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ABSTRACT

SCALE, a modular code system for Standardized Computer Analyses Licensing Evaluation, has been
developed by Oak Ridge National Laboratory at the request of the U.S. Nuclear Regulatory Commission. The
SCALE system utilizes well-established computer codes and methods within standard analysis sequences that
(1) allow an input format designed for the occasional user and/or novice, (2) automate the data processing and
coupling between modules, and (3) provide accurate and reliable results. System development has been
directed at problem-dependent cross-section processing and analysis of criticality safety, shielding, heat
transfer, and depletion/decay problems. Since the initial release of SCALE in 1980, the code system has been
heavily used for evaluation of nuclear fuel facility and package designs. This revision documents Version 4.4
of the system.
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PREFACE

Introduction

This Manual represents Revision 6 of the user documentation for the modular code system referred
to as SCALE. The previous revision documented version 4.3 of SCALE, released in October 1995. This
revision documents version 4.4a of SCALE. Prior to the release of version 4.4a, SCALE 4.4 was released in
September 1998. Many minor corrections and enhancements have been made since that time and are being
included in SCALE 4.4a. The corrections and enhancements in versions 4.4a and 4.4 are documented
separately below. All modifications in version 4.4 are included in version 4.4a.

Background

The history of the SCALE code system dates back to 1969 when the current Computational Physics
and Engineering Division at Oak Ridge National Laboratory (ORNL) began providing the transportation
package certification staff at the U.S. Atomic Energy Commission with computational support in the use of
the new KENO code for performing criticality safety assessments with the statistical Monte Carlo method.
From 1969 to 1976 the certification staff relied on the ORNL staff to assist them in the correct use of codes
and data for criticality, shielding, and heat transfer analyses of transportation packages. However, the
certification staff learned that, with only occasional use of the codes, it was difficult to become proficient in
performing the calculations often needed for an independent safety review. Thus, shortly after the move of the
certification staff tothe U.S. Nuclear Regulatory Commission (NRC), the NRC staff proposed the development
of an easy-to-use analysis system that provided the technical capabilities of the individual modules with which
they were familiar. With this proposal, the concept of the Standardized Computer Analyses for Licensing
Evaluation (SCALE) code system was born.

The NRC staff provided ORNL with some general development criteria for SCALE: (1) focus on
applications related to nuclear fuel facilities and package designs, (2) use well-established computer codes and
data libraries, (3) design an input format for the occasional or novice user, (4) prepare "standard” analysis
sequences (control modules) that will automate the use of multiple codes (functional modules) and data to
perform a system analysis, and (5) provide complete documentation and public availability. With these criteria

- the ORNIL staff laid out the framework for the SCALE system and began development efforts. The initial

version (Version 0) of the SCALE Manual was published in July 1980. Then, as now, the Manual is divided
into three volumes — Volume 1 for the control module documentation (Sections C4, C6, D1, S1- S5, and H1),
Volume 2 for the functional module documentation (Sections F1- F17), and Volume 3 for the documentation
of data libraries, and subroutine libraries, and miscellaneous utilities (Sections M1- M17).

System Overview

The original concept of SCALE was to provide "standardized" sequences where the user had very few
analysis options in addition to the geometry model and materials. Input for the control modules.has been
designed to be free-form with extensive use of keywords and engineering-type input requirements. The more
flexible functional modules have a more difficult input logic and require the user to interface the data sets
necessary to run the modules in a stand-alone fashion. As the system has grown in popularity over the years
and additional options have been requested, the control modules have been improved to allow sophisticated
users additional access to the numerous capabilities within the functional modules. However, the most

ix



important feature of the SCALE system remains the capability to simplify the user knowledge and effort
required to prepare material mixtures and to perform adequate problem-dependent cross-section processing.

The modules available in Version 0 of SCALE were for criticality safety analysis sequences (CSAS)
that provided automated material and cross-section processing prior t0 a one-dimensional (1-D) or
multidimensional criticality analysis. Since that time the capabilities of the system have been significantly
expanded to provide additional CSAS capabilities, new shielding analysis sequences (SAS) that also include
depletion/decay capabilities for spent fuel characterization, and a heat transfer analysis sequence (HTAS). At
the center of the CSAS and SAS sequences is the library of subroutines referred to as the Material Information
Processor or MIPLIB (see Section M7). The purpose of MIPLIB is to allow users to specify problem materials
using easily remembered and easily recognizable keywords that are associated with mixtures, elements, and
nuclides provided in the Standard Composition Library (see Section M8). MIPLIB also uses other keywords
and simple geometry input specifications to prepare input for the modules that perform the problem-dependent
cross-section processing: BONAMI, NITAWL-II, and XSDRNPM. A keyword supplied by the user selects
the cross-section library from a standard set provided in SCALE (see Section M4) or designates the reference
to a user-supplied library. Several utility modules from AMPX" have been included to provide users with the
capability to edit the cross-section data and reformat user-supplied libraries for use in SCALE.

Over the history of the project several modules have been removed from the system because they are
no longer supported by the development staff at ORNL. Tables 1 and 2 provide a summary of the major
applications of each of the control modules and functional modules currently in the SCALE code system. The
control modules were designed to provide the system analysis capability originally requested by the NRC staff.
The CSAS module (sometimes denoted as the CSAS4 module and documented in Section C4) is the primary
control module designed for the calculation of the neutron multiplication factor of a system. Eight sequences
enable general analysis of a 1-D system model or a multidimensional system model, capabilities to search on
geometry spacing, and problem-dependent cross-section processing for use in executing stand-alone functional
modules. CSASG is a newer criticality control module to provide automated problem-dependent cross-section
processing and criticality calculations via the KENO-VI functional module. The SAS1 and SAS3 modules (see
Sections S1and S3, respectively) provide general 1-D deterministic and 3-D Monte Carlo analysis capabilities.
The SAS2 module (see Section S2) was originally developed to perform a depletion/decay calculation to obtain
spent fuel radiation source terms that were subsequently input automatically to a 1-D, radial shielding analysis
in a cylindrical geometry. Over time the depletion/decay portion of the SAS2 module has been significantly
enhanced and interfacing to the other shielding modules has been provided. An alternative sequence for
depletion/decay calculations is ORIGEN-ARP (Section D1), which interpolates pre-generated ORIGEN-S
cross-section libraries versus enrichment, burnup, and moderator density. The SAS4 module (see Section S4)
enables automated particle biasing for a Monte Carlo analysis of a transportation package-type geometry. The
HTAS1 module (see Section H1) is the only heat transfer control module and uses the various capabilities of
the HEATING code to perform different sequences of steady-state and transient analysis that enable the normal
and accident conditions of a transportation package tobe evaluated. Like SAS4, the HTAS1 module is limited
to a package-type geometry. The capability to perform a point-kernel shielding analysis within the SCALE
system has been developed in the QADS control module.

A 238-energy-group neutron cross-section library based on ENDF/B-V? is the latest cross-section
library in SCALE. All the nuclides that are available in ENDF/B-V are in the library. A 44-group library
has been collapsed from this 238-group library and validated against numerous critical measurements.> These
libraries are available in this version of SCALE.



Technical Assistance and Updates

To obtain technical assistance regarding the installation and use of SCALE, download software updates, or
report problems, you may contact us through the following channels:

® E-mail questions to scalehelp@ornl.gov

® The SCALE Users Electronic Notebook on the Web:
http://www-rsicc.ornl.gov/ENOTE/enotscal.htmi

® SCALE Web Site (including Download, Training, Benchmarks, and Newsletter pages):
http://www.cped.ornl.gov/cad_nea/text/scale-home.html

® SCALE Newsletter: i
http://www.cped.ornl.gov/cad_nea/text/scale_news.html

® FAXto SCALE Help, 815-327-6460 or 865-576-3513

Significant Updates in SCALE 4.4a

A significant number of updates have been made to SCALE since the initial release of SCALE 4.4 in
September 1998. Most of these updates were minor corrections or enhancements. Because some of these
updates could be important to SCALE users, this interim release of SCALE 4.4a is being made available.

SAS4 and PICTURE were enhanced to allow the generation of two-dimensional (2-D) plots when the
"PARM=CHECK" option is used. This option is similar to the plotting option in the CSAS criticality
sequences. Another innovation was the addition of an option that allows users to specify an X-Y, X-Z, or Y-Z
plot and have the code automatically calculate the cosines used for the plot.

A discrepancy in scoring boundary crossings of surface detectors was corrected in MORSE.
Contributions to user-specified surface detectors in MORSE in SCALE 4.4 could have been underestimated
because of a failure to determine which surface detector to score. This failure was due to the comparison of
a single precision variable to a double precision variable. Most affected cases would have a zero result for the
surface detector, indicating that no particles have crossed the surface detector boundary. Detector location
coordinates of four digits or less would not be expected to experience this problem.

A coding error introduced in QAD-CGGP in SCALE 4.4 has been identified and corrected. Because
of inconsistent array dimensions, if more than a very limited number of bodies are input in one zone, the
additional zone data are lost or stored incorrectly. This situation typically causes the code to fail. Though
extremely unlikely, it might be possible for a case like this to run if the incorrectly stored geometry happened
to be valid. SCALE 4.4 users should check under the "input zone data" header in the QAD-CGGP output to
verify that the zone data agree with their input.

SAS2 was corrected to fix an error introduced in SCALE 4.4 that caused the PARM=0OLDSAS?2
option to fail. Another discrepancy introduced in SCALE 4.4 caused spent fuel isotopic data written to file
FT72F001 to be incorrect in certain cases. This error, which has been corrected, occurred in cases where
burnable poison rods or other inserts are removed from or inserted into the fuel assembly between fuel cycles.
SAS?2 can now correctly handle multiple fuel zones in the path B model. A minor discrepancy was corrected
where invalid characters were being written to title records in the ORIGEN-S binary library. Some text editors
could not read the SAS?2 output file when invalid characters were present.

A large number of enhancements were made to XSDRNPM. The Fortran source for XSDRNPM was
converted to Fortran 90 free format. The input/output units were all moved to the 0$ array. The energy of the



average lethargy causing fission was added to the balance tables. The output files from the balance tables and
the activities were modified and converted to ASCII files. A new ASCII file was created that contains the input
and derived data from a problem. The coarse mesh generation algorithm used in rebalancing the inner
iterations was modified to correct a problem that prevented convergence for a very small class of problems.
The code was modified to recycle if the final iteration performed after convergence failed the convergence test.
For group banding cases, convergence is now reset after initial convergence to an order of magnitude less than
overall convergence to prevent looping through iterations and never converging. The default value for flux
convergence tolerance, PTC, was reduced from 10™*to 10” 5, The calculation of activities by interval, an option
that was available many years ago, was reintroduced in the code.

The XSDRNPM mesh generation algorithm in MIPLIB was modified to address two problems:
(a) insufficient number of mesh intervals for thick reflectors of low absorbing material and (b) too many mesh
intervals for highly absorbing regions. New input options to override the automatic mesh generation were
added. Although this enhancement was designed primarily for CSAS1X, it potentially affects all control
modules except SAS2H that use XSDRNPM.

KENO-V1I was modified to detect intersecting HOLESs in the global unit. A problem will now terminate
if intersecting HOLES are detected in the global unit. Intersecting HOLES are illegal in KENO-VI geometry
but were not detected in the global unit in SCALE 4.4. Intersecting HOLEs in units other than the global unit
are detected during tracking of particles through the intersecting regions. Several corrections were made to
KENO-VI to prevent a particle from becoming lost and causing the code to enter an infinite loop.

MORSE was updated to correct a problem in determining the correct day of the week for dates after
December 31, 1999.

Many other minor changes included in SCALE 4.4a are listed under "SCALE 4.4a Minor
Modifications."”

SCALE 4.4a Minor Modifications

In addition to the major enhancements noted above, SCALE 4.4a contains many minor modifications,
including corrections to errors in SCALE 4.4 and changes to improve portability to different com_puting
platforms. Note that some of these modifications may be duplicate listings of items mentioned in the previous
section.

PICTURE MRRY98-056

Updated to handle the call by SAS4 when the "PARM=CHECK" option (added to the SAS4 control module
in MRR98-057) is used. Also, added an option that allows users to specify an X-Y, X-Z, or Y-Z plot and have
the code automatically calculate the cosines used for the plot.

SAS4 MRR98-057

Added a "PARM=CHECK" option that calls PICTURE from within the SAS4 to plot geometry but not run
MORSE. SAS4 prepares or reads MARS geometry input data, reads PICTURE input, and calls PICTURE.
Several other changes were made to error messages and formats.

SAS2 MRR98-058 )

Updated to correct an error introduced in SCALE 4.4 that caused the PARM=0OLDSAS? option to fail. Also
corrected another problem introduced in SCALE 4.4 that caused spent fuel isotopic data written to file
FT72F001 to be incorrect in certain cases where burnable poison rods or other inserts are removed from or
inserted into the fuel assembly between fuel cycles. :



MORSE MRR98-059

Corrected a discrepancy in scoring boundary crossings of surface detectors. A roundoff error caused by
comparison of a double precision variable to a single precision constant resulted in boundary crossings not
being scored. The epsilon value for the comparison was also increased from 0.0005 to 0.001.

SAS4 MRR98-060

Updated to correct the dimensions on two arrays. Also changed a test comparing 2 floating point variable
names equivalenced to integer variables to use function ISET. (This test has previously caused floating point
underflows on some platforms.)

QADS | MRR98-061 |
Added a test on the MIPLIB error flag that terminates execution of the problem if an error occurred.

KENO-VI MRR98-062
Updated to allow a particle to cross from one hole directly into an adjacent hole even if the crossing is outside
the allowed tolerances. This prevents some cases from entering an infinite loop.

SAS2 MRR98-063
Corrected minor discrepancy that resulted in invalid characters being written to title records in ORIGEN-S
binary library. Some text editors could not read SAS2 output file when invalid characters were present.

MIPLIB ‘ MRR98-064
Updated to allow control modules to specify a sensitivity library from NITAWL and to allow number density
input for an element that has multiple isotopes.

XSDRNPM MRR98-065

The Fortran source for XSDRNPM was converted to Fortran 90 free format. The input-output units were all
moved to the 0$ array. The energy of the average lethargy causing fission was added to the balance tables.
The output files from the balance tables and the activities were modified and converted to ASCII files. A new
file was created which contains the input and derived data from a problem. The flux file was changed to double
precision. The code was modified to not run with fluxes out of core unless explicitly requested in the input.
The coarse mesh generation algorithm used in rebalancing the inner iterations was modified to correct a
problem that prevented convergence a very small class of problems.

C5TOC6/KS5TOK6 MRR98-066/MRR98-067

The input file generated for CSAS6/KENO VI incorrectly labeled regions generated to surround HOLES if
there were more than one region in a unit that contained HOLEs. Because of a change in KENO-VI, these
regions should no longer need to be generated. Subroutine PUNCH_GEOM was modified to not generate these
regions.

QAD-CGGP MRR98-068

Updated to correct an error introduced in SCALE 4.4. The dimension on one variable in the geometry was not
updated when the input format was changed to match that of MARS input. This caused some jobs to fail.
Also, updated to correct misspelled name of unit used for error output.

ARPLIB ' MRR99-001
Updated to accept either lower or upper case input.
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PRISM MRR99-002
Updated to accept either lower or upper case input.

XSECLIST MRR99-003
Updated to accept either lower or upper case input.

SAS2 MRR99-004

Updated for compatibility with the newest revisions to XSDRNPM (MRR98-065). The routines that wrote
the XSDRNPM input files needed to be changed to account for the changes to XSDRNPM input. Subroutine
COPYNZX had to be changed to add the 0$ array to the XSDRNPM input file, and to move setting the logical
unit number of the flux output file from the 2$ array to the 0$ array.

UNIXLIB MRR99-006

Changes to update XSDRNPM required a double precision ERF function. This function is part of the Fortran
intrinsic library for the DEC Alpha’s and the IBM RS/6000, but is not part of that library for the HP or the
SUN workstations. This modification provided an update for the necessary routines to compute the double
precision ERF when it is not part of the intrinsic library.

BONAMI MRR99-007
Updated to correct a problem that caused cases to fail when zero number density input is used.

