum=466.0 down=2447 bfac=1.532 ond

o0l19 or 52 mn 0.29

fa1l. 00066 ni 8.7

3 1950b 0.3 s 3.2




Table A.29. H. B. Robinson Assembly BOS
Rod N-9, 16.02 GWd/MTU, ENDF/B-V

=sas?h  perm~"baltd,skipshipdata’
h.b. robineon | pwr casc 1-a: b0-5, rod n-9, 11 am, 16.02 gwd/mma bS aug-$4

mixturee of fuel-pin-unit-cell:

2Tbumeplib  lattiosoell
w2 1den=9.9441 743
92234 0.023 92235 2.561 92236 0.013 92238 97.403 exd
-39 301-20 559 oxd
2r-94 101-20743 eod
m0-94 101-20 743 end
2595 101-20 743 end
mo-95 10 1-20 743 ead
©w99 101-20743 end
#5103 1 0 1-20 743 end
1510510 1-20 743 end
o106 1 0 1-20 743 oad
xo-131 1 0 1-20 743 end
<6134 101220743 ond
a-135101-20743 end
e-137101-20743 end
pr-143 10 1-20 743 ead
nd-143 10 1-20 743 end
o144 10 1-20 743 end
nd-145 1 0 1-20 743 end
nd-146 1 0 1-20 743 and
nd-147 1 0 1-20 743 exd
po-147 1 0 1-20 743 ond
a#0-147 10 1-20 743 end
nd-148 1 0 1-20 743 exd
pm-149 1 0 1-20 743 end
149 1 0 1-20 743 ead
am-150 1 0 1-20 743 snd
=m-151 10 1-20 743 enxd
ou-151101-20 743 ead
am-15210 1-20 743 et
ur-153101-20743 end
cu-154101-20 743 ead
$4-154101-20 743 ond
ou-155101-20743 and
pd-155 1 0 1-20 743 ond
$3-157101-20 743 end
$4-158 10 1-20 743 end
241601 01-20 743 od
‘' nead the following to uec endf/bS library:
' fromstS: (2od kne same se def. of zircalloy in soct. m8, soale-4.1)
* arbenziec 6.5 400 1 40000 97.91 26000 0.5 501180.64 501200.9521 end
srhenzirc 6.44 40 0 1 40000 97.91 26000 0.5 50118 0.64 50120 0.952 1 595 ond
* old b4 sd-oamp: xircalloy 21 595 emd
h2o 3den=0.7544 1 559 exd
srber-boomod 0.7544 1 1 00 5000 100 3 652.5¢-6 559 end

o 60 00179
k 60 0.00011
510 60 9.5954 559
b1l 60 3.863-3 S5 and

n 4085 559 end
oo oonp
' fucl-pin-cell gocmetry:

94

Table A.29 (continued)

npin/sesm =204 fuchght = 726.63 ncyclos ~4 nlitveyc=t
printlevel = lightsl =9 inpleve] =2 manziotal = 10 mxrepeats =0 end
' the 10 larger unit cell zones follow for 2 pasacs bp, 2 pasacs ho :
4 0.214575 0.22705 4 0.23329 6 0.33017 4 0.38449 5 0.42145
3 0.65024 2 0.693423 080680 500 2.64088

4 0.21457 5 0.22705 4 0.23329 6 0.38017 4 0.38449 5 0.42145
3 0.65024 2 0.69342 3 0.90680 500 2.64088

3 0.214573 0.27053 0.233293 0.380173 0.38449 3 0.42145
3 0.65024 2 0.693423 0.80680 500 2.64088

3 0.214573 0.227053 0.233293 0.380173 0.38449 3 0.42145
3 0.65024 2 0.693423 090680 500 2.54088

power=18.389 bum=243.5 down=40 end
power=17.762 bumn =243.5 down=64 bfrac=0.379 end
power=17.247T bum=156 down=39 irac=10 ond
power=16.846 bum=156 down=3936 btfrac=0.379 cnd

0112 ¢r 5.2 on 0.29

£ 11. 00,066 ni 8.7

3r195nb 0.3 80 3.2

the ahovo light clements canversed 1o kg por mtuo2...

Table A.30. H. B. Robinson Assembly BO5
Rod N-9, 23.81 GWd/MTU, ENDF/B-V

=gpaZh parm ="halt04, skipeh @' lata’
hb. robinson | pwr case 1-n: B0-5, rod 09, 26 cm, 23.81 god/miu bS ang-94
. Po——

2Tourouplib
w? 1den=9.9441 830
92234 0.023 92235 2.561 92236 0.013 92238 97.403 end
00-59 301-20559 ond
2094 101-20830 end
|
fisaion product nuctide sct seme 86 table A_29 with new iemporatures*

]
2416010 1-20 830 end
* neod the following 1o uee endf/bS Lbeary:
* from st5: (2nd line same s def. of xircalloy in soct. m8, scale-4.1)
' arbanzire 6.5 400 1 40000 $7.91 260000.5 50(180.64 501200.952 1 end
arbmzirc 6.44 40 0 1 40000 97.91 26000 0.5 50118 0.64 50120 0.952 1 595 end
' old b4 sd-ooemp: zircalloy 21 595 end
K20 3den=0.7538 1 59 exd
arbem-bormod 0.7538 1 1.0 0 5000 100 3 652.50-6 559 end

* 652.5 ppm boron (wt) in modorator

o 60 0.04497 3559 end
sa 60 0.00165 359 ond
al 60 0.00058 3559 end
o 60 0.01799 559 end
k 60 0.000l1 559 end

end

n 4055 559 exd
end comp

' fusl-pin-cell geometry:
f



Table A.30 (continued)

' by xnd oydlo

npin/sssm =204 fusinght =726.63 acycice =4 nlit/cyc=1
printlovel =5 lightel=9 inpieve]l =2 punstotal =10 nxrepeats =0 ond
! the 10 largee wnit cell sones follow for 2 passes by, 2 passes h2o :
4 0214575 0,205 4 0.23329 6 0.38017 4 038449 5 0.42145!
3 0.65024 2 0.693423 0.90680 SO0 2.54088 :
4 0214575 0.2205 4 023329 6 030017 4 0.38449 5 0.42145,
3 0.65024 2 0.69342 3 0.80680 500 2.64088

3 0214573 0.22%5 3 0.233293 0.380173 0384493 0.42145.
3 0.65024 2 0.693423 0.90680 00 2.64088 i
3 0.214573 0.22053 0233293 0390173 0.384493 wus
3 0.65024 2 0.693423 0.80680 500 2.64088

power=2B.410 bum=243.5 down=40 end ;
power=26.532 bum=243.5 downe64 bffac=0.379 end
power=24.99| bum=156 down=39 bimcw=1.0 ond
power=23,788 bum=156 down=3936 m-o.:m ond

oll9 o« 52 wn 0.29

fo 11. c0 0.066 ni 8.7

w2 1950b 0.83m 32

*  the sbove Light cloments comverted to kg per miund...

ond

Table A.31. H. B. Robinson Assembly B0S
Rod N-9, 28.47 GWd/MTU, ENDF/B-V

wpas2h  parm = haliO4,skipabipdata
h.b.rabusmlmenal;.w-s rod 09, lwmﬁn‘w"ml\s ag-94
WW

2Tbunwplibh
w2 1den=9.9441 883
92234 0.023 92238 2561 92236 0.013 92238 97.403 and
eo-59 30 1-20 576 end
294 10120883 ond
|
“fiasion product muclide set seme ss table A.29 with new eenporstures®

|
94-160 1 0 1-20 B3 end
* meed the following 10 we endf/hS library:
‘' frammS: (nd Bne sene ae def. of zircalioy in sect. miS, scale~4,1)

* arbunsire 6.5 4 00 1 40000 97.91 26000 0.5 50118 0.64 3012009521 end
mmwoluooommmo.ssomo.ammoss:xsﬁs ond
‘ ald b sid-vomp: zircalloy 21 595 end
h20 3 denw0.7208 1 576 ond
arberr-boemod 0.7208 1 1 00 5000 100 3 652506 576 end

¢ 6525 ppen owan (wt) in maderator

iale for the buenubie poi 1 22

2304 5157 eod

o 60 00497 576 end
60 0.00165 S76 e=d
690 0.00058 576 end
60 0.01799 576 end
60 0.00011 576 ond
510 60 9.5954 376 end
b11 60 38633 576 ond
n 40855 5% eud

ey
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Table A.31 (continued)

suampiich 1,400 092941 3 10719 2 059434 O end

* bly and cycle p

pin/saem =204 fiminght =726.63 neycies =4 nlib/cycm1
pringtiovel = lighael=9 inplovel =2 murtotal = 10 pxropeats =0 end
* the 10 Jarpec wnit cell sarws Sollow for 2 passos bp, 2 pesees ho :
4 0214575 02705 4 0.21329 € 038017 4 0.38449 5 042145
3 0.65024 2 0.693423 0.80680 500 2.64088

4 D.21457 5 0.22705 4 0.23329 6 0.38017 4 038449 § 0.42145
3 0.650242 0.693423 0.9DSH0 500 2.64068

3 0.214573 022705 3 0.233293 038017 3 0.38449 3 0.42145
3 0.65024 2 0.593423 0.50690 300 2.64088

3 0.214573 0. 22705 3 0.231293 0.38017 3 038449 3 0.42145
3 0.650242 0.693423 0.90680 500 2.64088

power=34.817 bum=243.5 down=40 end
power=31.829 bum=243.5 down«=64 birac~0379 end
power=29378 bum~156 down=3 bfrec=10 =
power=27.464 bum=156 down=3631 bimc=0.379 end

oll9 or 52 son 029

o 11. 0 0.066 i 8.7

ur195b 0.8 n 3.2

the shove Light alownants converted 0 kg por miua2. ..

Table A.32. H. B. Robinson Assembly B05S
Rod N-9, 31.66 GWd/MTU, ENDF/B-V

waeeZh parme=
b-b. sobinwon 1 pwr cass 1-d: 30-5, rod n-9, 226 am, 31.66gwd/min bS sug-94
W

bz
w2 ] don=9 9441 923
92234 0.023 Y2235 2.561 92236 0.013 92238 97.403 and
059 301-2059 end
=54 10120923 eud
|
*fission prodiuct suclide set seme s table A.29 with aow tomperatures®

i
94160 10120923 ed
¢ smod the following 10 wee sadihS Kbeary:
' frammS: (nd Bac eame as def. of pircalloy in sect. mE, scelo-4.1)
* adbramive 6.5 400 1 40000 97.91 260000.5 50118 0.64 5012009521 end
ethummiec 6.44 40 0 | 40000 97.91 26000 0.5 50118 0.64 30120 0.952 1 595 ond
* ald b4 sd-comp: sisealioy 21 395 end
B30 3dom~0.7135 § S end
sthawrboomad 0.7135 1 1 00 5000 100 3 &52.50-6 579 end

M &Sypnhm(‘n)hm

Aale foe the bunblo poiscs 1 iy




Table A.32 (continued)

fuel-pin-cell goametry:

squarcpitch 1.4300 0.92941 3 1.0719 2 0.9484 0 end

bly end cyche p
npin/ssan =204 fichnght =726.63 ncycies =4 nlilveye=1

printlcvel=S lighicl=9 inplovel =2 1= 10 rxrepoats =0 ond

* the 10 larger unit ocll zanes follow for 2 pasace by, 2 passcs h2o @
4 0.21457 5 0.227054 0.23329 6 0.38017 4 0.38449 5 0.42145
3 0.65024 2 0.693423 0.80680 500 2.64088

4 0214575 0.22705 4 0.23329 6 0.38017 4 0.38449 § 0.42145
3 0.65024 2 0.653423 0.80680 500 2.64088

3 0.214573 0.227053 0.233293 0.380173 0.3844913 0.42145
3 0.65024 2 0.693423 0.80680 500 2.64088

3 0.214573 0.227053 0.23329 3 0380173 0.384493 0.42145
3 0.65024 2 0.693423 0.80680 S00 2.54088

power=320.382 bum»243.5 down=40 end
power=35.477 bum=243.5 down=64 bfrac=0379 eni
power=32274 bum=156 down=39 birac=10 end
power=20. TR bum=15 down~3G31 birac=0.379 end
oll9 o 5.2 mm 0.29

£ 11. 000660 8.7

zx 1950b 0.83 m 3.2

*  the sbove light olemonts converted to kg per miua2...

Table A.33. Obrigheim (KWO) Assembly 170
Batch 94, 25.93 GWd/MTU, ENDF/B-V

=sas2  parm=‘hait03,skipshipdata

cbrighiom (kwo) pwr, asem 170, beich 94, 25.93 gwd/mtu J-cyc endf/oS aug-94

<eniamed 180 fuc] rode, 16 guido tubes....

latticecell

uo 1den=9.742 1 846
92234 0.028 92235 3.13 92236 0.014 92238 96828 end

©0-59 301-20 572 ond
k€3 101-20 846 ond
kr-84 101-20846 end
kr-85 10 1-20 846 end
kr-86 101-20 846 ond
2e-04 10 1-20 846 end
mo-94 10 1-20 846 end
ab-95 10 1-20 846 end
mo-95 10 1-20 846 ond
1099 10 1-20 846 end
103 10 1-20 846 ond
1h-105 1 0 1-20 846 end
106 1 0 1-20 846 ond
1261 0 1-20 846 end
%0-131 10 1-20 846 end
xe-132 ) 0 1-20 846 end
x0-134 10 1-20 B46 onxd
©0-134 1 0 1-20 846 end
©-135101-20 846 end
%136 1 0 1-20 B46 ot
©2-13710 1-20 346 ond
pe-143 1 0 1-20 846 end
ad-143 1 0 1-20 846 end
oo-144 1 0 1-20 846 end
nd-1451 0 1.20 846 end
nd-146 1 0 1-20 846 end

Table A.33 (continued)

nd-147 10 1-20 846 axd
P47 10 1-20 846 ed
sm-147 10 1-20 846 end
nd-148 10 1-20 846 end
p-149 1 0 1-20 846 end
w149 1 0 1-20 846 end
wn-150 10 1-20 846 ond
#1581 10 1-20 846 end
ou-151 10 1-20 846 end
w152 10 1-20 846 ond
o153 10 1-20 846 ond
ou-154 10 1-20 846 ead
pd-154 10 1-20 846 end
o155 10 1-20 846 end
2315510 1-20 346 ond
5d-157101-20 846 end
24-158 10 1-20 846 end
2d-160 10 1-20 846 ond
' noed the following to we endf/bS library:

arbaxirc 6.44 400 1 40000 97.91 26000 0.5 50116 0.86 5010 0.73 2 1 605 end

h20 3den=0.72831 572 end
srbe-bormod 0.7283 & 100 5000 100 3 450.0e-6 572 end

! 450 ppm boran (w1) in moderstor

foek-pin-cell poometry:
squarepitch 1.43 0.925 1 3 1,071 2 0.930 0 end

mseconbly and cycle parmmeters:

npin/assm = 180 fuelnght =962.75 noycles =3 plitVeye=1
printlevel =4 lighicl =9 inplevel= 1 sampitch=20.12 muning =0
ortube =0.6845 srtube=0.6413 ond
power=20.929 born=288.0 down=81 and
poweor=37.468 bum=309.0 down=396 end
power=33_564 bum=248.0 down=913.1 end

0135 cr 5.9 mn 033

$ 13 c00075ni 9.9

2 Rinb 0.7 0 26
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Table A.34. Obrigheim (KWO) Assembly
172 Batch 92, 26.54 GWd/MTU, ENDF/B-V

wyas2  parme="hatt03 skipshipdata’
dsn;hnm(kwo)m,umln. m&n%ﬂpdlmul—qcedf/bs aug-94
* ...veed 180 fuel rode, 16 guide tubes...

* mixtares of fuel-pin-unit-cell:

TTourpaplib  Jattioweell

w2 1den=9.742 1 841

92234 0.028 92235 3.13 92236 0.014 92238 96.828 end

©00-59 30 1-20572 end

kr-83 101-20841 end

|
*fission product muclide st same a8 tabie A.33 with sow lemperatiznes®

§d-160 1 0 120 841 end

* naed the fallowing to usc andf/bS libeary:

arbwmzire 6.44 400 § 40000 §7.91 mo.ssonsoassamo‘rszta)s ead
120 3don=0.7283 1 572 end

arbm-boemod 0.7283 1 100 5000 100 3 450 0e-6 572, end

* 450 ppm boran {(w1) in moderator

' fuel-pincell geometey:
squesepitch 1.43 0.925 1 3 1.07]1 2 0.930 0 end

. bly end cycic |

q:m/ulm-lm fueinght = 062.75 ncycles =3 alib/oyc=1 ;
level =4 lighicl =9 inplevel =1 itch=20.12 mumine =0
omiz-OGlS lmiz-ﬂ 6413 end :
power=34.833 bum=288.0 down=8l ond
power= 25035 bumn=309.0 down=396 eaxd
power=35374 bum=248.0 down=913.1 end
© 135 or 5.9 wn 033
fc 13 c00.075ni 9.9
22221l b 0.71 sn 3.6

Table A.35. Obrigheim (KWO) Assembly
176 Batch 91, 27.99 GWd/MTU, ENDF/B-V

=ga32  parm>"halt03,skipwhipdata‘
obrighiem (kwo) pwr, assm 176, batch 91, 27.99 gwd/mtu 3-cyc endi/bS aug-94
¢ w.amed 180 fuel rode, 16 guide tubes....

' mixtures of fuel-pin-umit-cell:
ITumaplib  latticecell
uol 1den=9.742 t 849

92234 0.028 92235 3.13 92236 0.014 92238 96.828 end
©0-59 301-20572 end
ke-83 101-20 849 end

|

*fission product miclide sct ssme a8 table A.33 with new temporatures®

|
#d-160 10 1-20 846 end
' need the following to wec endf/bS Ebeary:
MG“QOOImWNm0550116086mlm07321m5elﬂ
b20 3den=0.7283 1 ST2 end
arben-bormod 0.7283 1 10 0 5000 100 3 450.0c-6 572 end

* 450 ppen boron (1) in modertor

fuel-pin-ccll geometry:

squarepitch 1.43 0,925 1 3 1.071 2 0.930 O ond -

ty and cycle p
rpmltnm-lm thh-%lﬁmyoh-! nlit/cycs=]
fevel=4 lightcl =9 mplevel~1 itch>=20.12 muming <0
omir.c!)ﬁds srabe=0.6413 ond
power=30.457 tiurn=288.0 down=81 end
power=34.89 bum=309.0 downe=396 end
power=34,016 bum=248.0 down=913.] end
0135 cr 5.9 mn 0.33
13 0000750 9.9
26 21 b 0.7 sn 3.6
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Table A.36. Obrigheim (KWO) Assembly
168 Batch 86, 28.40 GWd/MTU, ENDF/B-V

=252  parmo="bal03,skipshipdata’
obrighiem (kwo) pwr, assm 168, batch 86, 28.40 gwd/mtu 3-cyc endf/bS aug-94
«...used 180 fucl rode, 16 guide tubes...., t-fuel = 859k

' mtixtures of fucl-pin-unit-celi:

2Tourmuplib  latticecell
w2 | den=9.742 1 859
92234 0.028 92235 3.13 92236 0.014 92238 96.828 end
©0-59 301-20572 end
ke-83 10 1-20859 end
|
*fission product nuchide set same as teable A.33 with new temperatures™

|
$4-160 10 1-20 BSO end
‘ need the following to use endf/b3 library:
arbrnzirc 6.44 400 | 40000 97.91 26000 0.5 50116 0.86 $501200.732 | 605 ead

h20 3den=0.72831 572 ed
arbm-boernod 0.7283 1 1 00 S000 100 3 450.0c-6 S72 end

* 450 ppm horan (Wi) in moderator

fucl-pin-ocll gecenetry:
squarepitch 1.43 0.925 | 3 1.071 2 0.930 0 end

bly and cyvle p

npi/asem ~ 180 fucinght = 962.75 ncycice =3 nlib/cyc=1
printleve]l =4 lightel =9 inplevels= 1 asmpitch=20.12 muning =0
ortube =0.6845 artwbe~0.6413 end
power=28.336 burn=288.0 down=81 end
power=38.005 bum=309.0 down=396 end
power=34.249 bum=248.0 down=913.1 end

0135 or 5.9 ma 0.33

fc 13 000.075ni 9.9

ac 221 ob 0.7) en 3.6

Table A.37. Obrigheim (KWO) Assembly
171 Batch 89, 29.04 GWd/MTU, ENDF/B-V

=gas2  parm="hait03 skipshipdata’
obrighiem (kwo) pwr, sssm 171, batch 89, 29.04 gwd/miu 3~cyc endf/bS aug-94
' ...oused 180 fuel rode, 16 guide tubes....

*  mixtures of fucl-pin-unit-cell:
2Toumsaplib  datticecell
w? 1 den=9.742 1 867

92234 0.028 92235 3.13 92236 0.014 92238 96.828 end
€059 301-20572 exd
kr83 10 1-20867 end

|

*fission product mclide sct same a4 table A.33 with new tomperatures™

|
2d-160 1 0 1-20 B67 end
* noed the following to usc exxif/bS library:
arbazice 6.44 400 1 40000 97.91 26000 0.5 50116 0.86 501200.73 2 ) 605 end

h2o 3den=0.72831 572 end
arbo-bormod 0.7283 1 100 S000 100 3 450.0e-6 572 end

* 450 ppm boron (W) in moderator

fuel-pin-cell goametry:
squarcpitch  1.43 0.925 1 3 1.071 2 0.930 O end

bly and cycle

npa/! 180 fuclnght =962.75 ncycles =3 alib/cyc=1
printlovel =4 lightel =9 inplevel =1 asnpitch=20.12 manine =0
ortube =0.6845 srtube =0.6413 ond
power=29,124 bum =288.0 down=81 end
power=38.952 bum=309.0 down=39% emt
power=34.748 burn =248.0 down=913.1 end

0135 cr 5.9 mn 0.33

fo 13 00 0.075ni 9.9

21 221 nb 0.7L s 3.6




Table A.38. Obrigheim (KWOQO) Assembly
176 Batch 90, 29.52 GWd/MTU, ENDF/B-V

=sas? parmne haltl3 skipshipdaia’
obrighiem (keo) pwr, assm 176, batch 90, 29.52 gwd/mstu 3-cyc endf/bS aug-94
...amod 180 fuel rode, 16 guide tubes....

! mixtores of fuel-pin-unit-oell:

2Turaplib  atticecei]
ua? { den=9.742 | B57
92234 0.028 92235 3.13 92236 0.014 92238 %6828 and
€059 30 1-X0 572 ond
ke83 101-20867 end
|
*fiasion praduct muclide sot same as table A.33 with now lemperatures™

|
23160 10 120867 eed
* need the following to use endi/b$ Library:
astenzire 6.44 4 0 0 1 40000 97.91 26000 0.5 50116 0.86 50120 0.73 2 1 605 end
1o 3den=0.7283 1 572 ead
arberbormod 0,7283 1 1 0 0 5000 100 3 450.00-6 572 end

! 4S50 ppn boean (w1) in maderator

¢ fucl-pin-cell geametry:
squarcpitch £.43 0.925 1 3 1.071 2 0930 0 exd

ly sod cycle p
npm/asem = 190 fusinght =962.75 ncyciee~3 nlib/cyce=1
intlovol >4 lightel=9 inplovel=1 jtch=30.12 sl 0

artube =0.6845 srtube=0.6413 ond
power=32.12] bum=288.0 down=81 end
power=36.001 bum=309.0 down=396 end
power=35875 mun=248.0 down=913.1 od
0135 er 59 mn 033

f13 00.075ai 9.9

2w22lob 0.71 e 3.6
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APPENDIX B

COMPARISONS OF MEASURED ISOTOPIC
DATA TO SAS?H CALCULATIONS
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Table B.1. Calvert Cliffs Assembly D047 Rod MKP109, 27.35 GWd/MTU

calvert cliffs unit 1 pwr
measured and computed irradiated fuel composition, mg/g fuel (uo2)
atm-104, fuel assembly d047, rod mkp109 at 13.20 cm, 27.35 gwd/mtu
run sept. 1994
....measured and calculated at 1870 day cooling time....
..compares cases using endf/b-iv and endf/b-v(eu)* libraries..
nuclide, z & name measured endf/b-iv  Xdiff endf/b-ve* Xdiff

92 w234 1.600E-01 1.612E-01 ¢ 0.7X) 1.577e-01 ( -1.5%)
92 w235 8.470E+00 8.002E+00 ( -5.5X) 8.071E+00 ( -4.7X)
92 u236 3.140E+00 3.237€+00 ( 3.1X) 3.233e+00 ( 2.9%)
92 u238 8.425E+02 8.372E+02 ( -0.6X) 8.373E+02 ( -0.6%)
94 pu238 1.010E-01 9.789E-02 ( -3.1X) 9.257E-02 ( -8.3X)
94  pul39 4.264E+00  4.280E+00 ( 0.4X) 4.040E+00 ( -5.3%)
94 pu240 1.7196+00  1.614E+00 ( -6.1X%) 1.709E+00 ( -0.6%)
94 pu2él 6.810E-01  7.087E-01 ( 4.1X) 6.681E-01 ( -1.9%)
94 pu242 2.890E-01 2.769E-01 ( -4.2X) 3.082E-01 ( 6.6%)
93 np237 2.680E-01 3.156E-01 ( 17.8%) 2.8356-01 ( 5.8%)
55 ¢s133 8.500E-01 8.801E-01 ( 1.2X) 8.634E-01 ( 1.6%)
55 c¢s134 1.000E-02 1.007E-02 ( 0.7X) 9.711E-03 ( -2.9%)
55 ¢s135 3.60CE-01 3.935E-01 ( 9.3X) 3.766E-01 ( &.6%)
55 ¢s137 7.700E-01  7.B32E-01 ¢ 1.7X) 7.830E-01 ( 1.7%)
60 nd143 6.130E-01  6.206E-01 ( 1.2%) 6.166E-01 ¢ 0.6X%)
60 ndlé4 9.430E-01 9.462E-01 ( 0.3X) 9.490E-01 ( 0.6X)
60 nd145 5.100E-01 5.131E-01 ( 0.6X) 5.1058-01 ( 0.1%)
60 nd14é 4.900E-01  4.925E-01 ( 0.5X) 4.949E-01 ( 1.0%)
60 ndi148 2.650E-01 2.664E-01 ( 0.5%) 2.665E-01 ( 0.6X)
60 ndi50 1.240E-01 1.26BE-01 ( 2.3%X) 1.271E-01 ¢ 2.5%)
61 pm147 3.085E-02 3.135e-02

62 sml147 1.859¢€-01 1.880E-01

62 pm147..sm147 2.210E~01  2.167E-01 ( -1.9%) 2.193E-01 ( -0.8%X)
62 smi48 1.060E-01  8.842E-02 (-16.6X) 8.717E-02 (-17.8%)
62 smi149 2.900E-03  2.169E-03 (-25.2X) 1.988E-03 (-31.4%)
62 sm150 2.070E-01  2.030E-01 ( -1.9%X) 2.016E-01 ( -2.6%)
62 smi151 1.0126-02 1.032€-02

63 eul51 4.320E-04 4.402E-04

63 smi151..eul51 9.340E-03  1.055E-02 ( 13.0X) 1.076E-02 ¢ 15.2%)
62 sm152 8.700E-02 9.721E-02 ( 11.7X) 9.964E-02 ( 14.5%)
63 eul53 7.900E-02  7.443E-02 ( -5.8%) 7.986E-02 ( 1.1%)
62 sm154 2.465E-02 2.469E-02

63 eul54 1.519€-02 8.500€E-03

64 gdi154 1.079€-02 6.123e-03

64 sm154..gd154 &4.160E-02 5.0626-02 ( 21.7%) 3.931E-02 ( -5.5%)
63  euts5 3.885E-03 1.596E-03

64 gd155 4.524E-03 1.861E-03

64 eul55..9d155 4.740E-03  8.410E-03 ( 77.4%) 3.457E-03 (

27.1%)

units changed: curies/ gram uo2

95 amlé1 8.560E-04 8.572E-04 ( 0.1X) B8.145E-04 ( -4.9%)
96 cm243 1.125€-05 8.130E-06

96 cm2é4 5.902E-04 7.029€-04

96 cm243..cm244 T.340E-04  6.014E-04 (-18.1X) 7.110E-04 ( -3.1%X)
3% se?79 4.550E-08 4.952E-08 ( 8.8X) 4.948E-08 ( B8.7%)
38 sr 90 4.590E-02 4.998E-02 ( B.9X) 4.989E-02 ( 8.7%)
43 tc 99 9.590E-06 1.005E-05 ( 4.8X) 1.008E-05 ( 5.1X%)

endf/b-iv  %diff for: sas2 27-group endf/bk librery, 4-cycle case, 27.35 guwd/mtu
endf/b-ve* Xdiff for: *sas? 44-group endf/b5 (with b6: eu-154, 155) lib., 4-cyc case, 27.35 gwd/mtu
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Table B.2. Calvert Cliffs zi‘\ssembly D047 Rod MKP109, 37.12 GWd/MTU

calvert cliffs unit 1 pur
measured and computed irradiated fuel composition, mg/g fuel (uo2)
atm-104, fuel assembly d047, rod mkp109 at 27.70 cm, 37.12 gwd/mtu
run sept. 1994
.« s .Measured and calculateq at 1870 day cooling time....
..compares cases using endf/b-iv and endf/b-v(eu)* Libraries..
nuclide, z & name measured | endf/b-iv  Xdiff endf/b-ve* Xdiff