SAS4 MRR99-008
Updated to change the convergence criteria because the criteria in XSDRNPM were changed. Also added an
input variable NDAB to allow the user to specify the number of direct access blocks allocated.

XSDOSE MRR99-009
Added option to turn off angular flux print and made the default to be no angular flux print.

~ MODIFY MRR99-010
Updated subroutine LODATA for compatibility with changes in MRR98-064(MIPLIB).

XSDRNPM .MRR99-011

(1) The code was modified to re-cycle if the final iteration performed after convergence failed the convergence
test. For group banding cases, convergence is now reset after initial convergence to an order of magnitude less
than overall convergence to prevent looping through iterations and never converting. (2) The default value for
flux convergence tolerance, PTC, was reduced from 10 to 107, (3) Errors were corrected in the calculation
of activities by interval. This previously undocumented option is now documented in the XSDRNPM input
description.

KENO-VI MRR99-012

Modified KENO-VI to detect intersecting HOLEs in the global unit. A problem will now terminate if
intersecting HOLEs are detected in the global unit. Intersecting HOLESs are illegal in KENO-VI geometry but
were not detected in the global unit in SCALE 4.4. Intersecting HOLES in units other than the global unit are
detected during tracking of particles through the intersecting regions.

ORIGEN MRR99-014
A new subroutine was added to provide the user the option of more significant digits in the output tables.
Unit 71 was set as the default file number for the binary file containing concentrations and spectral data.
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MIPLIB MRR99-015

The XSDRNPM mesh generation algorithm was modified to address two problems: (a) insufficient number
of mesh intervals for thick reflectors of low absorbing material and (b) too many mesh intervals for highly
absorbing regions. New input options to override the automatic mesh generation were added too. Consistent
with MRR99-011, the default value of PTC was reduced from 10* to 10°. Although this enhancement was
designed primarily for CSAS1X, it potentially affects all control modules that use XSDRNPM.

KENO-VI MRR99-016

The code was corrected to define LCHK as a logical variable in subroutine POSIT. In addition, an IMPLICIT
NONE statement has been added to the beginning of the subroutine. All variables have been explicitly typed
as appropriate.

MODIFY MRR99-017
Program MODIFY was changed for consistency with the change in the direct access file made in
MRR99-015(MIPLIB).

KMART MRR99-018
An error that resulted in calculated volumes of zero for hemicylinders and arrays (if an array number was
skipped) was corrected.

CSAS6 - MRR99-019
The argument list for the call to subroutine PRTPLT was modified for consistency with changes made to
KENO-VI in MRR99-012.

SAS2 MRR99-020
Calls to subroutine EPSIG were changed for consistency with MIPLIB modifications in MRR99-015.

MORSE : MRR99-021
The code was updated to correct a problem in determining the day of the week for dates after December 31,
1999.

KENO-VI MRR99-022
The code was updated to fix a roundoff problem that sometimes caused particles to get into an infinite loop
when they transferred from one array location to another but in the process missed the unit boundary.

SUBLIB MRR99-023

Subroutine YREAD turns off the normal invalid character check done by the free form reading routines, but
does not make any checks of its own for invalid characters. This can lead to erroneous results in some cases
where a user mistypes a character when entering the array data to KENO. Checks were added to the array
reading routine to give warning messages if illegal characters are read. Corrections were alsomadeso YREAD
would store correctly a double precision array.

KENO-VI . MRR99-024

The code was updated to fix a problem where the unit boundary shares surfaces with other geometry regions
and the unit is in an array. This problem could result in an infinite loop because the code fails to detect a
particle crossing the boundary.
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SAS2 MRR99-025

The following modifications were made: (1) The calculation of the light element concentrations in ORIGEN-S
was corrected when multiple fuel zones (MX=500) are used in the PATH B model. The code previously
assumed only one fuel zone was present, and did not sum the zone volumes when multiple zones were present,
resulting in erroneous light element concentrations in the ORIGEN-S depletion calculations. (2) The depletion
of light element nuclides with mixture numbers 50 through 59 is now permitted. (3) The use of 1§ data for
MXT (input level 3) when reading a second working library in NITAWL is now permitted.

HEATING MRR99-027
The code was updated, including Fortran 90 dynamic memory allocation, to improve portability on both
workstation and PC platforms.

UNIXLIB MRR99-028
Subroutine JSTIME was modified to return time to the precision supplied by the system.

SAS4 Sample Problems DRR99-001
Updated SAS4 sample problems 1, 3, and S to remove references to variables FR1, FR2, FR3, and FR4, which
became obsolete in SCALE 4.4.

XSDOSE Sample Problem DRRY99-002

The XSDOSE section of the SCALE Manual documents the output of the sample problem and includes the
printing of the fluxes. The input was modified to turn on the new angular flux print option in XSDOSE (see
MRR99-009).

KENO V.a Sample Problems DRR99-003

Input data for sample problems 17 and 18 were changed. The number of neutrons started in sample problem
18 was changed to agree with the number per generation. Problem 17 was changed to specify the NBK
parameter because the default was not large enough.

238- and 44-Group ENDF/B-V Libraries DRRs 99-004 and 99-005

Changes were made because problems were discovered with 2*Np, 2°Cf, 2°Cf, Bk, *?Am, and **Pa. The
corrections for 2°Cf, #°Pa, and **Bk were very minor and should have no important effects. However,
significant errors were identified for **Np, °Cf, and **Am. In addition, these three nuclides do not have
fission cross sections specified in the fast region in ENDF/B-V. This omission is obviously wrong, and because
it could lead to very non-conservative answers for kg, these three nuclides were removed from the library.

Major Enhancements in SCALE 4.4

Many enhancements and corrections were made to SCALE in the three years between the release of
SCALE-4.3 and 4.4. SCALE 4.4 is compatible with the year 2000 (see "SCALE 4.4 is Year 2000
Compliant"). User-specified surface detectors have been added to SAS4/MORSE toimprove its computational
flexibility and efficiency (see "Improvements to SAS4 and MORSE"). The KENO-VI input requirements for
HOLEs have been simplified and made more consistent with KENO V.a (see "KENO-VI HOLE Input is
Simplified"). Additionally, some significant improvements to the speed and stability of KENO-VI have been
made (see "KENO-VI Stability and Speed Improvements”). A large number of changes have been made to the
SAS2H depletion module (see "SAS2H Corrections and Enhancements").

Several enhancements have been made to the PC version of SCALE 4.4. A significant effort has been
made to minimize the programming differences between the PC and Unix workstation versions. Both versions
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will contain the same modules. The heat transfer modules HTAS1, HEATING, and the HEATING auxiliary
codes are now available in the PC version for the first time. The PC version can recognize MS-DOS, Windows
95, Windows 98, and Windows NT operating systems and run under any of these systems from a single user
command. CSAS can now be run directly from the CSASIN input processor.

ORIGEN-ARP, which was first released in the PC version of SCALE-4.3, has been enhanced and now
runs under the SCALE driver, so it can run easily on workstations as well as PCs. ORIGEN-ARP has been
improved significantly. ARP now interpolates on moderator density as well as burnup and enrichment for
BWR fuel types. Several auxiliary codes have been added that enable users to generate their own ORIGEN-
ARP cross-section libraries via SAS2H. ‘

The default number of histories in KENO V.a and KENO-VI have been increased to 200,000 to
produce more statistically accurate results. Color plots are now the defaults in both these codes.

PICTURE has been upgraded to generate two-dimensional (2-D) color plots of MORSE/MARS and
QADS/QAD-CGGP geometry models like the color plots generated by KENO V.a and KENO-VIin SCALE-
4.3. A new utility, LEGEND, has been created that adds a color/material legend and title to the color plots
generated by KENO and PICTURE.

KMART is a new module to allow post-processing of a KENO V.a restart file, along with a working
format cross-section library, to generate activities and/or broad-group fluxes and to compute the fission
production activity if the components are available in the working cross-section library for the requested
nuclide. '

The group banding procedure in XSDRNPM was modified to significantly improve convergence for
many large problems. Two examples of improvement include a fixed-source calculation with an 85% reduction
in run-time and a kg calculation with a 50% reduction in run-time.

A correction was made to MIPLIB to allow the use of moderator in the gap region of a lattice cell
calculation. Prior to this correction, if the same mixture number was specified in the moderator and the gap
regions, the moderator density was incorrectly increased by a factor of two in the Dancoff factor calculation.
In CSAS or CSASS, this error results in a non-conservative calculated &, value that is approximately 0.5 to
1% low.

Other additions to SCALE 4.4 include the capability to perform a one-dimensional criticality search
in CSAS1X (see "Criticality Search in CSAS1X"); the new KENO biasing weights library for 16-, 27-, 44-,
218-, and 238-group problems (see "New KENO Weights Library and Modules to Generate Weights™); the
C5TOC6 and K5TOKS6 conversion utilities for KENO-VI, and the QORDPN binary to ASCII conversion
utility for functional module FIDO input files (see "New SCALE Utility Programs"); and the new zirconium
hydride cross section data in the 238- and 44-group ENDF/B-V libraries (see "Zirconium Hydride Cross
Sections").

The SCALE manual is distributed in electronic format on CD with the software. The manual is
formatted in PDF files that can be read, searched, and printed using Adobe Acrobat Reader with Search.
Users who desire a hard copy of the manual may obtain one from RSICC for an additional charge to cover
reproduction costs.

Many other minor changes included in SCALE 4.4 are listed under "SCALE 4.4 Minor Modifications.”

SCALE 4.4 is Year 2000 Compliant

Current and earlier versions of-SCALE should calculate results correctly beyond the year 2000.
However, when the year 2000 occurs, the output from some codes in these earlier versions will incorrectly
display the year as 1900 instead of 2000. All known instances of this problem have been corrected in SCALE
4.4.
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Improvements to SAS4 and MORSE

SAS4 and MORSE have been enhanced to allow users to specify multiple non-overlapping surface
detectors on each surface (previously defaulted to 4 locations). These surface detectors can be divided into
"sub-detectors" that enable the user to obtain detailed dose rate profiles. The flexibility in the use of these
surface detectors makes them suitable for the substitution of point detectors, which are much less
computationally efficient. Another enhancement to SAS4 was the addition of two options to pass data to
PICTURE for plotting. One option generates geometry data only for the purpose of running PICTURE to view
2-D slices of the geometry. The other option provides "PARM=CHECK" option that calls PICTURE from
within the SAS4 to plot geometry but not run MORSE. SAS4 prepares or reads MARS geometry input data,
reads PICTURE input, and calls PICTURE.

Improvements to MORSE include orderly termination of a problem when errors in tracking to detector
exceed a limit, an option to print/not print flux output after each batch, user capability to specify the number
of direct-access blocks allocated on scratch units, compatibility with the year 2000, and reduction of the
amount of error output in some cases.

KENO-VI HOLE Input Is Simplified

HOLE input in KENO-VI has been simplified. These changes are significant improvements requested
by many users. The HOLE boundary no longer needs to be specified in the unit containing the HOLE. The
HOLE boundary is automatically added by the program based on the unit specified in the HOLE record and
its ORIGIN and ROTATE data. HOLEs cannot intersect. An example of the original and the new methods
for adding HOLEs to a unit is given below. The input data no longer required are highlighted in the old input.

X SRR R ES &S] Old KmO_VI input R E SRR EER R SE NS
unit 1

hexprism 10 1.0 10.0 -10.0

media 1 10

boundary 10

unit 2

cuboid 10 6p20.0

hexprism 20 1.0 10.0 -10.0 origin x=5.0 y=3.0 rotate a2=30
media 2 10 -20

hole 1 20 origin x=5.0 y=3.0 rotate a2=90
boundary 10

% % %k k k k ok k New KENO_VI input hkhkhkhkhkhhkkkkhhkxk
unit 1

hexprism 10 1.0 10.0 -10.0

media 1. 10

boundary 10

unit 2

cuboid 10 6p20.0

media 2 10

hole 1 origin x=5.0 y=3.0 rotate a2=90
boundary 10

Note that in addition to the lack of a geometry record which defines the HOLE boundary, the HOLE record
no longer has a vector definition array. The new version of KENO-VI should be able to read most old input
files correctly, but they will take longer to run.
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KENO-VI Stability and Speed Improvements

Improvements have been made to KENO-VI since the last Web update to increase the stability and the
speed of KENO-VI. To improve the code’s stability, logic has been added to KENO-VI to check if a particle
is still in the boundary region of a unit when it is no longer in any region. If this occurs, an error message is
printed and the program terminates. This situation is often caused by an undefined volume in a unit and could
previously lead to the program entering an infinite loop.

To improve the execution speed of KENO-VI, the following modification has been made: When a
particle is in an array, the particle is tracked both in the unit where it is currently within the array and in the
unit containing the array. It needs to be tracked in the unit containing the array so it knows when it crosses out
of the array. Previously, the crossing distance to every surface in that unit was calculated. The code has been
changed to calculate only the crossing distance to the surfaces related to the array boundary. This change will
significantly reduce the running time of problems where particles spend most of the time in an array or where
the array is in a complex unit containing many additional regions unrelated to the array boundary. Running
times have been reduced by as much as 15% for arrays contained in complex units.

SAS2H Corrections and Enhancements

A large number of corrections and enhancements have been completed in SAS2H for the release of
SCALE 4.4. They are listed below.

e Twoerrors were corrected for cases where there were more than three zones prior to the mixture 500 zone
in the Path B model: (1) The atomic densities were not updated with depleted values in the cross-section
processing/spectrum calculations when fuel was input to more than one zone (including the cell-weighted
mixture 500 zone). (2) Nuclides that only appear in the moderator were depleted. An example of a model
that would be affected is a BWR Path B model with Gd-poisoned fuel pin, gap, clad, moderator, and
mixture 500. Usually these discrepancies cause only slight errors in the neutronics part of such BWR
cases, but could significantly impact the results for some unique fuel models.

® Input checks and error messages were improved.
® A programming error that caused problems with "MXREPEATS=0" cases to fail on PCs was corrected.
These cases are typically used to remove or insert burnable poison rods from one cycle to the next in a

depletion.

® A modification was made to correctly calculate the fuel bundle area printed in the shipping cask geometry
for the triangular-pitch lattice type of fuel.

e The FUELBNDL input parameter was changed from integer to floating point to allow fractions of fuel
assemblies.

® The temperatures of the zones (except the gap) in the Path A model may now be changed for each cycle,
similar to the BFRAC and H2OFRAC variables.

® The limit on the total number of libraries (NCYC*NLIB/CYC) was increased t0 9,995. However, because

the number of unique output file names in SCALE is currently limited to 10,000 and there are typically
11 output files per pass in SAS2H, the practical limit for users is approximately 900 total libraries.
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® A significant change was implemented to enable fixed sources (volumetric source or angular flux at a
boundary) to be used with INPUTLEVEL=3 cases. This change gives users the capability to model cases
‘such as the irradiation of target materials without explicitly including the irradiation facility in the SAS2H
model. Previously the driver geometry and its specific power were required as input to govern the depletion
calculation. This fixed-source option is specified in the INPUTLEVEL=3 data as either a volumetric or
boundary source. SAS2H then determines the flux based on this fixed source and passes it to ORIGEN-S
for use in a flux-driven depletion calculation.

® SAS2?H was modified to allow two zones in the Path A model to contain the same nuclide, one at a density
of 10%° and the other at a density of greater than 107,

® The fixed dimension of 1000 for the Path B mixing table arrays was removed where possible and increased
otherwise. The size needed for these arrays can be as large as five times the Path A mixing table size
(currently a maximum of about 300 in the 44-group library) plus the number of nuclides outside the zone
of mixture 500. The dimension of the arrays that remain fixed was increased to 5000. The remaining
arrays were variably dimensioned to the maximum of 2000 or the sum of the Path B mixing table size plus
100 (to allow increases of at least 100 nuclides for INPUTLEVEL=3).

Criticality Search in CSAS1X

MIPLIB has been updated to add input options to MORE DATA that allow specifying an XSDRN
adjoint solution, a zone width search, a unit number for the balance table file, and suppressing the cross section
weighting. The addition of the zone width search option now gives CSAS1X the capability to perform
one-dimensional criticality searches on the size of a geometry zone in XSDRNPM.