92 u234 1.400E-01 | 1.395€-01 ( -0.4%) 1.356E-01 ( -3.1%)
92 u235 5.170E+00 | 4.723E+00 ( -8.6X) A4.771E+00 ( -7.7%)
92  u236 3.5306+00 | 3.631E+00 ( 2.9%) 3.633+00 ( 2.9%)
92 u238 8.327e+02 | B.298E+02 { -0.4%) 8.290E+02 { -0.3%X)
94 pu23s 1.8906-01 @ 1.881E-01 ( -0.5%) 1.7B6E-01 ( -5.5%)
94  pu239 4.357E+00 | 4.415E+00 ( 1.3%) 4&.157E+00 ( ~4.6%)
94  pu240 2.239E+00  2.066E+00 ( -7.7%) 2.17BE+00 ( -~2.7X)
94  pu2él 9.030E-01 | 9.3326-01 ¢ 3.3X) 8.7506-01 ¢ -3.1%)
94 pu2é2 5.760E-01 : 5.551E-01 ( -3.6X) 6.163E-01 ¢ 7.0%)
93 np237 3.560E-01  A.573E-01 { 28.5X%) 4.112E-01 ( 15.5X)
55 ¢s133 1.090E400 © 1.110E400 ( 1.8X) 1.116E+00 ( 2.4%)
55 cs134 2.000E-02 | 1.B11E-02 ( -9.5X) 1.746E-02 (-12.7%)
55 8135 4.000E-01 | 4.317E-01 ( 7.9%) 4.109E-01 ( 2.7X)
55 ¢s137 1.0406+00 : 1.0616400 ( 2.0X) 1.061E+00 ( 2.0%)
60 nd143 7.160E-01 | 7.234E-01 ( 1.0X) 7.166E-01 ( 0.1%)
60 ndlsd 1.33BE+00 | 1.341E+00 { 0.2%) 1.347e+00 ¢ 0.7X)
60 ndi45 6.530E-01  6.547€-01 ( 0.3X) 6.501E-01 ( -D.4X)
60 ndisé 6.820E-01 . 6.847E-01 ( D.4X) 6.895E-01 ( 1.1%X)
60 nd148 3.5906-01  3.601E-D1 ( 0.3Xy 3.603E-01 ( 0.4X%)
60 nd150 1.720-01 | 1.776€-01 ¢ 3.3X) 1.779E-01 { 3.4%)
61 pmi1d7 " 3,455E-02 3.5376-02

62 sml47 . 2.078E-01 2.112e-01

62 pmlé7..sm147 2.540E-01 | 2.423E-01 ( -4.8%) 2.466E-01 ( -2.9%)
62 sml148 1.640E-01 | 1.416E-01 (-13.7X) 1.4DOE-01 (-14.6%)
62 smi49 3.0006-03 | 2.371E-03 (-21.0X) 2.1B2E-03 (-27.3%)
62 smi50 2.710E-01 | 2.840E-01 ( 4.8%) 2.812E-01 ( 3.8%)
62 sm151 i 1.148E-02 1.165€-02

63 eulst &£ .8B11E-04 4.882e-04

63 smiS1..eut51 9.300E-03  1.196E-02 ( 2B.6X) 1.214E-02 ( 30.6%)
62 smi152 1.040E-01 1.2586-01 ¢ 21.0X) 1.289€-01 ( 23.9%)
63 euls3 1.090E-01 | 1.095€-01 { 0.5%) 1.214E-01 ( 11.3%X)
62 smi54 3.749E-02 3.748E-02

63 euld4 2.707e-02 1.435E-02

64 gdi54 P 1.9647E-02 1.04TE-02

64 sm1S54,.gd154 6.070E-02 | B.403E-02 ¢ 38.4X) 6.230E-02 ( 2.6X)
63 eul55 | 6.T90E-03 2.608E-03

64 gd155 | 7.854E-03 3.020E-03

64 eul55..gd155 7.100E-03 : 1.464E-02 (106.2%X) 5.6286-03 (-20.7%)

units changed: curies/ gram uo2

95  am241 1.180E-03 . 1.103E-03 ( -6.5%X) 1.043E-03 (-11.6X)
96 cm243 2.544E-05 1.932E-05

96 om2ié  2.464E-03 2.871£-03

96 cm243..cm244 2.930E-03 | 2.490E-03 (-15.0%) 2.890E-03 ( -1.4%)
3% se 79 6.036E-08  6.571E-08 ( B8.9X) 6.565£-08 ( 8.8X%)
38 sr 90 5.900E-02  6.255E-02 ¢ 6.0%) 6.251E-02 ( 5.9%)
43 tc 99 1.2306-05 | 1.303£-05 ¢ 6.0%) 1.310E-05 ( 6.5%)

endf/b-iv  Xdiff for: sas2 27-group emdf/bk library, 4-cycle case, 37.12 gwd/mtu
endf/b-ve* Xdiff for: *sas2 44-group endf/b5 (With bs: eu-154, 155) lib., 4-cyc case, 37.12 gwd/mtu

|
T
A
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Table B.3. Calvert Cliffs Assembly D047 Rod MKP109, 44.34 GWd/MTU

calvert cliffs unit 1 pwr
measured and computed irradiated fuel composition, mg/g fuel (uod)
atm-104, fuel assembly d047, rod mkp109 at 165.22 cm, 44.34 gwd/mtu
run sept. 1994
....measured and calculated at 1870 day cooling time....
..compares cases using endf/b-iv and endf/b-v(eu)* libraries..
nuclide, z & name measured endf/b-iv  Xdiff endf/b-ve* Xdiff

92 u234 1.200E-01  1.255E-01 ( 4.6%) 1.217E-01 ¢ 1.4X)
92  u235 3.540E+00 3.199E+00 ( -9.6X%) 3.231E+00 ( -8.7X)
92 u236 3.690E+00 3.753E+00 ( 1.7X) 3.759E+00 ( 1.9%)
92 u238 8.2496+02 8.236E+02 ( -0.1X) 8.238e+02 ( -0.1%)
9% pu238 2.690E-01 2.693E-01 ( 0.1%) 2.555E-01 ( -5.0%)
94  pu239 4.357e+00  4.559E+00 ( 4.86X) 4.292E+00 ( -1.5X)
94 pu240 2.543E+00 2.324E+00 ( -B.6X) 2.444E+00 ( -3.9%)
94  pu2él 1.020E+00  1.065E+00 ( 4.4X) 9.959E-01 ( -2.4%)
94 pu242 8.400E-01  7.858E-01 ( -6.5%) B.741E-01 ( 4.1%)
93 np237 4.680E-01 5.584E-01 ( 19.3%) 5.015E-01 ( 7.2%)
55 cs133 1.240E+00  1.273E+00 ( 2.7X) 1.282E+00 ( 3.4X)
55 cs134 3.000E-02 2.535E-02 (-15.5X) 2.443E-02 (-18.6%)
55 c¢s135 4.300E-01 4.605E-01 ( 7.1%) 4.372E-01 ( 1.7%)
55 c¢s137 1.250E+00  1.265E+00 ( 1.2X) 1.265E+00 ( 1.2%)
60 nd143 7.630E-01  7.757E-01 ( 1.7X%) 7.667E-01 ( 0.5%)
60 ndl14é 1.643E+00  1.639E400 ( -0.3X) 1.647E+00 ( 0.2X)
60 nd145 T.440E-01  7.463E-01 ( 0.3X) 7.396E-01 ( -0.6X)
60 nd146 8.300E-01 8.333E-01 ( 0.4X) 8.404E-01 ( 1.3%)
60 nd148 4.280E-01 4.289E-01 ( 0.2X) 4.291E-01 ( 0.3X)
60 nd150 2.080E-01 2.166E-01 ( 4.1X) 2.168E-01 ( 4.2X)
61 pmi47 3.586€-02 3.691E-02

62 sml47 2.137e-01 2.181E-01

62 pm147..sm147 2.680E-01 2.496E-01 ( -6.9%) 2.550€-01 ( -4.8X)
62 sml148 2.220E-01  1.833E-01 (-17.4X) 1.816E-01 (-18.2X)
62 smi49 4.700E-03  2.592E-03 (-44.9%X) 2.391E-03 (-49.1X)
62 smi50 3.610E-01  3.449E-01 ( -4.5%) 3.409£-01 ( -5.6%)
62 sm151 1.2853E-02 1.300£-02

63 eulSt 5.345E-04 5.407E-04

63 sm151..eu151 9.780E-03  1.338E-02 ( 36.8X) 1.354E-02 ( 38.5X)
62 sm152 1.210E-01  1.443E-01 ( 19.2X) 1.476E-01 ( 22.0X)
63 eul33 1.480E-01  1.344E-01 ( -9.2%) 1.517E-01 ( 2.5%)
62 smi154 4.B814E-02 4.809€-02

63 eulds 3.667E-02 1.916E-02

64 gd154 2.664E-02 1.411E-02

64 sm154..9d154 8.420E-02  1.114E-01 ( 32.4X) 8.136E-02 ( -3.4%X)
63 eul55 9.311€-03 3.405e-03

64 gd155 1.074E-02 3.935€-03

64 eul55..gd155 9.820E-03 2.005E-02 (104.2%) 7.340E-03 (-25.3%)

units changed: curies/ gram uo2

95 amlél 1.310E-03  1.236€-03 ( -5.6%) 1.166E-03 (-11.0X)
96 cm243 3.825E-05 3.002e-05

96 cmbb 5.424E-03 6.256E-03

96 cm243..cm244 6.400E-03  5.462E-03 (-14.7X) 6.286E-03 ( -1.8%)
346 se 79 6.490E-08  7.7156-08 ( 18.9%) 7.709E-08 ( 18.8X)
38 sr 90 6.580E-02  7.043E-02 ( 7.0%) 7.041E-02 ( 7.0%)
43 tc 99 1.3506-05 1.500E-05 ¢ 11.1%) 1.511E-05 ( 11.9%)

endf/b-iv  %diff for: sas2 27-group endf/b4 library, 4-cycle case, 44.34 gwd/mtu
endf/b-ve* Xdiff for: ¥*sas2 &4-group endf/b5 (with b6: eu-154, 155) lib., 4-cyc case, 44.34 gwd/mtu
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Table B.4. Calvert Cliffs Assembly D101 Rod MLA09g, 18.68 GWd/MTU

calvert cliffs; unit 1 puwr
measured and computed irradiated fuel composition, mg/g fuel (uo2)
atm-103, fuel assembly d101, rod mis098 at 8.9 cm, 18.68 gwd/mtu
run sept. 19594

** case using new saszh model **

..compares cases using endf/b-iv and endf/b-v(eu)* libraries..

nuclide, z & name measured  endf/b-iv  Xdiff endf/b-ve* Xdiff
92 w234 1.400E-01 | 1.604E-01 ( 14.6%) 1.577E-01 ( 12.5%)
92 u235 1.025E+01 | 1.008E+01 ( -1.8%) 1.016E+01 ( -0.9%)
92 u236 2.500£+00 : 2.482E400 ¢ -0.7X) 2.476E+00 ( -1.0X)
92 u238 8.551E+02  8.453E+02 ¢ -1.1X) 8.454E+02 ( -1.1%)
94 pu238 4.850E-02  3.990E-02 (-17.7%) 3.758E-02 (-22.5%)
94 pu239 3.945E+00 | 3.8B5E+00 ¢ -1.5X) 3.684£+00 ( -6.6%)
94 pu240 1.2436+400 | 1.1596400 ( -6.8%X) 1.2326+00 ( -0.9%)
94  pu2éi 4.5426-01 | 4.503E-01 ¢ -0.9%) 4.271E-01 ( -6.0X)
94 puRél 1.394E-01 | 1.241E-01 (-11.0%X) 1.387E-01 ( -0.5%)

units changed: curies/ gram uo?
93 np237 1.230E-07  1.358E-07 ( 10.4X) 1.209E-07 ( -1.7%)
95  am241 6.670E-04  6.511E-04 ( -2.4X) 6.201E-04 ( -7.0%)
96 eme43 3.425E-06 2.400E-06
96 cmbh 1.125E-04 1.369€-04
96 cm243..cm244 1.640E-04 | 1.159E-04 (-29.3%) 1.393E-04 (-15.1%)
6 c 14 3.910E-07 | 3.234E-07 (-17.3X) 3.246E-07 (-17.0%)
34 se 79 3.430E-08 | 3.428E-08 ( -0.1X) 3.4256-08 { -0.2%)
38 sr %0 3.360E-02 3.5376-02 ¢ 5.3%) 3.527E-02 ¢ 5.0%)
43 tc 99 7.070E-06 | 7.095E-06 ¢ 0.4X) 7.108E-06 ¢ 0.5%)
50 sn126 8.600E-08 | 2.400E-07 (179.1X) 2.406E-07 (179.8%)
53 1129 1.750E-08 | 1.546E-08 (-11.7%) 1.548E-08 (-11.6%X)
55 ¢s135 2.790E-07 3.0S3E-07 ¢ 9.4X) 2.924E-07 ( 4.8%)
55 ¢s137 4.590E-02 4.595E-02 ¢ 0.1X) &4.594E-02 { 0.1%)

endf/b-iv  Xdiff for: sas2 27-group endf/b4 library, 4-cycle case, 18.68 gwd/mtu
endf/b-ve* Xidiff for:

*sas82 44-group endf/b5 (with bé: eu-154, 155) Llib., 4-cyc case, 18.68 pwd/mtu
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Table B.5. Calvert Cliffs Assembly D101 Rod MLA098, 26.62 GWd/MTU

calvert cliffs unit 1 pwr
measured and computed irradiated fuel composition, mg/g fuel (uo2)
atm-103, fuel assembly d101, rod mla098 at 24.3 cm, 26.62 gwd/mtu
run sept. 1994
** case using new saszh model **
..compares cases using endf/b-iv and endf/b-v(eu)* libreries..
nuclide, z & name measured endf/b-iv  Xdiff endf/b-ve* Xdiff

92 u234 1.210E-01  1.422€-01 ( 17.5X) 1.390E-01 ( 14.9%)
92 u235 6.940E+00  6.638E+00 ( -4.4X) 6.704E+00 ( -3.4X)
92 w236 2.990E+00 2.977e+00 ( -0.4X) 2.973E+00 ( -0.6X)
92 w238 8.538E+02 8.395E+02 ( -1.7%) 8.397e+02 ( -1.7%)
94 pu238 9.690E-02 9.006E-02 ¢ -7.1X) 8.530E-02 (-12.0X)
94 pul39 4.2526+00 4.218E+00 ( -0.8%) 3.981E+00 ( -6.4X%)
96 pu240 1.766E+00  1.634E+00 ( -7.5X) 1.731E+00 ( -2.0%)
94  pu2d? 6.8226-01 6.972E-01 ( 2.2X%) 6.564E-01 ( -3.8%)
94  pu242 3.301E-01  3.042E-01 ( -7.9%) 3.3B1E-01 ( 2.4X)

units changed: curies/ gram uo2

93 np237 2.110E-07 2.158E-07 ¢ 2.3X) 1.931E-07 ( -8.5%)
95 amé1 9.910E-04 9.981E-04 ( 0.7X) 9.442E-04 ( -4.7X)
96 ©m243 1.079e-05 7.867E-06

96 cmbéd 6.460E-04 7.668£-04

96 cm243..cm244 B.150E-04  6.56BE-04 (-19.4%) 7.746E-04 ( -5.0%)
6 ¢ 14 5.030E-07 4.792E-07 ( -4.7X) &4.BY11E-07 ( -4.4X)
3 se?9 4.590E-08 4.795E-08 ( 4.5X) 4.790E-08 ( 4.4X)
38 sr 90 4.410E-02 4.673E-02 ( 6.0X) 4.665E-02 ( 5.8X%)
43 tc 99 9.370E-06 9.758E-06 ( 4.1X) 9.789E-06 ( 4.5X)
50 sn126 1.3606-07 3.822€-07 (181.0X) 3.820&-07 (180.9%)
53 i12¢9 2.410E-08 2.264E-08 ( -6.1X) 2.265E-08 ( -6.0X)
55 ¢s135 3.120E-07  3.424E-07 ( 9.7X%) 3.259E-07 ( 4.5%)
55 5137 6.530E-02 6.545E-02 ( 0.2%X) 6.543E-02 ( 0.2%)

endf/b-iv  Xdiff for: sas2 27-group endf/bé library, 4-cycle case, 26.62 gwd/mtu
endf/b-ve* %diff for: *sas2 44-group endf/b5 (with b6: eu-154, 155) lib., 4-cyc case, 26.62 gwd/mtu
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Table B.6. Calvert Cliffs Assembly D101 Rod MLAQ98, 33.17 GWd/MTU

calvert cliffs unit 1 pur
measured and computed irradiated fuel composition, mg/g fuel (uo?)
atm-103, fuel assembly d101, rod mia098 at 161.7 cm, 33.17 gwd/mtu
run sept.; 1994
** case using new sas2h model **
..compares cases using endf/b-iv and endf/b-v{eu)* libraries..
nuclide, z & name measured endf/b-iv - Xdiff endf/b-ve* Xdiff

92  u234 1.200E-01 1 1.288E-01 ( 7.3X) 1.254E-01 ( 4.5X%)
92 u235 4.780E+00  4.663E+00 ( -2.4X) 4.715E+00 ( -1.4X)
92  u236 3.2606+00 3.2196+00 ( -1.3X) 3.219E+00 ( -1.3%)
92 u238 8.4226+02  8.342E+02 ( -0.9%) 8.344E+02 ( -0.9%)
94 . pu23g 1.483E-01 ' 1.468E-01 ¢ -1.0%) 1.392E-01 ( -6.1%)
94  pul39 4.187E+00 ' 4.423E+400 ¢ 5.6%X) 4.16BE+D0 ( -0.5%)
94 pu240 2.111E+00 | 1.946E+00 ( -7.8%) 2.058E+00 ( -2.5%)
94 pu2é1 8.125E-01 8.647TE-01 ( 6.4X) B.106E-01 ( -0.2X)
94 pu2é2 S.474E-01 4.976E-D1 ( -9.1%) 5.526E-01 ( 0.9%)

units changed: curies/ gram uo2

93 np237 2.410E-07 | 2.B42E-07 ( 17.9%) 2.546E-07 ( 5.T%)
95 amlé4l 1.200£-03 | 1.2298-03 ( 2.4X) 1.158E-03 ( -3.5%)
96 om243 ' 2.005E-05 1.507€-05

96 cmih 11.836E-03 2.151E-03

96 cm243..cm244 2.110E-03  1.857E-03 (-12.0X) 2.166E-03 ¢ 2.7X)
6 c-¥ 7.690E-07 6.109€-07 (-20.6%X) 6.138e-07 (-20.2%)
3 se79 5.540E-08 |5.874E-08 ( 6.0%) 5.869E-08: ( 5.9%)
38 sr 90 5.230E-02 [S5.475E-02 (. 4.7X) 5.469E-02 ( 4.6X)
43 te W 1.930E-05 (1.1776-05 ( 4.2%) 1.183E-05:{ 4.7%)
50 sn126 1.690E-07 5.101E-07 (201.8%) 5.092E-07' (201.3%)
53 129 3.360E-08 2.866E-08 (-14.7X) 2.865E-08 (-14.7X)
55 ecs135 3.320E-07 :3.680E-07 ( 10.8X) 3.492E-07 ( 5.2%)
55 «cs137 8.060E-02 i8 146E-02 ¢ 1.1X) 8.142E-02 ¢ 1.0%)

endf/b-iv  Xdiff for: sas2 27-grou;$ endf/b4 library, 4-cycle case, 33.17 gwd/mtu
endf/b-ve* Xdiff for: *sas2 44-group endf/b5 (with b6: eu-154, 155) lib., &-cyc case, 33.17 gud/mtu
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Table B.7. Calvert Cliffs Assembly BT03 Rod NBD107, 31.40 GWd/MTU

calvert cliffs unit 1 pwr
measured and computed irradiated fuel composition, mg/g fuel (uo2)
atm-106, fuel assembly bt03, rod nbd107 at 11.28 cm, 31.40 gwd/mtu
run sept. 1994
*% case using new sasZh model **
..compares cases using endf/b-iv end endf/b-v(eu)* libraries..
nuclide, z & name measured endf/b-iv  Xdiff endf/b-ve* Xdiff

92 w234 1.530E-01  1.206E-01 (-21.2X) 1.170E-01 (-23.5%)
92 w235 3.860E+00 3.823E+00 ( -0.9X) 3.869e+00 ( 0.2%)
92 u236 2.860E+00 2.899E+00 ( 1.4X) 2.898E+00 ( 1.3X)
92 u238 8.446E+02 8.376E+02 ( -0.8X) 8.377+02 ( -0.8X)
94 pu238 1.426E-01 1.471E-01 ( 3.1%) 1.389E-01 ( -2.6X)
94 pu239 3.814E+00 4.037E+00 ( 5.8%) 3.796E+00 ( -0.5X)
94  pu240 2.067e+00  1.951E+00 ( -5.6X) 2.060E+00 ( -0.3%)
96 pu2di 7.260E-01  7.393E-01 ( 1.8X) 6.947E-01 { -4.3%)
94 pu2é2 5.463E-01  4.890E-01 (-10.5%) 5.399E-01 ( -1.2%)

units changed: curies/ gram uod

93 np237 1.840E-07 2.506E-07 ( 36.2X) 2.232E-07 ( 21.3%)
95 am241 1.180E-03  1.196E-03 ¢ 1.3X) 1.132E-03 ( -4.1X)
96  cm243 1.986E-05 1.499E-05

96 cm24é 1.683€E-03 1.938e-03

96 cm243..cm244 1.870E-03  1.703E-03 ( -8.9%) 1.9536-03 ( 4.5%)
3 se 79 4.180E-08 5.553E-08 ( 32.8X) 5.548e-08 ( 32.7X)
38 sr 90 4.640E-02  4.902E-02 ( 5.6X) 4.898E-02 ( 5.6X)
43 tc 99 7.700E-06  1.116E-05 ¢ 45.0X) 1.120E-05 ( 45.5X%)
S50 sn126 1.410E-07  4.923E-07 (249.1X) 4.913E-07 (248.5X)
55 85135 4.040E-07 4.637E-07 ( 14.8X) 4.428e-07 ( 9.6X)
55 cs137 T.470E-02  7.423E-02 ( -0.6%) 7.420E-02 ¢ -0.7X)

endf/b-iv  Xdiff for: sas2 27-group endf/b4 library, 4-cycle case, 31.40 gwd/mtu
endf/b-ve* Xdiff for: %*sas2 44-group endf/b5S (with bb6: eu-154, 155) lib., 4-cyc case, 31.40 gwd/mtu
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Table B.8. Calvert Cliffs Assembly BT03 Rod NBD107, 37.27 GWd/MTU

calvert cliffs unit 1 pur
measured and computed irradiated fuel composition, mg/g fuel (uo2)
atm-106, fuel assembly bt03, rod nbd107 at 19.92 cm, 37.27 gud/mtu
run sept. 1994
** cagse using new sasZh model **
..compares cases using endf/b-iv and endf/b-v(eu)* Libraries..
nuclide, z & name measured | endf/b-iv @ X%diff endf/b-ve* Xdiff

92 u234 1.2706-01 | 1.110E-01 (-12.6%) 1.072E-01 (-15.6%)
92 u235 2.710E400 = 2.593£+00 ( -4.3%) 2.625E+00 ( -3.1%)
92 u23s 3.030£+00 | 3.002E+00 ( -0.9%X) 3.004E+00 ( -0.9%)
92 w238 B.43BE+02 | B.327€+02 ( -1.3%) B8.32BE+02 ( -1.3X)
94 pu238 1.947E-01 | 2.013-01 ( 3.4X) 1.9056-01 ( -2.2X)
9%  pu239 3.835£+00 . 4.083E+00 ( 6.5%) 3.839E+00 { 0.1%)
94  pu40 2.321E+00  2.181E+D0 { -6.0%) 2.297E+00 ( -1.0%)
9% pu2el 8.130E-01  8.313e-01 ¢ 2.3X) 7.800E-01 ( -4.1%)
94 pu2é2 7.7536-01  6.891E-01 (-11.1%) 7.614E-01 ( -1.8%)
units changed: curies/ gram uo?

93 np237 2.260E-07 | 3.012E-07 ( 33.3X) 2.879E-07 ( 18.6X)
95 am241 1.460E-03  1.316E-03 ( -9.9%) 1.243E-03 (-14.8%)
96 cm243 | 2.885E-05 2.238E-05

96 cm2b4h | 3.546E-03 4.044E-03

96 cm243..cm244 4.110E-03 | 3.575E-03 (-13.0%X) 4.086E-03 ( -1.1X)
3% sge 79 S.630E-08 | 6.489E-08 ( 15.3X) 6.484E-08 ( 15.2X)
38 sr 90 5.180E-02 | 5.515E-02 ( 6.3X) 5.513E-02 ( 6.4X)
43 tc 99 8.960E-06 | 1.285E-05 ( 43.5X) 1.292E-05 ( 44.2%)
50 sn126 1.600E-07  6.140E-07 (2B3.7%) 6.123E-07 (282.7X)
55 cs135 4.150E-07  4.892£-07 ( 17.9%) 4.65BE-07 ( 12.2%)
S5 cs137 8.560E-02 : B.BOBE-02 ( 2.9%) 8.B0LE-02 ( 2.9%)

endf/b-iv Xdiff for: sas2 27-group endf/bé library, 4-cycle case, 37.27 gwd/mtu
endf/b-ve* Xdiff for: *sas2 Lé-group endf/b5 (with bb: eu-154, 155) lib., 4-cyc case, 37.27 gud/mtu
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Table B.9. Calvert Cliffs Assembly BT03 Rod NBD107, 46.46 GWd/MTU

calvert cliffs unit 1 pwr
measured and computed irradiated fuel composition, mg/g fuel (uo2)
atm-106, fuel assembly bt03, rod nbd107 at 161.21 cm, 46.46 gwd/mtu
run sept. 1994
** case using new sas2h model **
..compares cases using endf/b-iv and endf/b-v(eu)* libraries..
nuclide, z & name measured endf/b-iv  Xdiff endf/b-ve* Xdiff

92 w234 7.490E-02 9.B45E-02 ( 31.4X) 9.447E-02 ( 26.1X)
92 w23 1.406E+00  1.426E+00 ( 1.4X) 1.441E+00 ( 2.5%)
92 u236 3.040£+00 3.024E+00 ( -.5X) 3.030E+00 ( -.3%)
92 u238 8.272e+02 8.244E+02 ( -.3X) B.245E+02 ( -.3%)
94 pu238 2.842e-01 2.903E-01 ( 2.2%) 2.745E-01 ( -3.4%)
94  pu239 3.766E+00  4.210E400 ( 11.8%) 3.959E+00 ( 35.1X)
94 pu240 2.599E+00 2.453E+00 ( -5.6X) 2.579E+00 ( -.8%)
94 pu2éil 8.862E-01 9.443E-01 ( 6.6X) B.838E-01 ( -.3X)
96 pu242 1.169E+00  1.005E+00 (-14.0%) 1.116E+00 ( -4.6%)

units changed: curies/ gram uo?2

93 np237 2.660E-07 3.715E-07 ( 39.7X) 3.292E-07 ( 23.8%)
95  amé41 2.180E-03  1.452E-03 (-33.4X) 1.368BE-03 (-37.2%)
96 cm243 4.240E-05 3.416E-05