New KENO Weights Library and Modules to Generate Weights

Because there was a need to be able to automatically generate a set of weights for use in KENO for
arbitrary group structure and material, a new control module GWAS and a new functional module GENWGTS
have been added. GWAS sets up an adjoint XSDRNPM case and generates weights automatically from the
fluxes. GENWGTS is called by GWAS toread the adjoint fluxes, automatically generate the KENO weighting
functions from them, and write an output file for use by program WGT. The biasing weights library for KENO
V.aand KENO-VI was updated using the new modules GWAS and GENWGTS. The library contains weights
for paraffin, water, concrete, and graphite in 16, 27, 44, 218, and 238 energy groups. The new library was
created because there were no biasing data for use with the new ENDF/B-V 44- and 238-group libraries that
were released in SCALE-4.3. The old library only contained data for 16, 27, and 123 groups. Note that the
123-group library was removed in SCALE-4.3. Results using this new weights library with the 16- and 27-
group cross-section libraries will be different but should agree within statistical uncertainty.

New SCALE Utility Programs

Several new utility programs have been developed for SCALE. A new utility LEGEND has been
created that adds a title and legend to the color GIF files generated by KENO V.a or KENO-VI. LEGEND
was released last summer with the updated version of KENO-VI (see the June 1996 issue of the Newsletter).
The versions of KENO V.a and PICTURE in the next release of SCALE will use LEGEND as well.

K5TOK6 and C5TOCS6 are new utilities that convert KENO V.a and CSAS input files to KENO-VI
and CSASG input files by translating the KENO V.a geometry input to KENO-VI format. Since the converted
input files are based on the KENO V.a geometry input, they are generally not the most effective in terms of the
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KENO-VI geometry features. They do provide the user with a working KENO-VI input file that can be
modified for improvements.

Another new utility is QORDPN. It converts a binary input file generated by a CSAS or SAS control
sequence for one of the functional modules that use FIDO input such as BONAMI, NITAWL-II, ICE, and
XSDRNPM, to an ASCII input file. The user can easily edit the ASCII input file to run a modified version
of a problem. This capability allows the user to specify input parameters that are not available in the standard
control sequences.

Zirconium Hydride Cross Sections

The ENDF/B-V cross-section libraries in SCALE 4.4 have been updated with thermal scattering data
for zirconium hydride. New standard compositions have been added to the Standard Composition Library to
allow access to these new cross sections. The new standard compositions are the following:

ZRH2 - density 5.61 g/cc, 1 zirconium to 2 hydrogen atoms
ZR5HS - density 5.61 g/cc, 5 zirconium to 8 hydrogen atoms
H-ZRH?2 - density 1.0 g/cc, the hydrogen in zirconium hydride
ZR-ZRH2 - density 1.0 g/cc, the zirconium in zirconium hydride

SCALE 4.4 Minor Modifications

In addition to the major enhancements noted above, SCALE 4.4 contains many minor modifications,
including corrections to errors in SCALE-4.3 and changes to improve portability to different computing
platforms. Note that some of these modifications may be duplicate listings of items mentioned in the previous
sections.

18-Group Gamma Library: (1) Processed through CORECTOL to mark it as NITAWL-II compatible.
Could not be processed by NITAWL-II prior to this correction. (2) Updated to replace the Henderson and
Claiborne-Trubey dose factors because the data overestimated the doses by about 25%. The replacement data
were taken from the 22n-18g group coupled library.

27-Group Burnup Library: Updated data on rhodium-103 so that Bondarenko factors are generated in
the unresolved resonance range. A test case based on 4.5 wt % UQ, burned to 54,585 MWD/MTU, cooled
for 5 years, was run. The calculated k.4 increased by 0.06% with the new Rh-103 cross sections.

44-Group ENDF/B-V Library: The 44-group neutron cross-section library was recollapsed from the
238-group library using the corrected version of MALOCS. The impact of the MALOCS corrections should
be negligible. See MALOCS corrections below for more information.

238-Group and 44-Group ENDF/B-V Libraries: (1) Corrected negative scattering and total cross

sections for minor actinides, fission products, and beryllium metal. Also corrected thermal Bondarenko factors

for potassium. Only significant impact should be on cases where potassium is important in the thermal range.

(2) Updated to remove resonance parameters from specially weighted stainless steel nuclides because they were

~ being doubly applied. Also, zirconium and hydrogen cross sections for zirconium hydride were added to both
libraries.

AJAX: Corrected a portability problem in subroutine ANN caused by the array D being typed real by default,
and then printing variables from it using an integer format.
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ARP: Updated for optional interpolation on moderator density and made more general to handle user-created
basic cross-section libraries. ARP now runs under SCALE driver on PCs and workstations.

ARPLIB: This is a new utility program that creates binary ORIGEN libraries for ARP. It extracts libraries
at the desired burnups from large multi-burnup library files generated by SAS2H.

AWL: Added AWL to SCALE to convert AMPX working format libraries between ASCII and binary
formats. It is required for the SCALE Criticality V&V package.

BONAMI: (1) Updated to improve error handling procedure and messages. (2) Corrected a problem that
caused cases to fail when zero number density input was used.

C5TOC6/KSTOKG6: The input file generated for CSAS6/KENO VI incorrectly labeled regions generated
to surround HOLEs if there were more than one region in a unit that contained HOLESs. Because of a change
in KENO-VI, these regions should no longer need to be generated. Subroutine PUNCH_GEOM was modified
to no longer generate these regions.

COUPLE: Updated for year 2000 compatibility, PC version compatibility, uppercase or lowercase input
files, and for printing the banner page only when COUPLE is first called.

COUPLE Sample Problem: Updated to change the inner radii in the 3$$ array to zero for consistency with
the NITAWL-II input requirements. -

CSAS/KENO V.a /KENO-VI/SAS2H Sample Problems: Updated to use the 44-group library.

CSAS and MODIFY: CSAS was updated to add additional required data to the direct access file written
for a search problem. MODIFY was updated to read this file. A check for valid parameter constraints and the
printing of an error message if they are invalid were also added.

H7MAP: For 1-D problems, if the number of nodes is large enough that the output exceeds one page in
length, only part of the output is displayed. The output from the first page is repeated, and the rest of the
output is never printed. Correcting this problem involved simply moving one statement from within a DO loop
to a point before the DO loop.

H7TECPLOT and H7TMONITOR: Outdated comment lines in the BLOCK DATA subroutine that are
used to activate or deactivate computer-system-dependent blocks of code resulted in memory not being
allocated for variably-dimensioned arrays. An additional correction was made in H7TECPLOT, where the x
and y axes were reversed when a translation was done from spherical to Cartesian coordinates.

HEATING Sample Problems: The input file for the second HEATING sample problem was modified to
first compile and run a simple Fortran program to convert an ASCII node connector file to binary format for
use by HEATING. This modificationimproves installation portability on different Unix workstation platforms.

KENO V.a: (1) Updated subroutine RDPLOT to correct the format used to print the error message for
incomplete input data. (2) Corrected variable type in format statements for debug prints. This discrepancy
causes problems on some systems, including PCs when debug print is turned on (DBG=YES). (3) Changed
default plot type to color. (4) Updated to correct an error in the k,, calculation that caused a doubling of &z
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when using an ICE mixed AMPX format working library. This error was introduced in SCALEA4.3.
(5) Updated to allow printing the frequency distributions for 1-group problems. (6) Updated to match
KENO-VI with respect to matrix calculations. The calculation of lifetime was corrected because it was not
based on a fair game. These changes can cause the lifetime to be substantially different. The error in the
lifetime calculation has probably been in KENO V.a since its initial release in SCALE-3.

KENO-VI: (1) Updated to correctly number error messages, replace the word PICTURE with the word
PLOT throughout the program, and print plot symbol data only for character plots. (2) Updated subroutine
TRACK to correctly sum fluxes. The fluxes didn’t sum properly for units that were crossed by an array
boundary. (3) Enhanced to allow HOLEs to be used without explicitly defining a geometry region where the
HOLE was to be inserted. The code automatically adds to the unit containing the HOLE the equations that
define the boundary of the unit contained within the HOLE, properly rotated and translated as specified on the
HOLE record. (4) Fixed problem writing restart file on Sun workstation. (5) Modified the subroutine
GEOMIN to correct an infinite loop problem. A pointer to the array that contained the unit boundary x, y, and
z position was improperly specified. The pointer LBOXGM has been respecified. (6) Corrected a problem
where a particle’s inability to cross an array boundary due to round-off problems caused an infinite loop.
(7) The code was updated to correct a problem that could cause cases containing arrays with complex
boundaries to incorrectly calculate k.. (8) Corrected a discrepancy that caused the code to go into an infinite
loop when boundaries consisted of a body with multiple sets of paired planes. (9) Corrected an error that
prevented a restart problem from producing a readable file if it stored data in the generation before the code
entered the infinite loop. (10) Corrected a problem involving nested arrays and hexprisms that sometimes
caused the code to go into an infinite loop if a collision occurred very near a boundary. (11) Corrected a
problem that occurred when a particle crossed a boundary and immediately had a collision that reversed its
direction without traveling any distance. The particle sometimes got lost and entered an infinite loop.
(12) Modified subroutine TRACK to correct a problem that occurred when an array shared a boundary with
a hole that contained the array. If the distance to cross out of the array is less than EPS, the particle now exits
the array instead of crossing from one unit to another within the array. (13) Corrected an error in placement
of starting points for start type 6. (14) Corrected an error in the flux calculation for regions containing holes
or arrays. (15) Corrected a roundoff problem with arrays offset a long distance from the origin. This problem
could sometimes cause an infinite loop. (16) Corrected a variable that was misnamed and, as a result, was used
without being initialized. (17) Set a lower limit for the calculated crossing tolerance to prevent the code from
entering an infinite loop. Also made minor changes to the particle-tracking output when parameter TRK=YES.
(18) Updated to allow starting points in a volume larger than the global unit. (19) Updated to terminate a
problem if a particle in subroutine TRACK gets lost. Also, updated to allow problems that contain array data
but do not reference the arrays in the GEOMETRY data block to run. (20) Updated to change the logic in
calculating the array boundary crossing distance (decreases running time for some problems) and to change
the default plot type to color. (21) Updated to correct a problem with non-cuboidal albedo boundaries and to
add additional space for matrix data. The standard deviations for average k-effective by generation skipped are
now accumulated in batches. Because of these changes, any matrix information and the table of average
k-effective by generation skipped in the sample problem output will be different. (22) Corrected tracking to
allow simultaneous crossing of multiple shared boundaries and to correctly sum fluxes after a collision. Also
corrected error related to calculating the x-offset of an array. Changed input logic for ORIGIN and ROTATE
data to sum values for an auxiliary keyword for a given geometry record rather than use the last value. This
last change was made for compatibility with C5TOCS6. (23) Updated to allow a particle to cross from one hole
directly into an adjacent hole even if the crossing is outside the allowed tolerances. This prevents some cases
from entering an infinite loop. (24) Modified to detect intersecting HOLESs in the global unit. A problem will
now terminate if intersecting HOLEs are detected in the global unit. Intersecting HOLEs are illegal in
KENO-VI geometry but were not detected in the global unit. Intersecting HOLEs inunits other than the global
unit are detected during tracking of particles through. the intersecting regions.
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KENO-VI Sample Problems: Sample problem 22 has been altered in the KENO-VI input file. The
geometry data were changed to take advantage of the simplified method of adding HOLEs.

KMART: This new module was added to allow post processing of a KENO V.a restart file, along with a
working format cross-section library, to generate activities and/or broad group fluxes and compute the fission
production activity if the components are available in the working cross-section library for the requested
nuclide. A resonance self-shielded value is used for the fission cross section.

MALOCS: (1) Anerror was corrected in weighting a coupled master library using a neutron spectrum from
a neutron library combined with an explicitly specified gamma-ray spectrum. Also introduced several options
for truncating upscattering terms. Changes were made to properly weight the delayed and prompt values of
v. (2) A discrepancy was corrected that caused the storage of invalid data in the temperature array. Inthe
44-group library this caused the data for the third temperature to be overwritten and to be used for a
temperature that is effectively zero degrees Kelvin.

MARSLIB: (1) Updated to change the value of epsilon used to check for round-off errors in the geometry
and, thereby, reduce the number of such errors. This modification eliminated the errors previously experienced
with several of the SCALE Shielding V&V problems. (2) Variables IR in subroutine AZIP and IRET in
subroutine UNIS are now initialized to 0 before they are used as arguments to function IREAD. In AZIP and
in UNIS a ‘CALL EXIT’ was changed to a ‘STOP’. In subroutine ALBERT, the nH was removed from two
formats and replaced with quotes.

MIPLIB: (1) Updated to allow moderator mixture in a lattice cell to be used in the gap and to add the ability
to specify the inner radius to the resonance data. (2) Updated to allow a control program to suppress certain
output by setting flags. Added input options to MORE DATA to allow specifying an XSDRNPM adjoint
solution, a criticality search in XSDRNPM using the zone width search option, a unit number for the balance
table file, and suppressing the cross section weighting. (3) Corrected an error allowing the input of a number
density for a compound or alloy. This error was introduced in SCALE-4.3. (4) Updated to allow number
density input for an element that has multiple isotopes.

MIPLIB, SUBLIB, UNIXLIB, COMPOZ, MODIFY: Updated to use new direct access routines for
character data and replaced references to specific intrinsic FORTRAN functions with their generic names for
Fortran 90 compatibility. Also corrected an error in the Dancoff factor calculation that occurs for cylinders
ina MULTIREGION problem. This error results in an error in the calculated &, value of approximately 0.1%
for a cylinder the size of a typical fuel rod. Note that this error did not occur in the LATTICECELL geometry
option. :

MORSE: (1) Updated the limit on number of tracking errors, the unit number for surface detector results,
and increased dimensions on surface detector arrays. (2) Updated to include changes to surface detectors for
SAS4 cases, to correct a problem in DIREC for NDSG=17 case, to allow orderly termination of a problem
when errors in tracking to detector exceed a limit, to add an option to print/not print flux output after each
batch, to input the number of direct-access blocks allocated on scratch units, to change the way date is output
(to handle the year 2000 and beyond) and to reduce the amount of error output in some cases.

MORSE Sample Problem 8: The 10** array was modified by adding a 22r0.0 at the end.

NITAWL: Corrected the potential cross section used for higher order resonances (L>0). The impact should
be negligible in most cases. '
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ORIGEN-S: (1) Updated cross-section edit of binary libraries to add option to change cross-section values
to quantities derived from total flux (as in ORIGEN?2) instead of thermal flux. (2) Corrected calculation of
printed average power. (3) Added error message if number of time steps is less than 4 for reactor startup case.
(4) Updated to correct the loop index for re-normalizing the R8 array. (5) Updated for year 2000 compatibility
and to correct calculation of He-3 and H-3 for long time steps and high flux. (6) Updated to allow saving
concentrations and then continuing with a subcase using a new library. (7) Updated to allow the flux input
value for the last time step to be zero.

ORIGEN-S Master Photon Library: The library was updated to correct the photon yield data for
Ra-222 and Th-226, and the photon yields for gammas accompanying (¢ ,n) and spontaneous fission reactions
were updated to reflect small changes that occurred during the last decay data update.

OSBICO/OSBIRE: Updated for compatibility with lastest version of ORIGEN-S.

PERFUME: Improved the selection of new moments when a moment is found to be invalid and converted
coding to a more standard Fortran 90.

PERFUME Sample Problem: The special cross-section data file required for the PERFUME sample
problem has been added to SCALE, and the sample problem input data have been updated to use it. This
problem has not been included in SCALE since SCALE was moved from the mainframe to the workstation
several years ago.

PICTURE: (1) The module was updated to add option of generating 2-D color GIF plot files of the geometry
model input for the SCALE shielding modules MORSE or QAD-CGGP. This capability already exists in the
SCALE criticality modules KENO V.a and KENO-VL. (2) The module was also updated to handle the call
by SAS4 when the "PARM=CHECK" option is used. (3) An option was added that allows users to specify
an X-Y, X-Z, or Y-Z plot and have the code automatically calculate the cosines used for the plot.

PRISM: This is a new utility program for ARP that can read a single SAS2H or other type of input file and
generate multiple copies by replacing generic symbols with specified values.

QADS/QAD-CGGP: (1) Updated to make the combinatorial geometry input data have the same format as
the combinatorial portion of the MARS geometry input which is used in other SCALE modules. Old input files
will no longer run. (2) Updated to add error checks for limits on number of compositions and elements and to
fix the code to handle upper- or lower-case input. (3) Added a test on the MIPLIB error flag that terminates
execution of the problem if an error occurred.

QADS and QAD-CGGP Sample Problems: Updated to change the geometry input format to agree with
the changes made to QADS and QAD-CGGP.

RADE: Corrected an error in subroutine MCHEK that caused RADE to fail on a Sun workstation.
A constant was passed as an argument to subroutine MCHEK to be used for dimensioning, but MCHEK later
used the same variable for other purposes. The argument was renamed and used in the dimension statement.

SAS1: Scratchunit N16 was not opened when SCALE driver returned to SAS1 after cross-section processing

and prior to XSDRNPM shielding calculation. This problem caused SAS1 to fail on the PC. The OPEN
statement was moved to the beginning of main program so it would always be opened.
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SAS2H: (1) Updated to fix a problem where the reload feature failed to reload correctly for the final cycle
type. (2) Modified subroutine SZNSEG so that it would not cause the ORIGEN library creation to fail by not
recognizing the cross-section library specified. The problem was anuninitialized variable ERSET. The change
was to initialize the variable as "FALSE" before calling subroutine GETLIB. A change was also made so that
the library name was passed to GETLIB instead of only the first 4 characters. (3) Updated to correct an error
in the mass of the clad when the clad was input as an isotope and the mass was not input as a light element in
Data Block 15. (4) A problem was corrected where the atomic densities were not updated with depleted values
in the cross-section processing/spectrum calculations when fuel was input to more than one zone (including the
cell-weighted mixture 500 zone) and there were more than three zones prior to the mixture 500 zone. For
example, consider a BWR Path B model with Gd-poisoned fuel pin, gap, clad, moderator, and mixture 500,
where there are four zones prior to the mixture 500 zone. Usually this discrepancy causes only slight errors
in the neutronics part of such BWR cases, but could significantly impact the results for some unique fuel
models. (5) The module was updated for compatibility with the newest revisions to XSDRNPM. The routines
that wrote the XSDRNPM input files needed to be changed to account for the changes to XSDRNPM input.
Subroutine COPYNX had to be changed to add the 0$ array to the XSDRNPM input file, and to move setting
the logical unit number of the flux output file from the 2% array to the 0$ array.

SAS3: (1) Variable IR in subroutine OAKTRE is now initialized to 0 before it is used as an argument to
function AREAD. Subroutine RINPUP was updated to initialize the variables JMK and IML in COMMON
JOMK because they are used when SAS3 calls MARSLIB routines and they were not being defined prior to
the calls to JOMIN. (2) Updated to be compatible with the new MORSE input options and to implement the
PARM=SIZE parameter which was not being passed to MORSE.

SAS4: (1) Subroutine MORINP was updated to add common JOMK and to initialize the variables IMK and
IML in common JOMK because they are used when SAS4 calls MARSLIB routines and they were not being
defined prior to the calls to JOMIN. (2) The code was modified to translate the user input to lowercase. This
change was necessary to make SAS4 capable of handling input files in either upper or lowercase, as the other
SCALE neutronic codes already do. (3) The code was updated to correct the dimensions on two arrays. Also
changed a test comparing 2 floating point variable names equivalenced to integer variables to use function
ISET. (This test has previously caused floating point underflows on some platforms.) (4) Added a
"PARM=CHECK" option that calls PICTURE from within the SAS4 to plot geometry but not run MORSE.
SAS4 prepares or reads MARS geometry input data, reads PICTURE input, and calls PICTURE. Several
other changes were made to error messages and formats. (5) The convergence criteria was updated because
the criteria in XSDRNPM were changed. (6) The input variable NDAB was added to allow the user to specify
the number of direct access blocks allocated.

SAS4 Sample Problems: (1) A ninth sample problem was added to illustrate the new enhanced surface
detector option. (2) SAS4 sample problems 1, 3, and 5 were updated to remove references to variables FR1,
FR2, FR3, and FR4, which became obsolete in SCALE 4 .4.

SCALE Driver: (1) Updated to allow processing the rest of the input data after invalid input data are
detected. (2) The driver has been updated to obtain and act on error codes from the modules. The driver now
prints error codes and stops further sequence execution.

Standard Composition Library: (1) The default density of B4C was corrected from 2.54 to 2.52 g/cc.

This error was introduced in SCALE-4.3. For an LWR fuel problem with B,C pins between fuel assemblies,
the calculated k4 value increased less than 0.2%. (2) Updated to reference the nuclides used for zirconium
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hydride which have been added to ENDF/B-V libraries and to add four new standard composition names
related to zirconium hydride. (3) The densities for SS304 nuclides were made identical to the standard versions
of the same nuclides. (4) Updated the standard composition ZIRC2 for consistency with current technical
standard and updated densities for SS304 and SS316. (5) Mass of copper was corrected (it was in atomic mass
units instead of C-12 mass units). Density of C-GRAPHITE was changed from 1.0 to 2.3 g/cc. The following
compositions were added: GRAPHITE, KEROSENE, KERO(H20), NORPAR13, NORPAR(H20),
POLYVINYLCL, PVC, PVC(H20), TBP, TBP(H20).

SUBLIB/UNIXLIB: (1) Updated to remove year 2000 problems. These changes basically.changed the year
format for the QA verification table to 4 digits. Additionally, the date format was changed to use a 3-character
month abbreviation so that the date would be unambiguous. A new line was added to the QA verification table
printout to identify the machine on which the program was run. (2) Updated to remove an artificial limit of
8-character-length filenames for non-standard files in subroutine OPNFIL. (3) Modified subroutines LISTQA
and VERGET for consistency of the length of the string containing the executable name, the creation date, and
the directory path to the executable. The directory path was increased to 256 characters. (4) Updated
subroutine FINDQA to place underscores in place of the blanks in the date to simplify the automatic updating
of the QA verification table. (5) Replaced the CHARACTER*8 type of variable CAT with a variable length
CHARACTER type in subroutine NOTE. This corrected a problem in WAX on the Sun workstation.
(6) Added comments to subroutine OPENDA indicating how to replace the Fortran 90 specific INQUIRE
statement with a Fortran 77 compatible statement. (7) Replaced all STOP statements with calls to EXIT with
the appropriate error return code for proper detection by the driver. (8) Modified subroutine DREAD to
correctly process data following the second digit of an exponent when called by the array reading subroutine
YREAD. Previously, exponents of 10 or greater sometimes caused errors in the reading of FIDO-type input
arrays. This discrepancy was discovered in an ORIGEN-S case. (9) Changes to update XSDRNPM required
a double precision ERF function. The necessary routines were added to compute the double precision ERF
when it is not part of the intrinsic library.

XSDOSE: Anoption was added to turn off angular flux print and no angular flux print was made the default.

XSDOSE Sample Problem: The input was modified to turn on the new angular flux print option in
XSDOSE.

XSDRNPM: (1) The special activity file and balance table file were not written correctly, and the correct
file structure is not what was documented. Subroutine SETUP was changed such that it would not read or
write dummy records after the files were opened. These read/writes were the only way to open the files before
Fortran 77, but when the code was converted to Fortran 77 and OPEN statements were added to explicitly
open the files, the extra statements were not removed. (2) Updated to correct the accurulation of zone fluxes
when inner-cell weighting is selected. (3) Updated to correct the value of productions/absorptions when a direct
buckling search is done. (4) The code was also modified to collapse prompt v and delayed v using the same
procedure as used to collapse the total v. (5) Corrected calculation of broad group balance tables to be
consistent with fine group tables. Broad group cross sections were not in balance when upscatters were
collapsed. (6) Updated to print clearer messages when allocated memory is insufficient. Also, in these cases
if an output file could not be written, any previously existing file was deleted to prevent subsequent calculations
from reading it. (7) The Fortran source for XSDRNPM was converted to Fortran 90 free format. (8) The
input/output units were all moved to the 0$ array. The energy of the average lethargy causing fission was
added to the balance tables. (9) The output files from the balance tables and the activities were modified and
converted to ASCII files. A new file was created which contains the input.and derived data from a problem.
The flux file was changed to double precision. (10) The code was modified to not run with fluxes out of core
unless explicitly requested in the input. (11) The coarse mesh generation algorithm used in rebalancing the
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inner iterations was modified to correct a problem that prevented convergence of a very small class of
problems.

XSECLIST: This is a new utility program for ARP which prints lists of absorption and fission cross sections
vs burnup for nuclides from ORIGEN-S multi-burnup binary libraries.

Portability

Version4.4a of the SCALE system has been developed to ensure portability among various computing
platforms. The system is maintained and enhanced at ORNL under quality assurance and configuration
management plans. The system has been routinely tested on IBM and DEC workstations. In addition, a
version for personal computers (PCs) is included in the package. The PC version runs on Windows 93, 98,
and NT4.0 and platforms. The system also has been installed and tested by ORNL on SUN and HP
workstations. Information needed to install and run SCALE on each of these systems is included in README
files with the software package distributed by the code center.

Related developments

The definition of "easy-to-use" has changed considerably since the late 1970s. As funding has allowed,
the ORNL development staff has sought to develop user interfaces that provide a distinct aid to novice or
occasional users of the system.

The ORIGNARP input processor is a MS-DOS PC program designed to assist a user in creating an
ORIGEN-S input file. It is coupled with the ARP code, which interpolates on standard LWR ORIGEN-S
binary libraries, in the ORIGEN-ARP system (Section D1).

CSPAN (Criticality Safety Input Processor for Analysis) is the Windows GUI replacement for the
CSASIN input processor for the CSAS criticality sequences in SCALE. CSASIN was an MS-DOS program
developed in 1990-91 to assist new and occasional SCALE users. Because CSASIN is incompatible with
Pentium II and later PCs, a new easier to use and more powerful Windows program has been developed.
CSPAN can be used to read and modify an existing SCALE input file of to create a new input file. CSPAN
can call SCALE to execute CSAS using the input file it creates. The SCALE Standard Composition library
and the selected SCALE cross-section library are read by CSPAN and the user is only allowed access to those
compositions available on the selected cross-section library. The program handles the entry of basic standard
compositions, solutions, and arbitrary materials, unit cell data, optional parameter data, and KENO V.a input
data. CSPAN can call SCALE to execute any CSAS case. CSPAN runs under Windows 95, 98, or NT.
Checks for errors are included throughout the program to verify that the input is valid. The initial version
distributed with SCALE 4.4a is considered a beta test version. Help files have not been developed yet, but will
be made available soon. :

The initial version of a Windows-based GUI for HEATING named Visual Heating is also included
in the SCALE 4.4a release. Visual Heating assists the user in preparing a HEATING input file and includes
a 3-D graphics display of HEATING geometry models using OpenGL. Visual HEATING can execute the
HEATING case in SCALE and display the output file in a text editor. It includes an HTML Help system
similar to many commercial Windows programs. The help system is accessible both from the main menu bar
and by pressing the F1 key. Most of the information in the HEATING User’s Manual (Sect. F10 of the
SCALE Manual) is included in the help system along with explanations of Visual HEATING input screens.
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Availability

The SCALE code system and the other software designated under "Related Developments” have been
packaged by the Radiation Safety Information Computational Center (RSICC). The SCALE system and the
related software may be obtained by contacting

Radiation Safety Information Computational Center
Oak Ridge National Laboratory

P.O. Box 2008

Oak Ridge, TN 37831-6362

Telephone: (865) 574-6176

FAX: (865)574-6182

E-mail: rsic@ornl.gov

Internet: http://www-rsicc.ornl.gov
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Table 1 Analysis capabilities summary of the SCALE control modules

Functional
Control modules Section
module Analysis function(s) executed reference
CSAS 1-D deterministic calculation of neutron multiplication BONAMI C4
3-D Monte Carlo calculation of neutron multiplication NITAWL-11
Problem-dependent cross-section processing XSDRNPM
Multiplication search or spacing KENO V.a
ICE
CSAS6 3-D Monte Carlo calculation of neutron multiplication BONAMI C6
NITAWL-II
XSDRNPM
KENO-VI
ORIGEN-ARP Point depletion/decay of nuclear fuel and ARP D1
radioactive material ORIGEN-S
SAS1 1-D deterministic calculation of radiation transport BONAMI S1
through shield and dose evaluation at a point NITAWL-II
Calculation of dose at detector based on leakage from XSDRNPM
critical volume XSDOSE
SAS2 Point depletion/decay of nuclear fuel BONAMI S2
1-D radial shielding analysis in cylindrical geometry NITAWL-II
XSDRNPM
COUPLE
ORIGEN-S
XSDOSE
SAS3 Dose evaluation using MORSE Monte Carlo code BONAMI S3
NITAWL-1I
XSDRNPM
MORSE-SGC
SAS4 Calculation of dose outside of transportation package BONAMI S4
using MORSE code and automated biasing techniques NITAWL-1I
: XSDRNPM
MORSE-SGC
QADS 3-D point-kernel gamma-ray shielding analysis QAD-CGGP S5
HTAS1 R-Z steady-state and transient analyses of a OCULAR H1
transportation package HEATING
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Table 2 Analysis capabilities summary of the SCALE functional modules

for complex geometries

Section
Module Function reference
BONAMI Resonance self-shielding of cross sections with Bondarenko factors F1
NITAWL-II Resonance self-shielding of cross sections with resolved resonance data F2
XSDRNPM General 1-D, discrete-ordinates code for: F3
e zone-weighting of cross sections
» cigenvalue calculations for neutron multiplication
» fixed-source calculation for shielding analysis
» adjoint calculation for determining importance functions
XSDOSE Module for calculation of dose at a point based on the 1-D leakage flux F4
from a finite shield
COUPLE Interface module for preparation of cross-section and spectral data for F6
ORIGEN-S
ORIGEN-S General-purpose point-depletion and decay code to calculate isotopic, F7
decay heat, radiation source terms, and curie levels
ICE Cross-section utility module for mixing cross sections F8
. MORSE-SGC | Monte Carlo code with combinatorial and array geometry features used Fo
to perform radiation shielding analysis
HEATING?7.2 | Finite-volume, multidimensional code for conduction and radiation heat F10
transfer
KENO V.a Monte Carlo code for calculation of neutron multiplication factors F11
OCULAR Calculation of radiation exchange factors F16
KENO-VI Monte Carlo code for calculation of neutron multiplication factors F17
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ABSTRACT

ORIGEN-ARP is a sequence that serves as a faster alternative to the SAS2H sequence of the SCALE
system to perform point-depletion calculations with the ORIGEN-S code using problem-dependent cross
sections. ARP (Automatic Rapid Processing) uses an algorithm that allows the generation of cross-section
libraries for the ORIGEN-S code by interpolation over pre-generated SAS2H cross-section libraries. The
interpolations are carried out on the following variables: burnup, enrichment, and water density. ORIGEN-
ARP also provides an easy-to-use interface via the ORIGNARP PC input processor. ORIGNARP implements
a pulldown menu system that sets up a SCALE input file to execute ARP and ORIGEN-S.
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D1.1 INTRODUCTION

The SAS2H sequence of the SCALE code system has been used worldwide for treating problems
related to the characterization of spent nuclear fuel from light-water reactors and other types of reactors for
disposal, storage and shipment. The calculations, in general, consist of determining the isotopic compositions
of the various materials present in the problem as a function of time, which subsequently enable the
determination of the heat generation and radiation source terms. In the SAS2H scheme, time-dependent
material concentrations are obtained using the ORIGEN-S code based on a point-depletion calculation that
utilizes problem-dependent cross-section libraries generated by functional modules in the SAS2H sequence.
ORIGEN-ARP is a SCALE analytical sequence that serves as a faster alternative to the SAS2H sequence by
using the automatic rapid processing (ARP) methodology for generating problem-dependent ORIGEN-S
cross-section libraries. ORIGEN-ARP runs in approximately 2% of the time required by SAS2H but conserves
the rigor and accuracy of the SAS2H methodology. ORIGEN-ARP has been validated extensively, as
documented in Ref. 1.