96 com2bb 8.670E-03 9.7936-03

96 cm243..cm244 9.860E-03  8.713E-03 (-11.6%) 9.827e-03 ( -.3%)
3% se 79 5.990E-08 7.908€-08 ( 32.0X) 7.901E-08 ( 31.9%)
38 sr 90 6.040E-02  6.363E-02 ( 5.4X) 6.365E-02 ( 5.4%)
43 tc W 1.090E-05  1.527€-05 ( 40.1X) 1.537e-05 ( 41.0%)
50 sn126 2.100E-07 8.126E-07 (286.9%) 8.099E-07 (285.7%)
55 ¢s135 4.790E-07 5.334E-07 ( 11.4X) 5.066E-07 ( 5.8%)
55 cs137 1.120e-01 1.097E-01 ( -2.0%) 1.097E-01 ( -2.1%)

endf/b-iv  Xdiff for: sas2 27-group endf/b4 library, 4-cycle case, 46.46 gwd/mtu
endf/b-ve* Xdiff for: *sas2 44-group endf/b5S (with bé: eu-154, 155) lib., 4-cyc case, 46.46 gwd/mtu
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Table B.10. H. B. Robinson Assembly B05 Rod N-9, 16.02 GWd/MTU

h. b. robinson unit 2 pur
measured and computed irradiated fuel composition, mg/g fuel (uo2)
atm-101, fuel assembly b0-5, rod n-9 at 11.00 cm, 16.02 gwd/mtu
run sept. 1994
** case using sas2h model **

nuclide, z & name measured  endf/b-iv - %diff endf/b-ve* Xdiff

92  u235 1.070E+01 . 1.076E+01 (  .6%) 1.084E+01 ( 1.3%)
92 w236 2.190E+00  2.156E+00 ( -1.5X)- 2.150E+00 ( -1.8%)
92 w238 B.ATOE+02  B.ATTE+02 (  .1%) B.4TBE+02 ( .1%)
94 pu238 2.830E-02 | 2.871E-02 ( 1.5%) 2.679e-02 ( -5.3%)
94 pu239 3.640E+G0 | 3.B94E+00 ¢ 7.0X) 3.699E+00 ( 1.6%X)
94 pu240 1.090E+00 | 1.073E+00 ( -1.5%) 1.139E+00 ( 4.5%)
94  pu2éit 3.040E-01 | 3.219E-01 ¢ 5.9%) 3.059e-01 (  .6%)
93 np237 1.550E-01 | 1.643E-01 ¢ 6.0%) 1.451E-01 ( -6.4X)

units changed: curies/ gram uo2

43 tc 99 S.4LDE-06 | 6.114E-06 ( 12.4X) 6.122E-06 ( 12.5%)
55 ¢s137 3.590E-02 @ 3.595E-02 ( .2X) 3.595€-02 ( .1X)

endf/b-iv  Xdiff for: sas2 27-group endf/b4 library, 4-cycle case, 16.D2 gwd/mtu
endf/b-ve* Xdiff for: *sas2 44-group endf/b5 (with bb: eu-154, 155) lib., 4-cyc case, 16.02 gwd/mtu

Table B.11. H. B. Robinson Assembly BO5 Rod N-9, 23.81 GWd/MTU

h. b. robinson unit 2 pwr
measured and computed irradiated fuel composition, mg/g fuel (uo2)
atm-101, fuel assembly b0-5, rod n-9 at 26.0 cm, 23.81gwd/mtu
run sept. 1994
** case using sasZh model **
nuclide, z & name wmeasured jendf/b-iv Xdiff endf/b-ve* Xdiff

92 w235 7.210E+00 . 7.3126+00 ( 1.4X) 7.3B0E+00 ( 2.4%)
92 u236 2.T40E+00 | 2.68B0E+00 ¢ -2.2%) 2.675E+00 ( -2.4%)
92 u23s B.4706+02 B.419E+02 ( -.6X) B.L20E+02 ( -.6%)
94 pu238 6.9506-02 | 7.012E-02 ¢ .9%X) 6.595e-02 ( -5.1%)
94 pu239 4.020E+00 | 4.331E+00 ( 7.7X) 4.092e+00 ( 1.8X)
94 pu2d0 1.6706+00  1.601E+00 ( -4.2%) 1.691E+00 ( 1.3%)
94 pu2ét 5.040E-01 | 5.340E-01 ( 6.0X) 5.040£-01 ¢ .0%)
93 np237 2.600E-01 | 2.744E-01 ( 5.5X) 2.446E-01 ( -5.9%)
units chenged: curies/ gram uo?
43 tc 99 8.090E-06  8.782E-06 ( 8.6X) 8.806E-06 ( 8.9%)
55 ¢s137 5.390E-02 | 5.345E-02 ( -.8%) 5.344E-02 ( -.9%)

endf/b-iv  Xdiff for: sase ZT-aro@ endf/b4 library, 4-cycle case, 23.81 gwd/mtu
endf/b-ve* Xdiff for: *saszk“—gro;gp endf/b5 (with bb: eu-154, 155) lib., &4-cyc case, 23.81 gud/mtu




112
Table B.12. H. B. Robinson Assembly BOS Rod N-9, 2847 GWd/MTU

h. b. robinson unit 2 pwr
measured and computed irradiated fuel composition, mg/g fuel (uo2)
atm-101, fuel assembly b0-5, rod n-9 at 199.0 cm, 28.47gwd/mtu
run sept. 1994
** case using sas2h model **

nuclide, z & name measured endf/b-iv  Xdiff endf/b-ve* X%diff

92 U235 6.180E+00  5.8B0E+00 ( -4.9%) 5.940E+00 ( -3.9%)
92 u2lé 2.820E+00 2.BB3E+00 ( 2.2X) 2.BBOE+D0 ( 2.1X)
92 u238 8.340£+02 8.379E+02 ( .5X) 8.380e+02 ( .5%)
94 pu238 1.140E-01  1.066E-01 ( -6.5%X) 1.004E-01 (-11.9%)
94 pu239 4.390E+00  4.625E+00 ( 5.3X) 4.366E+00 ( -.5%)
94 pu240 1.970E+00  1.873E+00 ( -4.9X) 1.974E+00 ( .2X)
94  pu24t 6.810E-01  6.B44E-01 ( .5X) 6.442E-01 ( -5.4X)
93 np237 3.040E-01 3.474E-01 ( 14.3%X) 3.107e-01 ( 2.2%)

units changed: curies/ gram uo2

43 tc 99 8.950E-06 1.026E-05 ( 14.6X) 1.030E-05 ( 15.1%)
55 ¢s137 6.270E-02 6.512E-02 ( 3.9%) 6.510E-02 ( 3.8%)

endf/b-iv  Xdiff for: sas2 27-group endf/b4 library, 4-cycle case, 28.47 gwd/mtu
endf/b-ve* Xdiff for: *sas2 44-group endf/b5 (with bé: eu-154, 155) lib., 4-cyc case, 28.47 gud/mtu

Table B.13. H. B. Robinson Assembly B0S Rod N-9, 31.66 GWd/MTU

h. b. robinson unit 2 pur
measured and computed irradiated fuel composition, mg/g fuel (uo2)
atm-101, fuel assembly b0-5, rod n-9 at 226.0 cm, 31.66gwd/mtu
run sept. 1994
** case using sasZh model **

nuclide, z & name measured endf/b-iv  Xdiff endf/b-ve* Xdiff

92 u23s 4.860E+00 5.022E+00 ( 3.3%) 5.077e+00 ( 4.5%)
92 u236 3.000E+00 2.98BE+00 ( -.4%) 2.986E+00 ( -.5X)
92 w238 8.420E+02 8.352E+02 ( -.8X) 8.353e+02 ( -.8%)
9% pu23s 1.300E-01 1.333E-01 ¢ 2.6%X) 1.256E-01 ( -3.4%)
94  pul39 4. 200E400 4.739E+00 ( 12.8BX) &4.4T2E+00 ( 6.5%X)
94 pu240 2.120E+00 2.032E+00 ( -4.1%) 2.139E+00 ¢ .9%)
94  pu2é 6.920e-01  7.551E-01 ¢ 9.1%) 7.094E-01 ( 2.5X)
93 np237 3.330E-01  3.944E-01 ( 18.4%) 3.531E-01 ( 6.0X)
units changed: curies/ gram uol
43 tc 99 1.010E-05 1.124E-05 ( 11.2X) 1.129€-05 ( 11.8%)
55 ¢s137 7.130E-02 7.240E-02 ( 1.5X) 7.237e-02 ¢ 1.5%)

endf/b-iv Xdiff for: sas2 27-group endf/bé library, 4-cycle case, 31.66 gwd/mtu
endf/b-ve* Xdiff for: *sas2 44-group endf/b5 (with b6: eu-154, 155) Llib., 4-cyc case, 31.66 gwd/mtu
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Table B.14. Obrigheim (KWO) Assembly 170 Batch 94, 25.93 GWd/MTU

obrigheim (kwo) pur (germany)
measured and computed irradiated fuel composition, mg/g fuel (u)
fuel assembly 170, batch 94, 25.93 gwd/mtu
(run sept. 1994)
..compares cases using endf/b-iv and endf/b-v(eu)* libraries..
nuclide, z & neme measured ;endf/b-iv Xdiff endf/b-ve* Xdiff

92 U235 1.095E+01 - 1.059E+01 ( -3.3X) 1.068£+01 ( -2.5X)
92 w236 3.590e+00 | 3.62BE+00 ¢ 1.0%) 3.621E+00 ( .9%)
94 pu238 8.010E-02* | 8.518E-02 ( 6.3X) 8.095E-02 ( 1.1X)
94 pu239 4.805E+00 ' S.09BE+00 ( 6.1X) 4.828E+00 ( .5X%)
94 pu240 1.800E+00  1,7056+00 ( -5.3X) 1.811E+00 ( .6%X)
94 pulsi 9.780E-01 | 1.051E400 ( 7.5%) 9.924E-01 ( 1.5%)
9% pu242 3.120E-01 . 2.749E-01 (-11.9%) 3.071E-01 ( -1.6X)
96 cm242 1.710E-02  1.327€-02 (-22.4%) 1.222E-02 (-28.5%)
96 cmléd 1.030E-02 © 7.756E-03 (-24.7X%) 9.373E-03 ( -9.0X)

units changed: atomic ratio

36 kr 83/kr 86 2.520E-01  2.397e-01 (
36 kr B4skr 86 6.400E-01 | 6.171E-01 (
54 xe131/xe134 3.080E-01  3.123e-01 1.4X) 3.042E-01 ( -1.2%)
54 xe132/xe134 7.060E-01 : 6.837E-01 ( -3.2X) 6.92BE-01 ( -1.9%)
(
(
(

¢ -4.9%)
(
¢
54 xel136/xe134 1.4B3E+00 | 1.460E+00 ( -1.5%) 1.473E+00 -.7%)
[¢
{
4
{

397e-01

2. -4.9%)
-3.6X) 6.177e-01 ¢ -3.5%)

55 ©¢8134/cs137 7.330E-02 | 7.119E-02 ( -2.9X) 6.870E-02 ( -6.3X)
60 nd143/nd148 2.4506+00 | 2.419€+00 ( -1.3X) 2.404E+D0 ( -1.9%)
60 nd145/nd148 1.938E400 | 1.974E+D0 1.9%) 1.964E+00 ( 1.4X)
60 ndi46/nd14B  1.857E+00 | 1.857E+00 0X)  1.BSLEH00 (  .4%)

* corrected for the measured discharped component from cm-242, which was
measured only by european institute for transuranic elements.

endf/b-iv  Xdiff for: sas2 27-group endf/bs lib, 3-cycle case, 25.93 gud/mtu
endf/b-ve* Xdiff for: *sas2 44*9:‘0@ endf/b5 (with b6: eu-154, 155) lib., 3-cyc case, 25.93 gwd/mtu
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Table B.15. Obrigheim (KWO) Assembly 172 Batch 92, 26.54 GWd/MTU

obrigheim (kwo) pur {(germany)
measured and computed irradiated fuel composition, mg/g fuel (u)
fuel assembly 172, batch 92, 26.54 gwd/mtu
(run sept. 1994)
..compares cases using endf/b-iv and endf/b-v(eu)* libraries..
nuclide, z & name measured endf/b-iv  Xdiff endf/b-ve* Xdiff

92 w235 1.058E+01  1.029E+01 ( -2.8%) 1.037e+01 ( -2.0%)
92  u236 3.620E+00 3.672E+00 ( 1.4%) 3.666E+00 ( 1.3X)
94 pu238 8.890E-02* 9.142E-02 ( 2.8%X) 8.686E-02 ( -2.3%)
94 pu239 4.713E+00 5.122E+00 ( B.7X) 4.849E+00 ( 2.9%)
94 pu4d 1.830E400  1.75SE+00 ( -4.1X) 1.862E+00 ( 1.7%)
946 pu2éi 9.780E-01 1.073E+00 ( 9.7X%) 1.013E+00 ( 3.6X%)
94  pu242 3.280E-01 2.886E-01 (-12.0X) 3.223-01 ( -1.7X)
96 cm242 1.940E-02  1.482E-02 (-23.6%) 1.370E-02 (-29.4X)
96 cm24b 1.160E-02  8.854E-03 (-23.7%) 1.067e-02 ( -8.1%)

units changed: atomic ratio

36 kr 83/kr 86 2.450E-01 2.387E-01 ( -2.6X) 2.3B6E-01 ( -2.6X%)
36 kr 84/kr 86 6.400E-01  6.189E-01 ( -3.3X) 6.194E-01 ( -3.2X)
54 xe131/xe134 3.040E-01 3.104E-01 ¢ 2.1%) 3.021E-01 ( -.6%)
54 xe132/xe134 7.100E-01 6.865E-01 ( -3.3X) 6.957E-01 ( -2.0%)
54 xe136/xe134 1.490E+00  1.464E+00 ( -1.8X) 1.477E+00 ( -.9%)
55 cs5134/cs137 7.260E-02  7.246E-02 ( -.2%) 6.993E-02 ( -3.7X)
60 nd143/nd148 2.450E+00 2.396E+00 ( -2.2X%) 2.381E+00 ( -2.8X)
60 nd145/nd148 1.950E+00 1.968E+00 (  .9%) 1.958E+00 (  .4X)
60 nd146/nd148 1.876E+00  1.B60E+00 ( -.8X) 1.86BE+00 ( -.4X)

* corrected for the measured discharged component from cm-242, which was
measured only by european institute for transuranic elements.

endf/b-iv  %diff for: sas2 27-group endf/bt lib, 3-cycle case, 26.54 gwd/mtu
endf/b-ve* %diff for: *sas2 44-group endf/bS (with bé: eu-154, 155) lib., 3-cyc case, 26.54 gwd/mtu
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Table B.16. Obrigheim (KWO) Assembly 176 Batch 91, 27.99 GWd/MTU

obrigheim (kwo) pwr (germany)
measured and computed irradiated:fuel composition, mg/g fuel (u)
fuel assembly 176, batch 91, 27.99 gud/mtu
(run sept. 1994)
..compares cases using endf/b—fv and endf/b-v(eu)* libraries..
nuclide, z & name measured endf/b-iv  Xdiff endf/b-ve* Xdiff