ORIGEN-ARRP differs from the conventional SCALE analytic sequences because it does not have a
control module that reads the input and calls the functional modules. ORIGEN-ARP consists of the
ORIGNARP PC input processor and the ARP and ORIGEN-S functional modules. ORIGNARP is an MS-
DOS menu-driven program that creates an input file for ARP and ORIGEN-S, based on user responses and
input. ORIGNARP can automatically call the SCALE driver to immediately execute ARP and ORIGEN-3
on the PC, or the ARP/ORIGEN-S input file can be transferred to another computer for execution.
ORIGNARP runs on MS-DOS and Windows personal computers (PCs). It provides a pull-down menu system
with online help to assist the user in the setup of an ORIGEN-ARP input file. ARP employs an interpolation
algorithm on burnup, enrichment, and, optionally, moderator density to rapidly generate problem-dependent
ORIGENS-S cross-section libraries from specially prepared SAS2H/ORIGEN-S multiburnup libraries.

The following section describes the ORIGNARP input interface program and how to use it. Then the
ARP methodology and input are discussed. The ORIGEN-ARP sample problems are presented and described
in the final section.

In Appendix A the method for generating a set of ORIGEN-ARP basic cross-section libraries is
presented, and the basic libraries distributed with SCALE are documented. Utility programs developed to
support the ORIGEN-ARP methodology are documented in Appendix B. These utilities assist users in the
production of their own ORIGEN-ARP cross-section libraries. PRISM is a utility that reads a single generic
SAS2H or other type of input file and generates any number of input files for specific enrichments, densities,
or other parameters. ARPLIB converts SAS2H/ORIGEN-S binary cross-section libraries into ARP basic
cross-section libraries. The ORIGEN-S burnup-dependent, cross-section data can be listed with the
XSECLIST utility.
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D1.2 ORIGNARP INPUT PROCESSOR

ORIGEN-S is a powerful and flexible computer code for performing isotopic generation and depletion
for many applications, including spent fuel characterization. ORIGEN-S computes time-dependent
concentrations and source terms of a large number of isotopes, which are simultaneously generated or depleted
through neutronic transmutation, fission, and radioactive decay. Input requirements include initial nuclide
compositions, irradiation and/or decay history, and an appropriate cross-section library. Its design is general
in nature. The number of input parameters and options can be overwhelming, which contributes not only to
its flexibility, but also to its complexity. In order to provide a user-friendly interface program to a wide range
of users that would be easy to learn and useful for most applications, a PC input processor named ORIGNATE
was developed as part of the OFFSCALE suite of PC input processors for the SCALE-4 code system (Ref. 2).

ORIGNARP is an updated version of ORIGNATE designed to assist an ORIGEN-S user in preparing
an input file for execution of fuel depletion and/or decay cases within the ORIGEN-ARP analytical sequence.
ORIGNARP is designed to work with the Automatic Rapid Processing (ARP) code, which interpolates on
specially prepared ORIGEN-S multiburnup binary libraries to prepare case-dependent ORIGEN-S binary
libraries. The purpose of the ORIGEN-ARP sequence is to provide an updated fast and easy-to-use interface
for performing spent fuel analyses on a PC or workstation.

The ORIGNARP program is written in Microsoft BASIC 7.1 (Ref. 3) and runs on an MS-DOS or
Windows PC. ORIGNARP generates a SCALE input file that may be used to execute ARP and ORIGEN-S
in succession. ORIGNARP features a pulldown menu system similar to the type used in many PC software
products. The menu system organizes the major command categories as menu titles and pulldown commands
and may be used with either a keyboard or a mouse.

When an option is selected from the menu system, a data entry screen or series of screens is displayed.
Each field on a screen has a help message associated with it, which may be displayed by pressing a help key.
The message gives a brief description of the input parameter and occasionally refers to a section in the SCALE
manual for more detailed information. This feature minimizes the amount of time that might be used searching
through the documentation when setting up an ORIGEN-S input file. Some fields have a multiple-choice menu
associated with them. These menus minimize the possibility of input errors by providing a complete list of
valid choices for given parameters. Depending on input options selected, the program protects other fields that
are not needed for those options. ORIGNARP performs extensive error checking for each input screen and
displays appropriate warning and error message boxes when applicable.

D1.2.1 INSTALLATION AND EXECUTION

ORIGNARP is installed automatically as part of the PC version of SCALE. The workstation version
of SCALE includes the ORIGNARP installation files for workstation users to install it on a PC. ORIGNARP
is executed by running the batch file ORIGICON.BAT. On Windows 95/98/NT systems, the user may simply
double click on the ORIGEN-ARP icon that is linked to the batch file.

The easiest way to learn how to use ORIGNARRP is to read through the rest of the documentation while
running the program and use the options and keys as they are described. The following two sections, “Using
the Menu System" and "Using the Input Screens,” give an overview of how to use the program. Following
these sections is a detailed description of how to use each of the menu options.
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D1.2.2 USING THE MENU SYSTEM

The ORIGNARP pulldown menu system contains a menu bar across the top of the screen. Under each
menu bar option there is a unique pulldown menu. The menu bar options are summarized below.

Files Options to retrieve files, save files, execute ORIGEN-ARP, and exit the program
Initial Input Options to input compositions and energy group edit structure
Case Types Options to input depletion cases and decay cases

Modifying Cases Options to insert cases and delete cases

When ORIGNARP begins, it presents the Files pulldown menu. The user may move across the
menu bar to open the other pulldown menus by using the left and right arrow keys. Options from a pulldown
menu may be accessed by using the up and down arrow keys. A description of the highlighted option will
appear on the bottom line of the screen. To execute the option, simply press the <Enter> key or the highlighted
letter (known as the "hot key") of the desired option.

The mouse may also be used to select an option by moving it left or right along the menu bar or up and
down on a pulldown menu. To choose a pulldown menu command, simply move the mouse cursor over the
desired option and click the left mouse button. Some users may prefer to "drag” the mouse (holding the left
mouse button) over the menus and then release the left button when the cursor is over the desired command.

One difference between the two methods of using the mouse is that dragging the mouse will cause the

description of the highlighted option to be displayed on the bottom of the screen, as when using the keyboard.

Some pulldown menu commands are black with a hot key, while others are gray. The black commands
are active; the gray commands are inactive and will produce no effect if selected. Commands will be activated
as necessary data are entered. For example, once the Initial Input data are entered, the Case Types options are
active. Most of the options will become active when ORIGNARP files are retrieved.

D1.2.3 USING THE INPUT SCREENS

Once an option is selected, an input screen or series of input screens will be displayed. The cursor will
appear at the first data field on the screen that is not protected. Fields may be protected by the program,
depending on the input options selected. For example, on the Compositions screen, if "Input” is "Dataset,” the
nuclide fields for card input are protected. To move from one field to the next, press <Enter> or <Tab>. To
move backward to the previous field, press <Shift+Tab> or <Backspace>. The cursor must be at the beginning
of the field for <Backspace> to move to the previous field, because within a data field it moves back one space
and deletes the previous character. The user may also change fields with the arrow keys, but the movement
will be somewhat erratic because the cursor skips fields if there is more than one field per screen line. <Home>
moves the cursor to the beginning of the field, and <End> moves to the end of the field. The <Ins> and <Del>
keys perform their normal functions for editing a field. <Ctrl+Home> moves the cursor to the first field on the
screen, and <Ctrl+End> moves the cursor to the last field. <PgUp> and <PgDn> may perform the same
respective functions, if they are not active functions listed on the bottom of the current input screen.

Some fields have a multiple-choice menu associated with them. Pressing <Enter> or the Space Bar
at one of these fields will activate the multiple-choice menu. When this menu is displayed, all other processing
and function keys are disabled until a choice is selected and the menu disappears from the screen. Pressing a
letter on the keyboard will move. the cursor to the next choice that begins with that letter. The up and down
arrow keys, <PgUp>, <PgDn>, or the mouse may be used to make a selection. <Home> moves the cursor to
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the first choice, and <End> moves the cursor to the last choice. Once the desired choice is highlighted, press
<Enter> to select it and remove the menu.

Logical (YES or NO) fields use "Y" and "N" or "X" and " ". No other values will be accepted. The
user may toggle between the two choices with the space bar.

Most fields have a help message associated with them. Pressing <F1> displays the message. Often
the message will refer to a section of the SCALE manual for more detailed information. Press <Enter> or
<Esc> to remove the message from the screen. If there is no message for a particular field and it is one of
several identical fields on a screen, try moving the cursor to the first of these fields on the screen and pressing
<F1>. For the Compositions screens, the help messages are only active for the first screen and the first
occurrence of each field on subsequent screens.

Title and comment fields must be entered whenever they appear on an input screen. Delimiters are
automatically provided by ORIGNARP and should not be input by the user.

D1.2.4 MENU SYSTEM GUIDE

The purpose of this section is to present an overview of the menu system commands. Menu bar options
are presented next to square bullets; corresponding pull-down commands are listed next to round bullets. The
underlined letter in commands discussed below represents the hot key for the command; these hot keys appear
on the screen as bright letters, and they allow immediate access to an item by pressing the highlighted key.

# Files

The Files menu allows the user to retrieve and save files, execute ORIGEN-ARP, and exit the
program.

® Retrieve Files

This option allows the user to retrieve random-access binary files that have been saved previously with
ORIGNARP. A random-access file is saved for each pulldown menu option for which data are entered. Each
ORIGNARP file for a problem has the same file name as specified by the user but a different file extension
designated by ORIGNARP. A listing of these file extensions is given in Table D1.2.1. ORIGNARP presents
a list of all files in the current directory that have the ".CMP" file extension (this random-access file is always
required). When the user selects the desired file name, ORIGNARP loads all files with that file name and one
of the extensions listed in Table D1.2.1. The program copies the files to a set of temporary files,
ORIGTEMP.* (i.e., file extensions remain the same). If the user wishes to retrieve only a portion of the
ORIGNARP files associated with a previously generated ORIGEN-S input file (e.g., the Compositions data),
those files should be renamed or copied using the same file extensions. Four sets of sample files are provided
in SCALE. These sample problems are discussed in detail in Sect. D1.4.
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Table D1.2.1 ORIGNARP storage and output files

ORIGNARP
file extensions Contents
.CMP Compositions input®
.DCY Decay cases®
.DPL . Depletion cases”
.GRP Energy group structures®
INP Card-image input file for ARP and ORIGEN-S
“Binary file.
® Save Files / Input Deck

This option saves the data entered in random-access files, which can later be retrieved by the program
for modification. ORIGNARP will not save files in this option unless sufficient data have been entered to
generate 2 meaningful ORIGEN-S input file. A random-access file will be saved for each menu option used
to input data, up to a maximum of four files. ORIGNARP will prompt the user for the file name for
the ORIGNARP files. In addition to the random-access files, ORIGNARP also writes a card-image SCALE
input file to execute ARP and ORIGEN-S. Using this option followed by Quit allows the user to exit
ORIGNARP without immediately executing the case. This option is convenient for (1) saving an input file to
be transferred to another computer for execution, (2) a case that requires manual changes to the ORIGEN-S
input file, or (3) later execution of a large number of cases in batch mode. Workstation users should check
carefully for any MS-DOS commands following “#shell” in the SCALE input file that is created. These
commands should be removed or replaced with Unix commands.

@ Save Partial Files

This option saves ORIGNARP random-access files, regardless of the amount of data entered. It does
not generate a card-image ORIGEN-S input file. This option is designed to allow the user to occasionally save
input data so that they will not be lost if the program terminates abnormally. Note that if ORIGNARP does
fail, the data entered still exist in the ORIGTEMP.* files. When ORIGNARP is restored, it notifies the user
that it has detected these files and provides an opportunity to rename and save them.

® Execute ORIGEN-ARP

This option saves files as the Save Files/Input Deck option does. In addition, it writes an MS-DOS
batch file, CAARP_XXX BAT that executes ARP and ORIGEN-S immediately.

® Quit
This option terminates the program. If the input data have not been saved, the program will warn the

user before termination. Because this option does not save files, this option may be used to cancel any changes
made since the last time the files were saved.
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& Initial Input

The Initial Input menu provides the user with selections to input the case-independent initial data
required by ORIGEN-S.

® Compositions

Nuclide compositions are required input for ORIGEN-S to define the initial configuration of the system
being analyzed. This option is the only active option other than Retrieve Files when the user enters the
program. Select either "Cards" or "Dataset” as the source of input in the first field. If "Cards" is selected, the
second field gives the user a choice of input units (choices are grams, gram-atoms, or curies). The user
specifies each nuclide by element from an alphabetized menu and then type the isotope [e.g., "U(92)" and "235"
for U-235 and "Xe(54)" and "135m" for Xe-135 metastable]. The program checks the isotope number to
ensure it is valid for the element selected. A complete list of valid isotopes is given in Sect. F7.A. To obtain
the natural abundances of an element in the ORIGEN-S light-element library (NEX1=4 in the ORIGEN-S 75%
array), input "Natl" for the isotope. If the specified nuclide appears in more than one of the ORIGEN-S master
libraries (light element, actinide, or fission product), a menu is provided of the available libraries. Select a
library based on the origin of the nuclide and the desired edit grouping. If only one library is valid, the program
automatically fills the field with the appropriate library. Then input the concentration in the units previously
selected. The concentration that is input for each nuclide determines the "basis" of the problem (e.g., fuel
assembly, metric ton of uranium, etc.). Note that the problem basis is important because it determines the
values of other input parameters (e.g., power for depletion cases) and the units of output parameters
(e.g., nuclide concentrations or source terms).

This option displays a maximum of three screens. Each screen contains 10 nuclides, for a maximum
of 30 nuclides. The <PgDn> and <PgUp> keys are used to move forward and backward, respectively,
between screens. To change an element selection, simply select a new one from the multiple-choice menu. To
erase an element that has been selected, press <Ctrl+E> while the cursor is on that element field.

If the user wants ORIGEN-S to read the nuclides from a dataset written by a previous ORIGEN-S job,
select "Dataset” as the source of input in the first field. All nuclide fields are then blanked and protected. The
second field then represents the input/output (I/O) unit number of the dataset and the position of the
concentrations in the dataset. For example, "71+2" specifies I/O unit number 71 and the second position in
the file. Note that ORIGEN-S prints the position in the file when it writes the data. If the user omits the
position number from this field, ORIGNARP assumes that the user wants to read from the first position in the
file. The user must specify the appropriate restart dataset in the script or job control language that executes
the ORIGEN-S case. For example, if executing ORIGEN-S on a PC and the I/O unit number is specified as
71 in ORIGNARP, the restart dataset should be named FT71F001.

IMPORTANT NOTE: If the user reads and writes restart data in the same job, ORIGEN-S begins writing
data in the file position immediately following the one from which it read. It does not search for the end of file.
If the user is reading from a position prior to the last one in the file, the data that follow may be
overwritten if new restart data are saved.

Use <F4> to cancel or <F10> to save the data and return to the main menu.
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® Neutron/Gamma Groups

This option displays two screens, one each for the energy group structure for neutron spectra edits and
gamma spectra edits. These edits are for individually selected time steps in the decay cases for which source
terms are desired to perform shielding calculations. The first field on each screen gives a multiple-choice list
of energy group structures corresponding to commonly used neutron or gamma cross-section libraries. The
user may choose one of these or input their own group structure by selecting "Other." If the user is running
only depletion cases or the user does not want these edits, the user may select "None."

If the user selects one of the standard group structures or "None,” ORIGNARP protects the remaining
fields on the screen and advances to the next screen. <PgUp> and <PgDn> may be used to move from one
screen to the other. If the user selects "Other," specify the number of energy groups. ORIGNARP requires
the user to input the maximum-energy cutoff in eV for each group, beginning with group 1 (the highest-energy
group). The field following the maximum-energy cutoff for the lowest-energy group must contain the
minimum-energy cutoff for that group. The remaining fields on the page remain protected. ORIGNARP
verifies that the energies are entered in order from highest to lowest.

& Case Types

The Case Types menu provides the user with selections to enter depletion and/or decay case data.
(A "case" in ORIGNARP is equivalent toa "subcase" in ORIGEN-S.) Each case is limited to ten time
steps, because this is the maximum number that fit across a page of the ORIGEN-S output. Each case has a
title card and a basis card. The basis card is a subtitle in the ORIGEN-S output that describes the basis for
the calculations performed as determined by the concentrations input (e.g., a fuel assembly or a metric ton of
uranium). All depletion cases are entered via one option, and all decay cases are entered via another option.
The order in which they are entered determines the order in which they appear in the ORIGEN-S input file and
is reflected by the case number that is displayed in ORIGNARP.

® Depletion Cases

A depletion case consists of a series of time steps where nuclear fuel is irradiated. The power at which
the fuel is irradiated and the time duration are required for each time step. This option displays three screens:
(1) the depletion case input, (2) the depletion case I/O options, and (3) the depletion case library specifications.
The screen initially displayed is the depletion case input for a new case with a case number one greater than
the last case saved. The data for a case are saved by pressing <F10> to advance to the next case, or <F9> to
go back to the previous case. To avoid saving changes on the screen, press <F4> to return to the main menu
system. ORIGNARP asks whether to save the changes on the screen before returning. To review existing
cases, press <Ctrl+R>. This option displays a list of case numbers, types, and titles.

Each depletion case consists of a series of time steps. The beginning time, which is defaulted to zero,
and the ending time for the case, are specified first. Then the power (MW/basis unit) and the cumulative time
from the case beginning time are input for each time step.

IMPORTANT NOTE: The power must be consistent with the basis for the calculation (e.g., fuel
assembly, MTU, etc.) in order for the calculated results to be correct.
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To specify downtime during or at the end of the case, input O for the power. For periods greater than
100 days, a separate decay case is recommended. The time entered for the last time step must match the
"ending time" field. In addition, the program checks that the cumulative time for each step is greater than the
previous step. The maximum recommended increment per time step is 100 days, or 0.3 years, and the
recommended minimum number of steps is three per case. If the time-step increments are larger or the number
of time steps is less, ORIGNARP prints a message on the screen and automatically inserts additional steps up
to the maximum of ten steps per case. The intent of this feature is to allow the user to specify only the times
at which the power level changes or output is needed and let ORIGNARP determine any remaining steps needed
to ensure accurate results. The user can modify the steps generated by ORIGNARP by simply editing the
fields. ORIGNARP only checks the data once per edit of each case. If the user later returns to a case and edits
any of the data, ORIGNARP checks the length and number of time steps again.

The option to write restart data for a time step is set by typing an "X" in the appropriate field. These
data may be written for as many time steps as desired. If the Compositions input specified reading from a
dataset, these data are written to the same unit, immediately following the input data read. As noted previously,
this action will result in a loss of any data following the input data in that dataset. If the Compositions
input was specified on cards, the restart data are written to I/O unit 71.

The I/O options screen is accessed by pressing <Ctrl+O>. This screen only controls the I/O options
for depletion cases. This screen must be edited and saved for the first depletion case. ORIGNARP
automatically displays it with a set of default values when the user presses <F10> to initially save the first case.
The options stay in effect until they are changed in a subsequent case. The time units that are displayed on the
depletion case input screen are selected on this screen.

The library options screen is accessed by pressing <Ctrl+L> when entering data for the first depletion
case. ORIGNARP automatically displays the library options screen when the user presses <F10> to initially
save the first case. The input data on this screen (fuel assembly type and enrichment) are written to the ARP
input file for use by the ARP program in generating the ORIGEN-S binary depletion libraries. The fuel
assembly types include 8 x 8 (for BWR fuel), 14 x 14 (for ABB Combustion Engineering-type PWR fuel with
large water holes), and 15 x 15 and 17 x 17 (for Babcock & Wilcox and Westinghouse-type PWR fuel).
Additional data written by ORIGNARP to the ARP input file include the average power history in MW/MTU
for each depletion case. To convert the power history from MW/basis unit to MW/MTU, ORIGNARP
automatically calculates the MTU per basis unit (or metric ton heavy metal for mixed-oxide fuel) in the
Compositions input.

ARP produces problem-dependent ORIGEN-S cross-section libraries by reading a set of standard
libraries for a fuel assembly type and interpolating on enrichment and burnup. These problem-dependent
libraries are written to a file named ft33f001 for use by ORIGEN-S. The ARP program is described in detail
in Sect. D1.3.

® Decay Cases

A decay case consists of a series of time steps where irradiated material undergoes radioactive decay.
This option displays three screens: (1) the decay case input, (2) the decay case I/O options, and (3) element
fractions. The screen initially displayed is the decay case input for a new case with a case number one greater
than the last case saved. The <F4>, <F9>, <F10>, and <Ctrl+R> keys function the same as on the depletion
case input screen.

Like a depletion case, each decay case consists of a series of time steps. The beginning time, which
is defaulted to zero, and the ending time for the case are specified first. The time entered for the last time step
must match the "ending time" field. In addition, the program checks that the cumulative time for each step is
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greater than the previous step. The recommended maximum initial time step is 100 days, or 0.3 years, and the
curnulative time for subsequent steps should be <3.3 times the cumulative time for the previous time step.
Because the nuclides decay exponentially, this factor ensures accurate results. This rule is commonly known
as the "Rule of 3s." If the time-step increments are larger, ORIGNARP prints a message on the screen and
automatically inserts additional steps up to the maximum of ten steps per case. For a cumulative time of
3 raised to a power of 10 (0.3, 3, 30, 300, etc.), ORIGNARP sets the time for the next step to 10 raised to the
same power of 10 (1, 10, 100, 1000, etc.). The intent of this feature is to allow the user to specify only the
times at which output is needed and let ORIGNARP determine any remaining steps needed to ensure accurate
results. The time steps generated by ORIGNARP may be modified by simply editing the fields. ORIGNARP
only checks the data once per edit of each case. If the user later returns to a case and edits any of the data,
ORIGNARP checks the length and number of time steps again.

The decay case input screen allows the user to save restart file data in the same manner as the depletion
case input screen. In addition, it allows the user to request neutron and gamma source spectra output edits for
any time step. These are printed by ORIGEN-S according to the energy group structures designated in the
Neutron/Gamma Groups option. If "None" is selected for both group structures, requesting an edit on this
screen has no effect.

The /O options screen is accessed by pressing <Ctrl+O>. This screen only controls the I/O options
for decay cases. This screen must be edited and saved for the first decay case. ORIGNARP automatically
displays it with a set of default values when the user press <F10> to initially save the first case. The options
stay in effect until they are changed in a subsequent case. The time units that are displayed on the decay case
input screen are selected on this screen. The (¢,n) source is typically UO,, unless the user is modeling high-
level waste in borosilicate glass. (See Sects. F7.2.8 and F7.2.9 for details.) ORIGEN-S allows the cutoff for
the decay output edits to be in the units of the edit or % of the total. The latter is designated by typing "%" at
the end of the cutoff value. In order to simplify the output edits menu, the 63 choices possible in the
ORIGEN-S 65$ array (Sect. F7.6.10) have been reduced by grouping according to the three dimensions of the
array. This procedure may result in more output than desired in some cases (e.g., if you wanted only grams
of light elements but grams and curies of fission products). The ORIGEN-S card-image input generated
by ORIGNARP has been formatted and labeled by subgroups so that an experienced ORIGEN-S user can
easily modify the input by turning on or off individual edit options in the 65$ array.

The element fractions screen is an optional screen that allows the user to keep or remove all or part
of a maximum of ten elements from the previous case. This option allows the user to isolate part of the
problem being modeled, such as the endfittings of a fuel assembly. To access this screen, type "Y" for the
element fractions’ field on the decay case input screen and press <Ctrl+F>. Select whether to keep or remove
the elements, then select the elements from a multiple-choice menu, and specify the fractions of each to be kept
or removed. '

® Review Cases

This option displays a list of case numbers, types, and titles for all cases that have been created. This
function may also be performed by pressing <Ctrl+R> at the main menu or while using screens that require
case numbers: Depletion Cases (screen 1) and Decay Cases. To remove the list from the screen, press <Enter>
or <Esc>.

NUREG/CR-0200,
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& Modifying Cases

The Modifying Cases menu contains options for inserting or deleting cases, so that the user can
retrieve an existing set of cases and modify them to model different scenarios, such as adding or deleting a cycle
from the burnup history of a fuel assembly.

® Insert Cases

This option presents a dialog box with two fields: the type of case to be inserted (depletion or decay),
and where to insert it (the new case goes before the case selected). Use the <Tab> and <Shift+Tab> keys to
move between the two fields and the up and down arrow keys to select the choice for each field. The mouse
may also be used in the dialog box. Selecting the <Cancel> button at the bottom of the box or pressing <Esc>
returns to the main menu system without inserting a case. When the user presses <Enter> or click the mouse
to accept the choices made, ORIGNARP automatically adjusts the case numbers and moves directly to the
depletion or decay input screen to enter the data for the new case.

® Delete Cases

This option presents a dialog box with a list of all cases. Select the case to delete by using the up and
down arrow keys or the mouse. The case numbers for the remaining cases will be automatically adjusted.
Selecting the <Cancel> button at the bottom of the box or pressing <Esc> returns the user to the main menu
system without deleting a case.

D1.2.5 ORIGNARP PROGRAM FILES

Files included in the installation which are necessary for running the ORIGNARP program are listed
in Table D1.2.2. ORIGNARP.EXE is the executable program. ORIGNARP.QSL is the ORIGNARP
QuickScreen library developed with Crescent Software’s QuickScreen program’® and contains all the input
screens displayed by ORIGNARP. In addition, ORIGNARP contains several routines from Crescent
Software’s QuickPak Professional Library.> The files with the ".FRM" extension contain the form definition
for each of the screens in the ORIGNARP QuickScreen library. The files with the ".BSV" extension were
written with Microsoft BASIC’s BSAVE command® and contain the following data: nuclides, elements,
peutron-energy-group boundaries, and gamma-energy-group boundaries.

NUREG/CR-0200,
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Table D1.2.2 Files required by ORIGNARP

File name Extension Description
COMPNUC1 .FRM Compositions screen No. 1 form
COMPNUC2 .FRM Compositions screen No. 2 form
DECACAS1 FRM Decay case screen No. 1 form
DECACAS2 .FRM Decay case screen No. 2 form
DECACAS3 FRM Decay case screen No. 3 form
DEPLCAS1 .FRM Depletion case screen No. 1 form
DEPLCAS2 FRM Depletion case screen No. 2 form
DEPLCAS3 FRM Depletion case screen No. 3 form
GI180ORIG2  .BSV ORIGEN2 18-gamma-group structure
GI18SCALE .BSV SCALE 18-gamma-group structure
G20 BSV BUGLE 20-gamma-group structure
G44 BSV ENDEF/B-V 44-gamma-group structure
GROUP1 JFRM Neutron-group screen form
GROUP2 .FRM Gamma-group screen form
N218 -BSV ENDF/B-IV 218-neutron-group structure
N22 BSV Straker 22-neutron-group structure
N227 .BSV ENDF/B-V 227-neutron-group structure
N238 .BSV ENDF/B-V 238-neutron-group structure
N27 BSV ENDF/B-IV 27-neutron-group structure
N47 BSV BUGLE 47-neutron-group structure
ORIGCOMP .BSV ORIGEN-S nuclides for compositions input
ORIGELEM .BSV ORIGEN-S elements for compositions input
ORIGNARP .EXE ORIGNARP executable program
ORIGNARP .QSL Input screen library
RENAMFIL. . FRM Rename temporary files form
SAVEFIL .FRM Save files form
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D1.3 ARP

D1.3.1 ARP METHODOLOGY

The main feature of the ARP methodology is that problem-dependent ORIGEN-S cross-section
libraries can be obtained by interpolation. As is well known, the success of an interpolation procedure depends
on the choice of independent variables pertinent to the problem under consideration and consequently on the
selection of a suitable interpolation scheme that provides results within the accepted error margin. To
implement the ARP methodology, cross-section changes vs several parameters were computed, and it was
found that enrichment, burnup and water density were the independent variables best suited for interpolation.
Therefore, cross-section libraries as a function of enrichment, burnup and water density are created using the
SAS2H sequence of the SCALE system. In particular, the water density effects impact BWR systems because
the axial liquid-to-steam change in these systems leads to a variation in the water density and significant cross-
section changes as a function of the water density are observed. These pre-generated cross sections serve as
the basic libraries from which the interpolation is performed. Significant cross-section changes, as a function
of these variables, are observed. As an example, cross-section variations with burnup in a typical PWR
assembly are illustrated in Fig. D1.3.1 for the **Pu isotope. This situation corresponds to a 15 x 15-type
assembly with initial enrichment of 3.0 wt % of U, water density 0.7135 g/cny® irradiated with a specific
power of 40 MW/MTU for 1500 days.

The interpolation on the burnup variable is carried out with a scheme developed by Greene,® which
has been thoroughly tested and validated in the AMPX cross-section processing codes.” The interpolation
scheme was developed ariginally for interpolation in Bondarenko factor tables. It states that for a function f(x)
with known values at X,X,,...X,, any value f(x,) can be interpolated according to

P
f(xq) = f(x) + _‘1_._._
xxg-l

X (65, - %)) D13.1)
x?

where p is é function of x and is allowed to vary linearly as

p(xy) = p(x) + xx (p(xm) - p(x) - (D1.3.2)

i+1

It is clear that for a constant p equal to 1, this scheme reduces to the familiar linear interpolation
method. In general, however, the p values are determined from the known set {x;;f(x;)} according to
Eq. (D1.3.2) in such a way that the function f(x) is reproduced within the desired accuracy.

Note that the change of the effective absorption cross sections with enrichment has been found to
approach a linear shape in a logarithmic-linear scale. This feature is shown in Fig. D1.3.2 for some isotopes.
Therefore, logarithmic-linear interpolation is conducted for the cross section as a function of enrichment.
Cross-section change with water density for some isotopes is shown in Fig. D1.3.3. Similar to enrichment, the
effective absorption cross section varies linearly in a logarithmic-linear scale with the water density, and a
logarithmic-linear interpolation is used.
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Figure D1.3.1 Effective absorption cross section as a function of burnup for the 2%y isotope
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Figure D1.3.2 Effective absorption cross-section changes with enrichment
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Figure D1.3.3 Effective absorption cross-section changes with water density
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D1.3.2 ARP INPUT DESCRIPTION

When running ORIGEN-ARP via the ORIGNARP input processor, ORIGNARP automatically
generates a SCALE input file for ARP and ORIGEN-S. Ordinarily the user will not have to be concerned
about the ARP input because it is generated by the input processor. However, the input file is documented here
for completeness and for the unusual situation where the user may need to set up or modify the ARP input file.

Like all other SCALE modules, the ARP input begins with either an “=" or “#,"” followed by the module
name (e.g., =ARP) and terminates with the keyword END in the first three columns. A detailed input
description is provided in Table D1.3.1. Sample input files are shown in Sect. D1.4.

In addition to the user input file, ARP also reads a file named ARPDATA.TXT. This file is stored
in the same directory as the SCALE data libraries, including the ARP basic cross-section libraries (see
Sect. D1.A). ARPDATA.TXT contains the input describing the pregenerated ARP libraries available for ARP
to use. A detailed description of the input format for ARPDATA.TXT is listed in Table D1.3.2. A listing of
the standard ARPDATA.TXT file is given in Table D1.3.3. This file may be modified or replaced by users

who create their own ARP libraries using the techniques described in Sect. D1.A.2.

Table D1.3.1 ARP input description

 LineNo. Parameter Description Comments
1 CONFIG  Fuel assembly configuration 8x8, 14x14, 15x15, 17x17 are valid
type Users may add other fuel assembly types to
ARPDATA.TXT for libraries they create
2 ENRT Enrichment (wt % *°U) Must be >1.5% and <5%
3 NCY Number of cycles Usually the same as the number of
depletion cases
4 TIRAD® Fuel irradiation period (days) NCY entries required
for each cycle
5 SPF* Average power for each cycle NCY entries required
6 NLCY* No. of libraries for each cycle NCY entries required. Usually NLCY=1
for each cycle
7 RHO Water density (g/cm’) One value for all cycles. Has no effect
with the distributed ARP basic cross-
section libraries
8 OUTLIB  Name of interpolated library  ft33f001 is used in ORIGEN-ARP
output by ARP for use by
ORIGEN-S

“May be continued on subsequent lines as needed.