92 w235 9.850E+00 9.598E+00 ( -2.6%) 9.684E+00 ( -1.7%)
92 u23b 3.700E+00 3.7676+00 ¢ 1.8X) 3.762E+00 ( 1.7X)
9 pu238 9.480E-02* 1.02BE-01 ( B.4X) 9.776E-02 ( 3.1%)
9% pu239 4.9256+00 5.171E+400 ( 5.0X) 4.893E+00' ( -.7X)
9%  pu240 1.920E+00 1.835E+400 ( -4.4X) 1.94TE+00 ( 1.4X)
94 pu2él 1.058E+00 [ 1.136E+00 (. 7.4X) 1.071E+00 ( 1.2%)
9%  pu242 3.720E-01 13.298E-01 (-11.3X) 3.679€-01 ( -1.1X)
96 ome42 1.850E-02 | 1.602E-02 (-13.4X) 1.477E-02: (-20.2X)
96 cm24s 1.410E-02 [1.131£-02 (-19.8X) 1.358E-02 ( -3.7X)

units changed: atomic ratio

36 kr 83/kr 86 2.310E-01 2.362€-01 ( 2

36 kr B4skr 86 6.3006-01  6.230E-01 ( -1.1%) 6.235E-01 ( -1.0X)
S4 xe131/xe134 2.970E-01 | 3.0726-01 ( 3.4X) 2.985E-01 ( .5%)
54 xel32/xe134 7.140E-01 (6.932E-01 ( -2.9%) 7.029€-01 ( -1.6%)
54 xe136/xe134 1.5056+00 | 1.473E+00 ( -2.0X) 1.488E+00 ( -1.1%)
55 ¢s8134/cs137 7.820E-02 7.511E-02 ( -4.0X) 7.246E-02: ( -7.3X)
60 nd143/nd148 2.3506+00 (2.355E+00 ( .2%) 2.340E+00: ¢ -.4%)
60 nd145/nd148 1.915E+400 | 1.9526+00 ( 1.9%) 1.941E+00 ( 1.4X)
60 nd146/ndi48 1.8516+00 1.867e+00 (¢ .9%X) 1.875E+00 ( 1.3%)

2%y 2.362E-01 ( 2.2%)

& corrected for the measured discharged component from cm-242, which was
measured only by european institute for transuranic elements.

endf/b-iv  Xdiff for: sas?2 27-group endf/bé lib, 3-cycle case, 27.99 gud/mtu
endf/b-ve* Xdiff for: *sas2 44-group endf/bS (with b6: eu-154, 155) lib., 3-cyc case, 27.99 gwd/mtu
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Table B.17. Obrigheim (KWO) Assembly 168 Batch 86, 28.40 GWd/MTU

obrigheim (kwo) pwr (germany)
measured and computed virradiated fuel composition, mg/g fuel (u)
fuel assembly 168, batch 86, 28.40 gwd/mtu
(run sept. 1994)
..compares cases using endf/b-iv and endf/b-v(eu)* libraries..
nuclide, z & name measured endf/b-iv  Xdiff endf/b-ve* Xdiff

92 w235 9.680E+00 9.415E+400 ( -2.7X) 9.501E+00 ( -1.9%)
92 u236 3.730E+00 3.792E+00 ( 1.7X) 3.787e+00 ( 1.5%)
94 pu238 1.054E-01* 1.059E-01 ( .5X) 1.007E-01 ( -4.4X)
9% pu239 5.013e+00 S5.188e+00 ( 3.5X) 4.909E+00 ( -2.1%)
94  pu240 2.020E+00 1.856E+00 ( -8.1X) 1.969E+00 ( -2.5%)
9%  pu2éi 1.103e+00 1.156E+00 ( 4.8X) 1.090E+00 ( -1.2%)
94 pu242 4.070E-01  3.422E-01 (-15.9%) 3.817€-01 ( -6.2%)
96 cm242 2.010e-02 1.638E-02 (-18.5X) 1.509€-02 (-24.9%)
96 cm24é 1.580E-02 1.208E-02 (-23.5X) 1.450E-02 ( -8.2%)

units changed: atomic ratio

36 kr 83/kr 86 2.4B0E-01 2.355E-01 ( -5.0X) 2.355e-01 ( -5.0%)
36 kr 84/kr 86 6.500E-01 6.241E-01 ( -4.0X) 6.247e-01 ( -3.9%)
54 xe131/xe134 3.060E-01 3.062E-01 ( .1%X) 2.974E-01 ( -2.8X)
56 xel32/xe134 7.450E-01 6.950E-01 ( -6.7X) 7.047e-01 ( -5.4%)
54 xel36/xel34 1.470E+00 1.479E+00 6X)  1.492E400 ( 1.5X)
55 ©8134/¢s137 7.600E-02 7.620E-02 .3%) 7.350E-02 ¢ -3.3X)

(

(

60 nd143/nd148 2.330E+00 2.342E+00 ( .5%) 2.327e+00 (¢ -.1X)
60 nd145/nd148 1.910E+00 1.947E+00 ( 1.9X) 1.936E+00 ( 1.4%)
60 nd146/nd148 1.850E+00 1.869E+D0 ( 1.0%) 1.877E+400 (¢ 1.5%)

* corrected for the measured discharged component from cm-242, which was

measured only by european institute for transuranic elements.

endf/b-iv  Xdiff for: sas2 27-group endf/bé lib, 3-cycle case, 28.40 gud/mtu
endf/b-ve* Xdiff for: *sas2 44-group endf/b5 (with bé: eu-154, 155) lib., 3-cyc case, 28.40 gwd/mtu
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Table B.18. Obrigheim (KWO) Assembly 171 Batch 89, 29.04 GWd/MTU

obrigheim (kwo) phr (germany)
measured and computed irradiated fuel composition, mg/g fuel (W)
fuel assembly 171, batch 89, 29.04 gwd/mtu
(run sept. 1994)
..compares cases using emxdf/b-iv and endf/b-v(eu)* libraries..
nuclide, z & name measured  endf/b-iv  Xdiff endf/b-ve* Xdiff

92 w235 9.580E+00 : 9.129E+00 ¢ -4.7%) 9.213E+00 ( -3.8%)
92 U236 3.750E+00 | 3.830E+00 ( 2.1X) 3.826E+00 ( 2.0%)
94 pu238 1.013E-01* | 1.114E-01 ( 10.0X) 1.060E-01 ¢ 4.7X)
94  pu239 4.957E+00 : 5.210E+00 ( S5.1%) 4.9296+00 ( -.6X)
94 pu240 2.000E+00 | 1.892e+00 ( -5.4X) 2.007E+0D ( .3%)
94 pu2é 1.107E+00  1.184E+00 ¢ 7.0%X) 1.1156+00 ¢ .7X)
94  pu2é? 4.050E-01  3.611E-01 (-10.8X) 4.026E-01 ( -.6X)
96 cm242 2.080E-02 ' 1.716E-02 (-17.5X) 1.582E-02 (-23.9%)
96 cméé 1.690E-02 | 1.344E-02 (-20.5%) 1.611E-02 ( -4.7%)

units changed: atomic ratio

36 kr 83/kr 86 2.380E-01 ;2 ( -1.5%) 2.344E-01 ( -1.5%)
36 kr 84/kr 86 6.300E-01 ' 6 ( -.6%) 6.265E-01 ( -.6X)
54 xel31/xe134 2.860E-01 | 3.045E-01 ( 6.5%) 2.956E-01 ( 3.3%)
54 xe132/xe134 7.050E-01 | & ¢ -1.0X) 7.078t-01 ¢ .4X)
56 xe136/xe134 1.540E+00  1.4B4E+00 ( -3.6X) 1.49TE+00 ( -2.8%)
55 cs134/cs137 7.700E-02  7.771E-02 ( .9%) 7.494E-02 ¢ -2.7%)
60 nd143/nd148 2.350E+00  2.3226+00 ( -1.2X) 2.306E+00 ( -1.9X)
60 nd1é5/nd148  1.920E+00 | 1.939E+00 ¢ 1.0X) 1.928E+00 (  .4X)
60 nd146/nd148 1.B73E+00 | 1.871E+00 ( -.1%) 1.8BOE+00 (  .4%)

* corrected for the measured dischaﬁged component from cm-242, which was
measured only by european institute for transuranic elements.

endf/b-iv  Xdiff for: sas2 27-group endf/bk Lib, 3-cycle case, 29,04 gwd/mtu
endf/b-ve* Xdiff for: *sas2 44-group endf/b5 (with bb: eu-154, 155) Llib., 3-cyc case, 29.04 gud/mtu
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Table B.19. Obrigheim (KWO) Assembly 176 Batch 90, 29.52 GWd/MTU

obrigheim (kwo) pwr (germany)
measured and computed irradiated fuel composition, mg/g fuel (u)
fuel assembly 176, batch 90, 29.52 gwd/mtu
(run sept. 1994)
..compares cases using endf/b-iv and endf/b-v(eu)* libraries..
nuclide, z & name measured endf/b-iv  %diff endf/b-ve* Xdiff

92 w235 9.180E+00 8.917E+00 ( -2.9%) 9.000E+00 ( -2.0%)
92 u23b 3.810E+00 3.859E+00 ( 1.3X) 3.854E+00 ( 1.2%)
94 pu238 1.071E-01* 1.159E-01 ¢ 8.2X) 1.103E-01 ( 3.0%)
946 pu239 4.943E+00 5.224E+00 ¢ 5.7%) 4.941E+00 ¢ .0X)
94 pu240 2.040E+00 1.921E+00 ( -5.8%) 2.037€+00 ( -.1%)
94 pu2éil 1.1286+00  1.204E+00 ( 6.7%) 1.133E+00 ¢  .5%)
94  pu242 4.380E-01  3.745E-01 (-14.5%) 4.175E-01 ( -4.7X)
96 cm242 2.150E-02  1.791E-02 (-16.7%) 1.654E-02 (-23.1%)
96 cm2és 1.920E-02  1.458E-02 (-24.1%) 1.745E-02 ( -9.1%)

units changed: atomic ratio

36 kr 83/kr 86 2.410E-01 2.336E-01 ( -3.1X%) 2.335€-01 ( -3.1%)
36 kr B4/kr B6 6.600E-01  6.273E-01 ( -5.0X) 6.279E-01 ( -4.9%)
54 xe131/xe134 2.920E-01 3.031E-01 ( 3.8X%) 2.940E-01 ( .7X)
54 xe132/xe134 7.200E-01 6.999E-01 ( -2.8%) 7.099E-01 ( -1.4X)
56 xe136/xe134 1.520E+00 1.488E+00 ( -2.1X) 1.500E+00 ( -1.3X)
55 ¢s134/cs137 7.940E-02 7.908E-02 ( -.4X) 7.626E-02 ( -4.0X)
60 nd143/nd148 2.340E+00 2.305E+00 ( -1.5X%) 2.289E+00 ( -2.2X)
60 nd145/nd148 1.920E+00 1.934E+00 ( .7%) 1.9238+00 ¢ .2X)
60 nd146/rd148  1.865E+00  1.874E+00 (  .5X) 1.8B3E+00 ( 1.0%)

* corrected for the measured discharged component from cm-242, which was
measured only by european institute for transuranic elements.

endf/b-iv  %diff for: sas2 27-group endf/b4 Lib, 3-cycle case, 29.52 gwd/mtu
endf/b-ve* ¥%diff for: *sas? 44-group endf/b5 (with bé: eu-154, 155) lib., 3-cyc case, 29.52 gwd/mtu




APPENDIX C

INDIVIDUAL LABORATOR'lj’ OBRIGHEIM FUEL ISOTOPIC MEASUREMENTS,
AVERAGES, AND 10 IN ESTIMATE OF AVERAGES

The Obrigheim PWR spent fuel compositions, as read by the author from the plots given
in ref. 16, are tabulated in Tables C.1, C.2, and C.4 through C.7, inclusive. The density data
were converted by the laboratories from values at the analysis date to values at the discharge or
unloading date, with one exccptxon Two of the three laboratories reporting 2®Pu data did not
measure 2‘:*Cm which is required in the adjustment of »*Pu density to the unloading date
density. However, the necessary adjustment was made by the author, applying the single set of
#2Cm data available before tabulating the **Pu data for the other two laboratories in Table C.3.

The acronyms listed in the tables for the names of the laboratories conducting the analyses
are: TUI, European Institute for Transuranic Elements; IAEA, International Atomic Energy
Agency; WAK, Karlsruhe Reprocessing Plant; and IRCH, Institute of Radiochemistry.

Averages from this appendix are listed in Table 32. Data for *?Cm and #*Cm and fission-
product ratios (Tables 32 and 33) are not listed in this appendlx because the isotopic analyses
were performed only at TUL The data for *'Am and #*Am were not used because there was
significant interference from the alpha spectrum of Z*Pu in determining ' Am data and the ratio

of *Am/'Am was used in deriving **Am data.!®
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Table C.1. Obrigheim fuel composition measurements, their averages,
and 1 ¢ in the averages for U (milligrams/gram U)

isotope: u235

Assembly number 170 172 176 168 171 176
Batch number 94 92 9 86 89 90
Laboratory average
TUI 11.30 10.70 9.80 9.60 9.60 9.10
TAEA 10.80 10.60 9.80 9.70 9.50 9.20
WAK 10.90 10.40 9.90 9.70 9.60 9.20
IRCH 10.80 10.60 9.90 9.70 9.60 9.20
Average 10950 10.575  9.850 9.675 9.575 9.175
Sigma (in avg.) 0.119  0.063  0.029 0.025 0.025 0.025  0.048
Sigma, % 1.1 0.6 0.3 03 03 03 0.5

Table C.2. Obrigheim fuel composition measurements,
their averages, and 1 ¢ in the averages for U

isotope: 1236

Assembly number 170 172 176 168 171 176
Batch number 94 92 91 86 89 90
Laboratory average
TUI 3.61 3.69 3.70 3.72 3.74 3.83
IAEA 3.57 3.60 3.68 3.73 3.76 3.78
WAK 3.57 3.56 3.66 3.75 3.75 3.75
IRCH 3.62 3.64 3.74 - 3.76 3.86
Average 3.592 3.623  3.695 3.733 3.753 3.805
Sigma (in avg.) 0.013 0.028  0.017 0.009 0.005 0.025 0.016

Sigma, % 0.4 0.8 0.5 0.2 0.1 0.6 0.4
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Table C.3. Obngheun fuel composition measurements, their averages,

and 1 ¢ in the averages for 2*Pu (milligrams/gram U)

isotope: pu238

Assembly number 170 172 176 168 171 176
Batch number 94 92 91 86 89 90
Laboratory average

TUI 0.0820 0.0840 0.0970 0.1190 01060  0.1150

IAEA 0.0861 0. 0938 0.1067  0.1111 0.1144  0.1187

WAK 0.0721 - 0.0807  0.0861 0.0834  0.0877
Average 0.0801 0.0839 0.0948  0.1054 0.1013  0.1071
Sigma (in avg) 0.0042 0.0049 0.0076  0.0099 0.0093  0.0098 0.0076
Sigma, % 5.2 55 8.0 9.4 9.1 9.1 7.7