D1.3.5
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Table D1.3.2 ARP library input data in ARPDATA.TXT J—/

Line No. Parameter Description Comments

1 CONFIGNAM  Fuel assembly configuration Must begin with “!” in column one,
type (40-character maximum)  followed by the fuel assembly type
(e.g., ! 15x15)

2 NENRICH Number of enrichments Standard value =35
ND Number of water densities Standard value = 1
NBURN Number of burnups Standard value = 10
3 ENR® Enrichments (wt % 25U) at (NENRICH entries) :
which ARP basic libraries were  Standard values are 1.5, 2.0, 3.0,
generated 4.0,5.0
4 DENS* Water densities (g/cm®) at (ND entries)
which ARP basic libraries were  Standard value=1
generated
5 FILE* Filenames of ARP basic (NENRICH * ND entries)
libraries for this fuel assembly =~ Increment first on density, then on
type enrichment. Enclose each filename
in single quotes
6 BURN* Burnups MWdJ/MTU) at which (NBURN entries) \\/
cross-section data exist on ARP  First burnup must be zero . g
libraries

NOTE: Repeat all of the above entries for each fuel assembly configuration type.

“May be continued on subsequent lines as needed.
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Table D1.3.3 ARPDATA.TXT listing

114x14

5 1 10

1.5 2.0 3.0 4.0 5.0

1.

'g114x14' 's214x14’ 's314x14’ 's414x14’ 's514x14° .

0.0 1500.0 4500.0 7500.0 10500.0 13500.0 16500.0 31500.0
46500.0 58500.0

115x15

5 1 10

1.5 2.0 3.0 4.0 5.0

1.

’s115x15* 's215x15’ ‘s315x15° ‘s415x15' *s515x15¢

0.0 1500.0 4500.0 7500.0 10500.0 13500.0 16500.0 31500.0
46500.0 58500.0

117%x17

5 1 10

1.5 2.0 3.0 4.0 5.0

1.

rs117x17° *s217x17' 's317x17’ 's417x17* *sS517x17°

0.0 1500.0 4500.0 7500.0 10500.0 13500.0 16500.0 31500.0
46500.0 58500.0

18x8

5 1 10

1.5 2.0 3.0 4.0 5.0

1.

rs18x8’' ’'s28x8’ ‘s38x8‘ ‘s48x8' 's58x8°

0.0 1500.0 4500.0 7500.0 10500.0 13500.0 16500.0 31500.0
46500.0 58500.0
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D1.4 ORIGEN-ARP SAMPLE PROBLEMS

Four sample problems are presented in this section. Input listings of each problem are included in the
following sections. The input files for each problem are listed in Table D1.4.1. Note there is a single
“stand-alone” SCALE input file for each problem, as is usually done for other SCALE sequences. These files
are located in the SCALE sample problems directory on both workstation and PC versions. In addition, there
is a set of files for each sample problem that was generated with the ORIGNARP input processor. These files
are installed in the sample problems directory on the PC.

Table D1.4.1 ORIGEN-ARP sample problem files

Stand-alone
input files

Input files generated
with input processor
(PC only)

Description

ARPDEMO.INP

ARPHBROB.INP

ARPBWR.INP

ARPPWR.INP

DEMO.ARP
DEMO.CMP
DEMO.DCY
DEMO.DPL
DEMO.GRP
DEMO.INP

HBROB_1.ARP
HBROB_1.CMP
HBROB_1.DCY
HBROB_1.DPL
HBROB_1.GRP
HBROB_1.INP

BWR.ARP
BWR.CMP
BWR.DCY

‘BWR.DPL

BWR.GRP
BWR.INP

PWR.ARP
PWR.CMP
PWR.DCY
PWR.DPL
PWR.GRP
PWR.INP

— S — e S

Simple demonstration sample problem

H. B. Robinson PWR sample problem

Cooper BWR sample problem

Turkey Point PWR sample problem

D1.4.1
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D1.4.1 SIMPLE DEMONSTRATION SAMPLE PROBLEM

The first sample problem is a simple demonstration problem. This problem models the three-cycle J_, P
depletion of a 3 wt % 25U 17 x 17 PWR fuel assembly. The basis for this model is 1 MTU of fuel. The basic
data used to generate the input file are listed in Table D1.4.2. The input file is shown in Fig. D1.4.1.

Table D1.4.2 Data for simple ORIGEN-ARP demonstration problem

Burnup history data
) Power Cumulative time
Fuel loading Cycle No. (MW/MTU) (days)

Basis= 1 MTU 1 38 100
BU = 0.0254 wt % : 40 250
Y = 3.0000 wt % 35 300
U = 0.0138wt % 37 350
28U = 96.9608 wt % 0 399
2 35 100
0 130
34 300
33 405

0 475 \\

e
3 16 200
15 455
NUREG/CR-0200,
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=arp
17x17
3.8
3
350
375
455
38.28571
33.98667
15.43956

=

1

£f£33£001

end

#origens

0$$ a4 33 e t

17x17 ‘library, interpolated to 3.8 wt% -- ft33£001
38 33 a3 1 0 ale 2 a33 0 e t

3586 0 ¢

5656 6 6 a6 3 ald0 0 ai3 4 al5 3 alg8 1l e
57** Q0 a3 1.e-5 .2966102 et

cycle 1

1 mtu

58%* 38 40 40 35 37 l1l.e-20

60** 100 175 250 300 350 399

6635 al 2 a5 2 a% 2 e

7388 922340 922350 922360 922380

74%** 254 30000 138 969608

758 2 2 2 2 t

17x17 library, interpolated to 3.8 wt% -- ft33£001
388 33 a3 2 0 a33 0 et

3588 0 t-

5688 7 7 a6 3 al0 6 al5 3 alB8 1l e

§57** 0 a3 l.e-5 .3177966 et

cycle 2

1 mtu

58** 35 1.e-20 34 34 33 33 l.e-20

60** 100 130 215 300 352 405 475

668 al 2 a5 2 a%9 2 e t

17x17 library, interpolated to 3.8 wt% -- £t33£001
386 33 a3 3 0 a33 0 et

3586 0 t

5664 5 5 a6 1 ald0 7 ald5 3 al8 1l e

57** 0 a3 1l.e-5 .3855932 e t

cycle 3

1 mtu

58** 16 16 15 15 15

60** 100 200 300 375 455

668$$ al 2 a5 2 a9 2 e t

56%% fO t

end

Figure D1.4.1 Simple demonstration problem input listing

D1.4.3
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D1.4.2 H. B. ROBINSON UNIT 1 PWR SAMPLE PROBLEM

This problem models assembly BO5, pellet sample N-9C-D from H. B. Robinson Unit 1. The assembly
is a 15 x 15 PWR fuel assembly. It was used for two consecutive cycles and then discharged. Measured
chemical assay data from this pellet sample have been used to benchmark SAS2H/ORIGEN-S.5 The data used
to mode} this problem are based on data in Ref. 8 and presented in Table D1.4.3. Note that each cycle was
divided into two depletion cases. This modeling technique should increase the accuracy of the cross sections,
because ARP generates a new library for each depletion case. The basis for this problem is 1 MT of UQ,,
rather than U, because the assay data were reported per g of UO,. The input file is given in Fig. D1.4.2.

Table D1.4.3 Data for H. B. Robinson Assembly BOS, Pellet N-9C-D

Burnup history data
Cumulative
Cycle Power Power Time burnup
Fuel loading No. MW/MTU) MW/MTUQ,) (days) MWdI/MTU)
Basis = 1 MT of UO, 1 44.68 39.39 243.5 10,880
88.15wt% U 0 0 40.0
11.85wt % O 40.25 35.48 243.5 20,680
U= 0023wt % U 0 0 64.0
U= 2561 wt%U
BY= 0013wt % U 2 36.61 32.27 156.0 26,390
#U=97403wt % U 0 0 39.0
33.78 29.78 156.0 31,660
Discharge 0 0 3936
NUREG/CR-0200,
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36.60806
33.78333

[SYEYEyRY

££33£001

end

jorigens

0$$ a4 33 all 71 e t

15x15 westinghouse pwr library -- £t33£001
3§§ 33 a3 1 0 al6 2 a33 0 et

56$$ 4 4 a6 3 al0 0 al3 5 alsS 3 al8 1l e

57** 0 a3 l.e-5 .304756

et
cycle 1, partl hb robinson n-9 226 cm (31.66 gwd/t)

metric ton of uo2
58** 39.39 39,39 39.39 1l.e-20
60** 100 172 243. 283.5
665 al 2 a5 2 a9 2
738S 922340 922350 922360 922380 80160

74** 202.74 %25;5 %2 114.60 858607.45 118500

7588 2 2
15x15 westxn house gwr lxbrary -~ £t33£001
3$$$ a3

565$% 4 4 a6 3 ald0 4 alS 3 alg 1 e
S7** 0 a3 1.e-5 .304756

cycle 1, part2 hb rob. n—9 (31 66 gwd/mtu)
metric ton of uo2

S8** 35,48 35.48 35.48 l.e-20

60** 100 172 243.5 307.5

665 al 2 a5 2 a9 2 et

15x15 westinghouse pwr 11brary -- f£33£001
38§ 33 33 3 0 a33

5652 3 3 a6 3 ald 4 als 3 alB 1 e
57*% 0 a3 l.e-5 .1952441 e

cycle 2, partl hb rob. n-9 (31 66 gwd/mtu)
metric ton of uo2

58** 32_.27 32.27 l.e-20

60** 100 156 195

6655 al 2 a5 2 a%9 2 et

15x15 westlnghouse pwr llbrary -- f££33£001
35% 3 a3 4 0 a33 0 t

358% 0

56$$ 4 4 a6 1 ald 3 als 3 als 1 e
57** 0 a3 l.e-5 .1952441 e

cycle 2, partz hb rob. n-9 (31 66 gwd/mtu)
1 mtu of fuel

58** 29,78 29.78 29.78 29.78

60** 50 100 128 156

6658 al 2 a5 2a%9 2 et

545 a8 1 e

5688 a2 5 a6 1 ald 4 al5 3 e

S7** 0 e t

3936 day decay, hb robinson n-9 c-d, 226 c¢m (31.66 gwd/t)

metric ton of
60** 100 300 1000 3000 3936

61** £.01

658$ N

‘gram~atoms grams curies watts-all watts-gamma
3z i1 0 ¢ 3z 3z 3z
3z i 0 0 3z 3z
3z 1 0 O 3z 3z

56$$ 0 0 alO 5 et

56%$

end

Figure D1.4.2 H. B. Robinson PWR input listing
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D1.4.3 COOPER BWR SAMPLE PROBLEM

This BWR problem models assembly CZ205 from Cooper Nuclear Station. This assembly was in core
for three cycles, out of core for two cycles, and in core for two more cycles. Decay heat measurements of this
assembly have been used as benchmarks for SAS2H/ORIGEN-S calculations.” The data used in the ORIGEN-
ARP model setup are given in Table D1.4.4. The two cycles out of core, cycles 4 and 5, were modeled as a
decay case because of the length of time involved. Generally, any nonpower time of 100 days or greater should
be modeled as a decay case rather than as a zero-power timestep in a depletion case. Light-element loadings
are included in the fuel loading because they are important for decay heat and radiation source term
calculations. The input file is listed in Fig. D1.4.3.

Table D1.4.4 Data for Cooper BWR assembly CZ205

Burnup history data
Cycle Qutage
Cycle Power Burnup length length
Fuel loading No. (MW/assembly) (MWdJ/MTU) (days) (days)
Basis = 1 assembly 1 2427 10,298 807 59
(0.1902 MTU) 2 4.608 7,414 306 31
3 3.464 2,987 164 35,
BUwt%= 0022 44 0.0 0 370 --b
BUwt %= 2.500 5¢ 0.0 0 394 -t
BUwt%= 0.012 6 1.118 1,864 317 48
B30 wt % = 97.466 7 1.520 2,781 348 b
H 3.1000 kg/assembly Total 25,344 1942
B 0.0130 kg/assembly
(0] 50.5000 kg/assembly
Cr 0.4500 kg/assembly
Mn 0.0290 kg/assembly
Fe 1.2000 kg/assembly
Co 0.0046 kg/assembly
Ni 0.4500 kg/assembly
Zr 98.2000 kg/assembly
Sn 1.6000 kg/assembly
Gd 0.5440 kg/assembly
Cooling-time data
Measured decay
Cooling time heat
(days) W)
857 324.0
871 3435
886 331.8
892 3275
899 3114
: 946 317.1
“Assembly was out of core during this cycle.
*Not applicable.
NUREG/CR-0200,
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=arp

8x8
2.5
5
807
306
164
317
348
12.76025
24.22713
18.21241
5.878023
7.991588

e

ft33£001

end

#origens

08 a4 33 e t

bwr 8x8 library -- £t33£001

386§ 33 a3 1 0 al6 2 a33 0 et

3588 0 t

5688 10 10 a6 3 al0 0 al3 15 al5 3 als8 1 e

57** 0 a3 l.e-5 .415551 et

cycle 1, cooper bwr nuclear station, assembly cz205
fuel assembly (0.1902 mtu)

58%* 2,427 2.427 2.427 2.427 2.427 2.427 2.427 2.427 2.427 l.e-20
60** 100 200 300 400 500 600 700 753 807 866

6658 al 2 a5 2 a% 2 e )

738$ 922340 922350 922360 922380 10000 50000 80000 240000
250000 260000 270000 280000 400000 500000 640000
74** A2 4755 23 185380 3100 13 50500 450 29 1200 S5 450 98200 1600 544
7588 2 2 2 2 4 4 4 4 4 4 4 4 4 4 4 t

bwr 8x8 library -- £t33£001

386 33 a3 2 0 a33 0 et

356 0 t

565¢ 5 5 a6 3 ald 10 al5 3 al8 1 e

§7** 0 a3 1l.e-5 .1575695 e t

cycle 2, cooper bwr nuclear station, assembly cz205
fuel assembly

S8** 4.608 4.608 4.608 4.608 1.e-20

60** 100 200 253 306 337

668 al 2 a5 2 a9 2 et

bwr 8x8 ‘library -- £t33£001

356 33 a3 3 0 a33 0 et

3588 0 t

5658 4 4 a6 1l al0 5 alS 3 al8 1l e

Figure D1.4.3 Cooper BWR input listing
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57** (0 a3 l.e-5 8.444902e-02

e t

cycle 3, cooper bwr nuclear station, assembly ¢z205

fuel assembly

58*%* 3,464 3.464 3.464 3.464
60** 50 100 132 164

66$$ al 2 a5 2 a9 2 et
54$$ a8 1 e

568 a2 3 a6 3 ald 4 als 3 e

57** 0 e t

cycles 4&5, decay of assy c¢z205 in spent fuel pool

assembly ¢z205
60** 100 300 799

61** £.5

65$$

‘gram-atoms grams curies
3z 1 0 0 3z
3z 1 0 O 3z
3z 1 0 0 3z

bwr 8x8 library -- £t33£001
336 33 a3 4 0 a33 0 et
3588 0 ¢t

56$$ 5 5 a6 3 all0 3 als

watts-all watts-gamma

3z
3z
3z

3 alg8 1 e

57** 0 a3 1.e-5 .1632338 et
cycle 6, cooper bwr nuclear station, assembly c¢z205

fuel assembly

58** 1.118 1.118 1.118 1.118 1l.e-20

60** 100 200 258 317 365

665$ al 2 af 2 a%9 2 et

bwr 8x8 library -- ft33£001
336 33 a3 5 0 a33 0 et
35¢s 0 ¢

568 4 4 a6 1 alld 5 als

3 alg8 1 e

57** 0 a3 1.e-5 .1791967 et
cycle 7, cooper bwr nuclear station, assembly cz205

fuel assembly

58** 1.52 1.52 1.52 1.52
60** 100 200 274 348
66$$ al 2 a5 2 a% 2 e t
545 a8 1 e

568 a2 9 a6 1 ald0 4 als 3 e

57** 0 e t

final decay, cooper bwr assy c¢z205

assembly cz205

60** 50 150 400 857 871 886 892 899 946

61** £.5

65%$

rgram-atoms grams curies
3z 3z 3z
3z 3z 3z
3z 3z 3z

56$$ f0 t :

end
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D1.4.4 TURKEY POINT PWR SAMPLE PROBLEM

This case is a model of assembly D-15 from Turkey Point Unit 3. This assembly was loaded for three

consecutive cycles and then discharged. Decay heat measurements of this assembly have also been used as a
benchmark for SAS2H/ORIGEN-S.? The data for this assembly are presented in Table D1.4.5. Once again,
the light-element loadings are included because they are important for decay heat and radiation source-term
calculations. The input file is listed in Fig. D1.4.4.