Table C4. Obnghcxm fuel composition measurements, their averages,
and 1 g in the averages for ?°Pu (milligrams/gram U)
isotope: pu239

Assembly number 170 172 176 168 171 176
Batch number 94 92 91 86 89 90
Laboratory average

TUI 491 4.76 4.96 5.06 5.00 5.00

IAEA 4.83 4.78 4.87 5.08 5.04 4.91

WAK 4.58 4.49 4.83 4.90 4.83 4.80

IRCH 4.90 4.82 5.04 - - 5.06
Average 4805 4713 4925 5013 4957 4943
Sigma (in avg.) 0.077 0075  0.047 0.057 0.064 0.057 0.063
Sigma, % 1.6 1.6 1.0 1.1 1.3 1.1 1.3
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Table C.5. Obrigheim fuel composition measurements, their averages,
and 1 ¢ in the averages for *°Pu (milligrams/gram U)

isotope: pu240

Assembly number 170 172 176 168 171 176
Batch number 94 92 91 86 89 90
Laboratory average
TUI 1.83 1.91 1.93 2.08 2.01 2.05
TIAEA 1.80 1.84 1.90 2.03 2.03 2.03
WAK 1.72 1.73 1.88 1.96 1.95 1.99
IRCH 1.84 1.85 1.97 -- - 2.07
Average 1.798 1.832 1920 2.023 1.997 2.035
Sigma (in avg) 0.027  0.037 0.020 0.035 0.024 0.017 0.027
Sigma, % 15 2.0 1.0 1.7 1.2 0.8 14
Table C.6. Obrigheim fuel composition measurements, their averages,
and 1 ¢ in the averages for *'Pu (milligrams/gram U)
isotope: pu241
Assembly number 170 172 176 168 1m 176
Batch number 94 92 91 86 89 90
Laboratory average
TUI 1.000 0970 1.060 1.130 1.120 1.140
IAEA 0970 0990  1.050 1.110 1.130 1.120
WAK 0950 0940 1.040 1.070 1.070 1.100
IRCH 0.990 1010 1080 - - 1.150
Average 09775 0.9775 10575  1.1033 1.1067 11275
Sigma (in avg.) 0.0111 0.0149 0.0085 0.0176 0.0186  0.0111 0.0136
Sigma, % 11 1.5 0.8 1.6 1.7 1.0 1.3
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Table C.7. Obrigheim fuel composition measurements, their averages,

and 1 ¢ in the averages for *?Pu (milligrams/gram U)

isotope: pu242
Assembly number 170 172 176 168 171 176
Batch number 94 92 91 86 89 90
Laboratory average
TUI 0320 0325 0376 0.397 0.412 0.435
TAEA 0310 0330 0362 0.390 0.408 0.420
WAK 0.303 0320 0370 0.435 0.390 0.465
IRCH 0315 0335 0378 - 0.410 0.430
Average 03120 03275 03715  0.4073 0.4050  0.4375
Sigma (in avg.) 0.0036 0.0032 0.0036  0.0140 0.0051  0.0097 0.0065
Sigma, % 12 1.0 1.0 34 13 22 1.7







' APPENDIX D
\
STATISTICAL DATA ANALYSIS OF SASZH
PREDICTIONS VS MEASUREMENTS

SCALE fuel depletion isotopic predictions were compared with radiochemical analyscs
as percentage differences of the computed minus the measured results. These comparisons for
each benchmark case are listed in detad in the body of the report. The individual percentage
differences of all cases, or samples, prowded data for the statistical analyses shown in Tables D.1
and D.2. Densities of isotopes or isobars were analyzed by both radiochemistry and
SCALE/SAS2H calculations for 3 to 19 cases, depending on the component. The statistical
analysis determined the standard deviation in the estimate of the average and the standard
deviation in the population of the individual values. Results are listed for each nuclide or isobar
as the average and 1¢ values for cases computed with actinide cross sections processed from
ENDEF/B Versions IV and V in Tables D.1 and D.2, respectlvely

The formula used for the standard deviation in the estimate of the average X,,, of the
N data points X is

N 1
Y & - X, o

= i=1

oG = |
where
N
. . Z_; X; (D2)
ave T .

Also, the equation used for the standard deviation in the individual X taken from the population
of N data points is

(L3

N
Zx X, - X,..)? (D.3)
o) = TN
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Table D.1. Statistics for SAS2H vs measurements, actinide data from ENDF/B-IV

For 3 to 19 irradiation cases
Cross-section source: SCALE 27-group ENDF/B-IV

Percentage difference

1o of 1o of

estimate individual

Nuclide or isobar Cases Average of average  data points
1 Ci4 3 -14.2 4.8 8.4
2 Se79 9 14.1 3.9 118
3 Sr90 9 6.1 0.4 12
4 Tc99 13 158 44 15.9
5 Sn126 6 2303 20.2 49.6
6 I129 3 -10.8 2.5 4.4
7 Cs133 3 1.9 0.4 0.7
8 Cs134 3 -8.1 4.7 8.2
9 Cs135 9 10.9 1.1 34
10 Cs137 13 0.9 0.4 1.6
11 Nd143 3 1.3 0.2 0.3
12 Ndi144 3 0.1 0.2 03
13 Nd145 3 0.4 0.1 0.2
14 Nd146 3 0.4 0.0 0.1
15 Nd148 3 0.3 0.1 0.2
16 Nd150 3 32 0.5 0.9
17 Pm147..Sm147 3 4.5 1.4 25
18 Sm148 3 -15.9 11 2.0
19 Sm149 3 -30.3 7.4 12.7
20 Sm150 3 0.5 28 4.8
21 Sm152 3 17.3 28 4.9
22 Sm151..Eul51 3 26.1 7.0 121
23 Eul53 3 -4.8 28 4.9
24 Sm154..Gd154 3 30.8 49 8.5
25 Eu155..Gd155 3 96.0 93 16.1
26 U234 9 4.7 53 15.8
27 U235 19 2.9 0.7 33
28 U236 19 0.7 0.4 1.6
29 U238 13 -0.6 0.2 0.6
30 Np237 13 19.2 33 12.1
31 Pu238 19 0.7 1.5 6.4
32 Pu239 19 53 0.9 3.7
33 Pu240 19 -5.8 0.4 1.7
34 Pu241 19 5.0 0.7 29
35 Pu242 15 -10.3 0.9 335
36 Am241 9 -5.9 3.7 11.1
37 Cm242 6 -18.7 15 38

38 Cm243..Cm244 15 -18.6 1.5 59
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Table D.2. Statistics for SA§2H vs measurements, actinide data from ENDE/B-V

For 3 to 19 irradiation cases
Cross-section source: special 44-group, ENDF/B-V
(with Eu-154 and Eu-155 from ENDF/B-VI)

Percentage difference

loof 1o of
estimate of individual
Nuclide or isobar Cases Average average data points

1 Ci14 3 -13.8 48 8.4
2 Se79 9 14.0 3.9 11.8
3 Sr90 9 6.0 0.4 1.2
4 Tc99 13 16.3 45 16.1
5 Sn126 6 229.8 20.0 48.9
6 1129 3 -10.8 25 44
7 Cs133 3 25 0.5 09
8 Cs134 3 -114 4.6 79
9 Cs135 9 5.7 11 33
10 Cs137 13 0.8 0.4 1.6
11 Nd143 3 0.4 0.2 03
12 Nd144 3 0.5 0.1 0.2
13 Nd145 3 -0.3 0.2 04
14 Nd146 3 11 0.1 0.1
15 Nd148 3 04 0.1 0.1
16 Nd150 3 34 0.5 09
17 Pm147.Sm14 3 -2.8 1.2 20
18 Sm148 3 -169 11 1.9
19 Sm149 3 -35.9 6.7 11.6
20 Sm150 3 -1.5 2.8 4.8
21 Sm152 3 20.2 29 5.0
22 Sm151..Eul51 3 28.1 6.8 11.8
23 Euls3 3 5.0 3.2 55
24 Sm154..Gd154 3 2.1 24 42
25 Eul155..Gd155 3 -24.4 1.9 33
26 U234 9 1.8 51 15.3
27 U235 19 -1.9 08 33
28 U236 19 0.6 04 16
29 U238 13 0.6 0.2 0.6
30 Np237 13 6.4 3.0 10.7
31 Pu238 19 4.6 14 6.2
32 Pu239 19 -0.6 0.8 35
33 Pu240 19 -0.3 04 1.9
34 Pu241 19 -1.2 0.6 2.7
35 Pu242 15 -0.2 1.0 39
36 Am241 9 -11.0 35 10.6
37 Cm242 6 -25.0 14 35

38 Cm243..Cm244 15 -4.2 13 51






APPENDIX E

MISCELLANE(DUS SPATIAL FACTORS AFFECTING
ASSEMBLY AVERAGED RESULTS

Final assembly densities of the SCALE depletion sequence are derived from cross
sections integrated over space- and energy-dependent flux. Thus, space-dependent densities are
not explicitly computed. Note that if nuclide densities vary from one rod to another for equal
burnups (i.c., the fissions within a fuel pellet as determined by **Nd analysis), the variation
would also be reflected in differences between computed average values and measured values
of a fuel pellet at a specified location. Similarly, it is also important to note systematic variations
in the computed vs measured comparisons with axial location. These effects arise due to the lack
of an assumed uniform axial distribution of nuclides and the resulting spectral variations.

Random errors in the computational model, the specified reactor parameter input (e.g.,
material densities, temperatures, power histories, and burnup) and the radiochemical analysis
contribute to fluctuations in the differences between the measured and calculated values of a
nuclide composition. However, for completeness, this appendix secks to evaluate the significance
of other conditions that are not taken into account in the SCALE calculational model which
might cause the variations encountered.

Conditions related to the following topics will be discussed:

radial variation in ZPu,

axial variation in Z°Pu,

secondary effects of variation in ?°Pu on 2°U, and
other significant differences in comparisons.

S

E.1 RADIAL VARIATION IN *Pu

The objective of this investigation is to determine whether the production rate of Z°Pu
changes significantly with the fuel rod distance from the nearest guide tube for equivalent
burnups within a given assembly. It will be assumed that burnup and isotopic densities remain
constant in the radial direction (i.e., between rods at equal heights). Although it will be shown
that this constant density assumption is not true, once a first-order calculation of the production
rate correction of Z?Pu is estimated, the objective is accomplished.

The production rate of #°Pu is assumed to be proportional to the (n,y) reaction rate of
33U because the #°U and Np in the decay chain producing Z*Pu have short half-lives. To
obtain the same burnup requires that the specific powers be equal over the same time interval.
The constant power, P (MW/unit of fuel), can be converted to flux for the fissionable nuclides
of weight X(gram-atoms) and fission cross section oy; (see Sect. F7.2.5, ref. 1) by
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where K is a constant because cycle power is kept constant. Note that in the example, all the

_ 3125 x105P _ K .
Z X; 0 Nyzss 0005 (E1)

¢

fissioning is assumed to be produced by Z*U; this simplification is believed to have no effect on
the basic conclusion. Also, consider only the example in which all rods within the assembly have
the same composition (?°U enrichment). The **U (n,y) reaction rate, R, which essentially
equals the Z*Pu production rate, by definition is

R = Nyxs 0(0,7)yzs ¢ - (E.2)

Substituting ¢ from Eq. (E.1) for constant power into Eq. (E.2) to derive the formula
for Z°Pu production rate normalized to the Z*U fission rate (or equivalent burnups):

R =K Nuzss 0@ Yy
Ny3s 00,05

C O(nsY)mgg
o(n’ﬂmgs ’

(E3)

where the atomic density ratio Nuzas/Nugs is assumed constant in all fuel rods during the
irradiation, and thus C is a constant. The “*’Pu production rate may be derived as a function of
C at two different locations. Then the value of the ratio of the two production rates may be
calculated because C is contained in both the numerator and denominator of the ratio and may
be eliminated.

Energy-dependent flux is computed at different mesh intervals of a unit cell by the
XSDRNPM code in SCALE. The relative locations of the fuel rod positions in Figs. 5 and 7
are shown in Fig. E.1. Then, in the method described in Sect. 2 and shown in Fig. 2, the path-B
unit cell is developed. The center-to-center distances, d; and d,, between the guide tube and the
two fuel rods are similar to the distances in Fig. E.1 between the center of the cell, or guide
tube, and the two intervals in the fuel zone at which the code computes flux, ¢, and ¢,
respectively.
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% Fuel rod NBD107

] & NN
- //’2’_& - @ Fuel rod MKP109

B ) O Guide tube

(a) Relative locations of fuel rods NBD107 and MKP109 at
distances d, and d, from guide tube.

Guide tube
Interval of ¢,
Interval of ¢,
dy Moderator in
7

guide tube
cell

FOEL ZOKE

(b) Larger unit cell of path B in SAS2 with intervals
of XSDRNPM case shown at dy and d,.

Fig. E.1. Method of simulating the actual rod locations (a) in unit cell (b) to obtain ¢, and ¢,.
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The XSDRNPM code was used to obtain the 27-group flux spectrum by mesh intervals
within the zones of the path-B cell, including the fuel zone intervals at d, and d,, The AMPX
system ALE code was used to edit the working cross-section library input to XSDRNPM,
determining the 27-group values for o(n,f)yxs and o(n,y)yxs. Data at the end of the first cycle
calculation of the 37.12-GWd/MTU case for Assembly D047, Rod MKP109, were used in this
example. Table E.1 shows the two sets of group cross sections and the interval flux ¢, and ¢,
at d, and d, of Fig. E.1. The group products g;¢,; and 0;¢,; and sums of these products for the
above nuclides are also listed. The one-group or effective cross sections are then computed by

27

>, o4,
= i1 - (E4)

27
Y &
j=1

oeﬁ'

The o, values computed from Eq. (E.4) for a(n,y)yxs are 0.902 and 0.942 and for o(n,f) s are
48.04 and 54.82 at d, and d,, respectively. The ratios of o(n,y)yxns/o(n,f)y.s are 0.01878 and
0.01718 at d, and d,, respectively. Dividing the first ratio by the second equals 1.093, indicating
an increase in the ®°Pu production rate at d, (or in the simulated fuel rod MKP109 of Assembly
D047) of 9.3% over the #°Pu production rate at d, (or in fuel rod NBD107 of Assembly BT03).
Thus, this example tends to show that the different neutron spectra significantly affect 2°Pu
production rates at different fuel locations.

Table E.1 shows individual energy-group data for flux, cross sections and their products,
in addition to the integrated data and ¢4 Significant differences are found in the reaction rates
starting with group 22. The largest differences are in o(n,f)y55; ¢; because o(n, )5 increases
more at thermal energies (higher groups) than the corresponding increases in o(n,y)y,ss.

All the fissions in the above method are assumed to be produced by Z*U. Although the
method has the benefits of showing group data, it is not as complete as applying the total fission
cross section as indicated in Eq. (E.1). The XSDRNPM code has an option for printing
requested activities by unit cell radial interval. Table E.2 displays a list of these activities at ¢,
and ¢, during cycles 2 and 4 of the same case used in the above example. Activities associated
with the cross sections for Z(n,y)yxss Z(0,f)yas, E(M)yns Z(0,0)pune and E(n,f)p,,, are listed.
Thus, a more complete derivation of the u production rate for the interval activities is
computed. The ratio of these production rates of the two intervals is 1.0785 during cycle 2 and
1.0775 during cycle 4, or an average of 1.078. Thus, the more complete method of computing
the example indicates an increase in 2*Pu production rate at ¢, of 7.8% more than the rate at
%1

Note that the preceding example does not provide a method for computing the actual
changes in nuclide compositions at different rod locations. That type of calculation would
require multidimensional tracking of the nuclide densities over the complete irradiation history.
This example was simply a "snap-shot" case, which assumed no density variation between rods.
However, the example does illustrate that the variation in flux spectra as a function of distance
from the extra moderator at the guide tubes can cause a significant change in isotopic reaction
rates. Also, the variation in reaction rates at different rod locations should affect final nuclide
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Table E.1. Example of effective cross sections, o(n,y)yys and o(n,f)yys, derived from
group values and flux ¢, and ¢, at unit cell locations d, and d,

Energy
group & L8 o, Vuss . 00 Vums® 0@ Vumsd:  00,Duns 00 Dunsd o0, sty
1 0.40 0.40 0.01 0.0 0.0 2 1 1
2 2.81 2.83 0.01 0.0 0.0 1 3 3
3 3.27 3.46 0.04 0.0 0.0 1 3 3
4 1.99 2.11 0.07 0.1 0.1 1 2 2
5 2.92 3.12 0.11 0.3 0.3 1 3 3
6 5.23 5.62 0.12 0.6 0.6 1 5 6
7 5.13 5.42 0.13 0.7 0.7 1 5 5
8 3.85 3.97 0.37 1.4 1.5 2 8 8
9 3.05 3.08 0.82 2.5 2.5 4 12 12
10 2.82 2.83 1.29 3.7 3.7 8 23 23
11 266 2.65 2.06 55 5.5 18 48 48
12 1.72 1.70 3.30 5.7 5.6 38 65 65
13 1.50 1.47 3.11 4.7 4.6 42 63 62
14 1.42 1.38 6.01 8.5 8.3 34 48 47
15 0.83 0.80 0.50 0.4 0.4 14 12 11
16 0.46 0.45 0.48 0.2 0.2 16 7 7
17 0.20 0.19 0.48 0.1 0.1 56 11 11
18 0.13 0.13 0.41 0.1 0.1 73 o 9
19 0.30 0.29 0.49 0.1 0.1 57 17 17
20 1.04 1.00 0.62 0.6 0.6 75 78 75
21 0.32 0.31 0.71 0.2 0.2 132 42 41
22 0.70 0.63 0.76 0.5 0.5 166 116 105
23 2.76 2.39 1.09 3.0 2.6 194 535 464
24 2.29 1.94 1.53 3.5 3.0 298 682 578
25 1.01 0.85 1.97 2.0 1.7 412 416 350
26 0.68 0.57 2.65 1.8 1.5 584 397 333
27 0.11 0.10 4.31 0.5 0.4 983 108 98
Totals 49.60 49.69 46.7 44.8 2719 2387
Z o,
i 0.942 0.902 54.82 48.04

Z ¢,

i




Table E.2. Fuel-rod-dependent ?*Pu production rate ratio from
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XSDRNPM computed activities Z(n,y)yxss ¢ and Z(0,f) o ¢

Activities by input cycle and space interval

Cycle, ¢
Interval, k
Distance, d,
E(n”)’)mss,c,k Gk
(0,0 y2ss.cx Pex
Z(0,Dyzger Pex
Z(,D)pungex Pex
Z(0,D)puzar ek Pex
I D) touier Pex

_ z (n"Y)UZ38,c,k

RO TCE
(RZ/RI)C = RC,2/RC,1

Rav = (RZ/RI)average
Rap = (RZ/RI)applied

Diff = [R“ 'P] 100%
Ry

%Pu-%-diff: D047-BT03
B9Pu-%-diff: D101-BT03

2 2 4 4
1 2 1 2
d; d, d, d,
3.3592 x 103 | 3.2171 x 103 | 3.3491 x 103 | 3.2055 x 103
3.7084 x 103 | 3.2554 x 103 | 1.4528 x 103 | 1.2750 x 103
3.499 x 10* | 3.529 x 10* | 3.504 x 10* | 3.535 x 10*
1.6644 x 103 | 1.4749 x 103 | 2.2690 x 103 | 2.0039 x 103
2.014 x 10* 1.771 x 10* | 6579 x 10* | 5.777 x 10*
5924 x 103 5.260 x 10% | 4730 x 103 | 4209 x 103
0.5670 K@ 0.6116 X 0.7080 K 0.7615 K
1.0785 1.0775

1.0780

1.0000

7.8%

5.9%

7.0%

“Constant K in relationship for R.,, Eq. (E.3).
*Assumption applied in comparing compositions at d, and d, assembly average values.
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concentrations of the spent fuel pellet samples. This variation may partially explam the first set
of #°Pu data in Table 38 listing the assembly average as 5.4% and a spread in data from all 10
assemblies, or batches of 1.1 to 8. 7% Also, in Table 27 it is seen that the ?°Pu percentage
differences are 2.1, 1.1, and 8.0% for assemblies D047, D101, and BT03, respectively, but the
average of the three Calvert Cliffs assemblies for PPy is 4.0%. Although the average
percentage difference of 4.0% for assemblies in which the analyzed rod locations were both near
and far from the guide tubes was close to the 5.4% average of all 10 assemblies, the spread of
5.9% in the D047 and BT03 assembly data and the spread of 6.9% in the D101 and BT03 data
tend to support the 7.8% difference in the radial variation of nuclide contents of the above
example. In both cases, it was shown that the Z°Pu of a rod adjacent to the guide tube would
tend to be overpredicted by an assembly average calculation. At least part of the variation in
percentage differences in pellet sample comparison are from the choice of sampled fuel rods, in
addition to the numerous reasons for random fluctuations in computing or measuring nuclide
compositions.

E2 AXIAL VARIATION IN Py

It was estimated by calculations in the preceding discussion that the °Pu production rate
can be dependent on the change in the flux spectrum resulting from the proximity to the extra
moderation within a guide tube. It was concluded that the accuracy of the SCALE calculation
of assembly average isotopic composition is significantly reduced when applied to various
individual rods. Thus, there are significant radial spatial effects in a fuel assembly that are found
to account for part of the differences in measured and computed compositions. This, in turn,
leads to the question of whether spatial effects in the axial dimension may also be significant.
The axial burnups listed in Table 2 show burnup ratios in the range 1.5 to 2.0 in pellet samples
taken from the same fuel rod for Calvert Cliffs and H. B. Robinson reactors. A summary of the
differences between measured and computed Z’Pu contents for the lowest and highest burnups
along the fuel rods is shown in Table E.3. Included in the table are the pellet heights above the
bottom of the fuel, the burnups, the initial *U enrichments, and the differences and their
ranges. The percentage difference at the higher burnup was always larger than that at the lower
burnup by a2 minimum of 4.2% or by an average of 5.8%. Although this variation was not
analyzed in great detail for this project, some of the reasons for this condition are given
consideration in the following discussion. '

Typical initial ?*U enrichments associated with various fuel burnups, supplied by reactor
facilities for a project to determine decay heat rates,” are listed in Table E.4. In order to
operate for longer fuel cycles, the initial enrichment of the fuel must be increased. A freshly
loaded assembly is usually given enough excess reactivity to balance the deficiency in the
fissionable nuclide content of adjacent assemblies during the last portion of their residence time.
This reactivity balance takes place when the net transfer of neutrons between assemblies is such
that the fresher fuel is supplying neutrons to the older fuel. More generally, the net transfer of
neutrons takes place from one fuel volume of higher reactivity to another of lower reactivity.
At burnups much larger than normal for a given enrichment, there would be substantlally more
neutrons in the net transfer. Although the initial ®*U enrichment was constant in the fuel within
an assembly for all cases in this study, there was some variation during irradiation in the density
of a fissionable nuclide of the different fuel pellets. Table E.S shows data for the three analyzed
pellets in Assembly D047 Rod MKP109 from Calvert Cliffs Unit 1 PWR. The measured
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Table E.3. Differences between measured and computed
Z9Pu contents® over the range in burnup along the fuel rods

Lowest Highest % (high) -

Assembly (rod) burnup  burnup % (low)

D047 (MKP109):

Sample pellet height, cm 13.20 165.22

Burnup, GWd/MTU 2735 4434

Initial enrichment, wt % Z°U 3.04 3.04

P9Pu percentage difference® 0.4 4.6 4.2
D101 (MLAQ98):

Sample pellet height, cm 9.10 161.90

Burnup, GWd/MTU 1868  33.17

Initial enrichment, wt % 2°U 272 2.72

2%Pu percentage difference® -1.5 5.6 71
BT03 (NBD107):

Sample pellet height, cm 11.28 161.21

Burnup, GWd/MTU 3140 4646

Initial enrichment, wt % U 245 245

B%Pu percentage difference® 5.8 11.8 6.0
B0S (N-9)

Sample pellet height, cm 1.0 226.0

Burnup, GWd/MTU 16.02  31.60

Initial enrichment, wt % 2U 256 256

9Py percentage difference® 7.0 12.8 5.8

“Computed by applying 27BURNUPLIB library.
*(Calculated/measured - 1) x 100%.
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Table E.4. PWP 25 enrichments for different burnups

Fuel burnup, Initial enrichment,
GWd/MTU wt % U
25 24
30 28
35 3.2
40 | 3.6
45 | | 39

50 42

Table E.5. Mcasuréd fissionable nuclide contents and computed
neutron multiplication constant (k) of Assembly D047 Rod MKP109

Pellet location, cm height 1320 2770 16522
Burnup, GWd/MTU | 27.35 37.12 44.43
Percentage increase in burnup 0 22 33
Initial enrichment, wt % 2*U 3.04 3.04 3.04
Nuclide |

3515, mg/g UO, 8470 5.170 3.540
90U, mg/g UO, 4.264 4357 4357
21y, mg/g UO, 0.681 0.903 1.020
Total, mg/g UO, | 13415 10.430 8.917
Computed k_* | 0983 0915 0.876

“At midpoint of the final cycle that assembly was loaded in the
reactor. i
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burnups and compositions of the dominant fissionable nuclides Z°U, Z°Pu, and %*'Pu are listed.
There is a large decrease in the density of 2°U or the total of the three fissile nuclides as the
burnup is increased. Thus, there would tend to be a significant decrease in reactivity, or infinite
neutron multiplication constant k,,, with an increase in burnup. This effect was verified by values
equivalent to k., computed in the neutronics treatment by XSDRNPM at the middle of the last
cycle. The k_, values are listed in Table E.S also. The decrease in k_ from 0.983 to 0.876 is not
inconsistent with the 13.415 to 8.917 mg/g UO, decrease in the total density of 25U, %Py, and
1Py of the pellet at the lowest height compared with the more central pellet.

The difference between the calculational model assumptions and the prevailing conditions
of the fuel should be considered. The model assumes that fuel composition, burnup, and
reactivity remain constant axially. However, as seen in Table E.5 and discussed above,
differences in the neutronics characteristics produce a net flow of neutrons into the axial
segment that includes the more central pellet. Some of these neutrons are absorbed and cause
the production of a fission reaction. The SCALE model, in contrast to the actual neutron
transfer, simply increases the flux sufficiently to produce the required burnup or fission reactions.
Note the differences in the actual case and the model. The combined net flow of neutrons by
energy group is similar to a source of neutrons having traversed a finite (and significant) path
distance. Conversely, the model requires that this source of neutrons be replaced by additional
fission neutrons which at birth have traversed a path distance of zero. Thus, the average neutron
absorbed in the central rod pellet in the real case is better moderated (having more scattering
collisions in the longer path) than those of the calculation. Alternatively, there would be a
harder flux spectrum, more significantly in the latter part of the burnup, in applying the uniform
axial reactivity in the SCALE model. This harder flux spectrum, as in the radial variation case
discussed earlier, produces an increased ®Pu reaction rate per fission and leads to the
overprediction of *°Pu at the rod center relative to that closer to the bottom of the rod.

E3 SECONDARY EFFECTS OF VARIATION IN ?’Pu ON 25U

Assuming the burnup and isotopic energies per fission to be accurate, any error in the
number of fissions by one of the fissile nuclides must be compensated by changes in the number
of fissions of other fissile isotopes. The two major fissile nuclides are Z*U and Z°Pu. A higher
computed production rate in *’Pu would produce an excess or positive difference for Z°Pu.
Thus, an excess Z°Pu content prediction should tend to reduce the number of Z*U fissions and
cause an excess in the 2*U prediction, provided that relative changes in cross sections of Z*U
and #’Pu are not significant. In brief, this states (1) that the differences in contents for U and
5%Pu should have the same sign and (2) that the contents for Z*U and #*Pu should change
similarly (in terms of change in recoverable fission energy) from case to case.

Limited testing of this effect showed it was not true in all cases. For example, if cases are
chosen along the Rod MKP109 of Assembly D047, the positive increases in the differences in
Z%Pu as heights increase are accompanied by decreases in the differences in 2°U. Possibly the
changes in burnup and other axial-dependent conditions cause complexities in the neutronics and
depletion calculations sufficient to introduce other more dominant effects. Note that one of the
conditions stated at the outset of the above discussion on the effects of variation of 2*Pu on Z*U
was that relative changes in the cross sections of °U and ?°Pu were assumed to be insignificant.
The possibility does exist that although there was a calculated increase in content of Z°Pu, the
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number of fissions from Z*Pu would decrease due to a relatively lower fission cross section.
However, the correlations between Z*U and ®°Pu contents. for cases of similar heights in
different rods were very significant because the radial variations in flux are computed in
XSDRNPM whereas the axial flux is held constant in the 1-D radial model applied by the

calculation.
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