Table D1.4.5 Data for Turkey Point 3 PWR assembly D-15

Fuel loading

Burnup history data

Cycle Outage
Cycle Power Burnup length length
No. (MW/assembly) (MWdA/MTU) (days) (days)

0
Cr

Mn

Fe
Co
Ni
Zr
Nb
Sn

Basis = 1 assembly

(0.4561 MTU)

HUwt%= 0.023
BUwt%= 2.557
BUwt %= 0.012
BBY wt % = 97.408

2 13.771 9,480 314 58

3 13.603 9,752 327 62

4 13.040 8,920 312 -
Total 28,152 953

62.000 kg/assembly
2.700 kg/assembly
0.150 kg/assembly
5.900 kg/assembly
0.034 kg/assembly
4.500 kg/assembly

101.000 kg/assembly
0.320 kg/assembly
1.600 kg/assembly

Cooling-time data

Measured decay
Cooling time heat
(days) W)
962 1423
1144 1126
2077 625
NUREG/CR-0200,
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=arp
15x15
2.557
3
314
327
312
30.19294
29.824¢
28.59022

L

f£33£001

end

#origens

08$ a4 33 e t

pwr 15x15 library -- £t33£001

356 33 a3 1 27 alé 2 a33 18 e t

356§ 0 t

566 5 5 a6 3 ald0 0 al3 13 al5 3 al8 1 e
57** 0 a3 1l.e-5 .3294858 et

turkey point 3 cycle 2 assembly 4d-15

fuel assembly (0.4561 mtu)

58** 13.771 13.771 13.771 13.771 1.e-20

60** 100 200 257 314 372

6685 al 2 a5 2 a%9 2 e

73$$ 922380 922350 922340 922360 80000 240000 250000 260000
270000 280000 400000 410000 500000

74** 444278 11662 105 55 62000 2700 150 5900 34 4500 101000 320 1600
7588 2 2 2 2 4 4 4 4 4 4 4 4 4 ¢

pwr 15x15 library -- ft33£001

388 33 a3 2 27 a33 18 e t

356$ 0 t

568 5 5 a6 3 ald0 5 al5 3 alg l e

57** 0 a3 1l.e-5 .343127 et

turkey point 3 cycle 3 assembly d-15

fuel assembly

58** 13.603 13.603 13.603 13.603 1l.e-20

60** 100 200 263 327 389

665 al 2 a5 2 a% 2 e t

pwr 15x15 library -- £t33£001

388 33 a3 3 27 a33 18 e t

3588 0 ¢

568 4 4 a6 1 al0 5 al5 3 al8 1l e

57** 0 a3 l.e-5 .3273872 et

turkey point 3 cycle 4 assembly d-15

fuel assembly

58** 13.04 13.04 13.04 13.04

60** 100 200 256 312

Figure D1.4.4 Turkey Point PWR input listing

NUREG/CR-0200,
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66$$ al 2 a5 2 a%9 2 et

54$$ a8 1 e

5688 a2 5 a6 1 ald 4 al5 3 e
57** 0 e t

turkey pt assy d-15, decay: measured 625 watts @ 2077 days

assembly d-15
60** 100 300 962 1144 2077
61*+ £.1

65%%
‘gram-atoms grams curies watts-all watts-gamma
3z 3z 3z 1 0 0 3z 6z
3z 3z 3z 1 0 0 3z 6z
3z 3z 3z 1 0 0 3z 6z
81§ 2 0 261 e
82 0 0 0 0 2
83** 1 .e+7 8.e+6 6.5e+6 S.e+6 4.e+6
3.e+6 2.5e+6 2.e+6 1.66e+6 1.33e+6
l.e+6 8.e+5 6.e+5 4.e+5 3.e+5
2.e+b5 l.e+5 5.e+4 l.e+4d
84** 2 .e+7 6.434e+6 3.e+6 1.85e+6 1.4e+6
g.e+5 4.e+5 l.e+5 1l.7e+4 3.e+3
5.5e+2 l.e+2 3.e+l l.e+l 3.0499%e+0
1.77e+0 1.2999%e+0 1.12999e+0 1l.e+0 8.e-1
4.e-1 3.25e-1 2.25e-1 9.999985e~2 5.e-2
3.e-2 9.999998e-3 1l.e-5 t
turkey pt assy d-15, decay: measured 625 watts @ 2077 days timestep 5
56$% f0 t
end

Figure D1.4.4 (continued)

D1.4.11
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D1.A ARP BASIC CROSS-SECTION LIBRARIES

D1.A.1 DESCRIPTION OF STANDARD ARP BASIC CROSS-SECTION LIBRARIES

The ARP program creates mulitiple ORIGEN-S cross-section libraries by interpolating over basic
cross-section libraries pregenerated by SAS2H and processed by ARPLIB (see Sect. D1.B.2). The ARP basic
cross-section libraries distributed in SCALE were generated at enrichments of 1.5, 2.0, 3.0, 4.0, and 5.0 wt %
of 25U and ten burnup steps from 0 to 60 GWd/MTU. To generate these basic ARP cross-section libraries,
the following steps were performed for each enrichment:

1. SAS2H calculations were performed for 21 cycles with 1 library per cycle. The first cycle was
extremnely shart (1 x 107 days) so that the cross-section library created in the first cycle contained
fresh-fuel cross sections. The remaining cycles were 3 GWd/MTU each.

2. ARPLIB was used to reduce the number of cross-section libraries vs burnup from 21 to 10
according to the following the criteria:

a. Fresh-fuel cross sections were retained.

b. Minimum, maximum, and points of inflection derived from the shape of the absorption cross
section with burnup for various isotopes of the library were retained.

¢. The remaining points were the ones that best represent the burnup-dependent >°Pu absorption
cross sections. The #°Pu absorption cross section was used as the criterion because it changes
more significantly with burnup than that of any other major actinide.

See Table D1.A.1 for a listing of the burnup associated with each library. The libraries used were the
first seven (0, 1.5, 4.5, 7.5, 105, 13.5, 16.5 GWJd/MTU), the 12% (31.5 GWA/MTU), the
17" (46.5 GWd/MTU), and the 21% (58.5 Gwd/MTU). Basic ARP cross-section libraries were generated for
fuel assernbly designs 8 x 8 (General Electric BWR), 14 x 14 (ABB Combustion Engineering PWR), 15 x 15
(Westinghouse PWR), and 17 x 17 (Westinghouse PWR). The SAS2H input files used to generate the
libraries for the enrichment of 3.0 wt % 25U are shown in Figs. D1.A.1 through D1.A.4, respectively. The
design data for the 14 x 14 and 15 x 15 PWR assemblies can be found in Ref. 8. The operational conditions
assumed for the fuel and moderator temperatures and the moderator water density for each assembly are
displayed in Table D1.A.2. The remaining libraries for 1.5, 2.0, 4.0, and 5.0 wt % of ?°U were created using
a SAS2H input similar to that shown in these tables. For a given 2°U enrichment, the uranium isotope weight
percentages were calculated according to the following expressions:

2447 (wt %) = 0.0089 x 25U (wt %)
267 (wt %) = 0.0046 x 35U (wt %)

BY (Wt %) = 100 - PU (Wt %) + U (wt %) + 20U (wt %))

NUREG/CR-0200,
D1.A.1 Vol. 1, Rev. 6



Table D1.A.1 Twenty-one burnup positions of the SAS2H-generated libraries

Position Burnup MWdJI/MTU)
1 o
2 1500°
3 4500°
4 7500°
5 10500°
6 13500°
7 165007
8 19500
9 22500
10 25500
11 28500
12 31500°
13 34500
14 37500
15 40500
16 43500
17 46500°
18 49500
19 52500
20 55500
21 58500°
“These values represent the 10 burnup positions in the ARP basic cross-
section library.
NUREG/CR-0200,
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=sas2h parm=‘halt2l1, skipshipdata’

8x8 BWR Assembly

Fuel enrichment 3.0 wt.% of u-235, Fuel Temperature 840 k
Moderator Temperature 558 K, Moderator Density 0.4323 g/cc

Twenty-one cycles and one library per cycle including fresh fuel
Cross section.

’
’
I3
.
z

z

' mixtures of fuel-pin-unit-cell:
27burnuplib latticecell
uo2 1 den=9.871 1 840
92234 0.0267 92235 3.0 92236 0.0138 92238 96.9595 end
'hot-den=10.96 (the theor.-den)*0.94(%-td)*(.416/.425)**2 cold/hot diam

co-59 3 0 1-20 558 end
zr-94 1 0 1-20 840 end
tc-99 1 0 1-20 840 end
ru-106 1 0 1-20 840 end
rh-103 1 0 1-20 840 end
rh-105 1 0 1-20 840 end
xe~131 1 0 1-20 840 end
cs-134 1 0 1-20 840 end
ce-144 1 0 1-20 840 end
pr-143 1 0 1-20 840 end
nd-143 1 0 1-20 840 end
nd-145 1 0 1-20 840 end
nd-147 1 0 1-20 840 end
pm-147 1 0 1-20 840 end
sm=-149 1 0 1-20 840 end
sm-151 1 0 1-20 840 end
sm-152 1 0 1-20 840 end
eu-153 1 0 1-20 840 end
eu~-154 1 0 1-20 840 end
eu-155 1 0 1-20 840 end

' Change needed for ENDF/B-V
* zircalloy 2 1 620 end
zirc2 2 1 620 end

h20 3 den=0.4323 1 558 end

4 mixtures of larger-unit-cell:
uo2 9 den=9.871 1 840
92234 0.0267 92235 3.0 92236 0.0138 92238 96.9595 end
arbm-gdburn 9.871 7 0 1 1

64154 2.18 64155 14.80 64156 20.47

64157 15.65 64158 24.84 64160 21.86

8016 150.0 9 0.040 840 end

....above is 4.0 wt % gadolinium (as gd2-ox3) in the
burnable poison pins of bwr assembly....

Change needed for ENDF/B-V
zircalloy 10 1 588 end
zirc2 10 1 588 end

.~ s 0~ s

"Figure D1.A.1 SAS2H input used to generate 21 BWR 8 x 8 cross-section libraries

NUREG/CR-0200,
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1A

)

b-10 11 0 7.15-6 552 end
20 11 0.669 552 end
' ...above is channel moderator at higher density

fuel-pin-cell geometry:

squarepitch 1.6256 1.0795 1 3 1.25222 2 end

assembly and cycle parameters:

npin/assm=63 fuelnght=1993.26 ncycles=21 nlib/cyc=1l

printlevel=4 1lightel=10 inplevel=2 numzones=6 end

9 0.53975 2 0.62611 3 0.91715 500 3.6398 10 3.8103 11 4.3261
.these mixtures & radii place gadolinium pin at center

....above is zircalloy casing around assembly ~J_/“

4 of 1/4 of assembly fuel, casing & channel mod.
power=40 ~ burn=1.0e-15 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.90 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end - .
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=1500.0 end

h 16.4 b 0.068

o 265

cr 2.4 mn

fe 6.6 co 0.024 ni
zr 516 sn 8.7

0.15

2.4

end
Figure D1.A.1 (continued)
NUREG/CR-0200,
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=saszh

parm=-halt2l, skipshipdata“

14x14 PWR Assembly CE

I3
7
1
'
.

¢

’

4 mixtures of fuel-pin-unit-cell:

’

27burnuplib
uo2 1 den=10.045

92234 0.0267 92235 3.0 92236 0.0138 92238 96.9595 end
den=1.8-4 1
den=2.3-4 1

c 1
n 1
co=-59

zr-94

mo-94

nb-95

mo-95

tc-99

rh-103
rh-105
ru-106
sn-126
xe-131
cs-134
cs-135
cs-137
pr-143
nd-~-143
ce-144
nd~-144
nd-145
nd-146
nd-147
pm-147
sm-147
nd-148
pm-148
sm-148
pm-149
sm-149
nd-150
sm-150
sm~-151
eu-151
sm-152
eu-153
eu-154
gd-154
eu-155
gd-155
gd-157
gd-158
gd-160

RFRRREPRPBMREPRREBRPRPREPRRRBRERRBRPRBRERPRERP R P R W

1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20

 COOCODO0000O0000000O00CO000C000O000000O0OOOO

Figure D1.A.2

570
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873
873

latticecell
1 873

873
873
end
end
end
end
end
end
end
end
end
end
end
end

end

end
end
end
end
end
end
end
end
end
end
end
end
end
end
end

end
end

Fuel enrichment 3.0 wt % of u-235, Fuel Temperature
Moderator Temperature 570 K, Moderator Density 0.7332 g/cc

873 K

Twenty-one cycles and one library per cycle including fresh fuel
cross section.

SAS2H input used to generate 21 PWR 14 x 14 cross-section libraries

D1.A.S
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’ need the following to use endf/b5 library:
(2nd line same as def. of zircalloy in sect. m8, scale-4.1)
end
end
1 570 end

’ from st5:
zircalloy 2 1
rzirc2 21
h2o 3 den=0.7332

620
620

arbm-bormod 0.7332 1 1 0 0 5000 100 3 330.8e-6 570 end

‘ 331 ppm boron (wt)

in moderator

4 fuel-pin-cell geometry:

’

squarepitch

1.4732

0.9563 1

3 1.1176 2 0.9855 0

’

¢

assembly and cycle parameters:

npin/assm=176 fuelnght=737.52 ncycles=21 nlib/cyc=1

printlevel=4 lightel=9 inplevel=2 numztotal=5 end
3 1.314 2 1.416 1.662 500 5.203 3 5.243
power=40.0 burn=1.0e-15 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end T~
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=0.0 end
power=40.0 burn=75.0 down=1500.0 end

0119 cr 5.2 mn 0.29

fe 11. co 0.066 ni 8.7

zr 195 nb 0.63 sn 3.2
end

Figure D1.A.2 (continued)
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=saszh
s
.
14
’
’

I3

’ mixtures of fuel-pin-unit-cell:

’

parm='halt2l, skipshipdata’

15x15 PWR Assembly Whestinghouse

Fuel enrichment 3.0 wt % of u-235, Fuel Temperature 923 K
Moderator Temperature 579 K, Moderator density 0.7135 g/cc

27burnuplib
uo2 1 den=9.944 1

co-59

zr-94

mo-94

nb-95

mo-95

tc-98

rh-103
rh-105
ru-106
xe-131
cs-134
cs-135
cs~-137
pr-143
nd-143
ce-144
nd-145
nd-146
nd-147
pm-147
sm-147
nd-148
pm-149
sm-149
sm-150
sm-151
eu-151
sm-152
eu-153
eu-154
gd-154
eu-155
gd-155
gd-157
gd-158
gd-160
’ need
4 from
* zire2

RREMRPRRERRPRRRBRPRRBREPRPREPRPHERPRRERPRRERHRERPREW
OO O000000OCO0O00000000CO0O00OOOOOOOOOO

92234
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20
1-20

the following to use endf/b5 library:
(2nd line same as def. of zircalloy in sect. mS8,
end

stS:

579
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923
923

21 595
zircalloy 2 1 5895

latticecell
923
0.0267 92235 3.0 92236 0.0138 92238 96.9595 end

end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end

end

end
h2o 3 den=0.7135 1 579 end

Twenty-one cycles and one library per cycle including fresh fuel
cross section.

D1.A.7

scale-4.1)

Figure D1.A.3 SAS2H input used to generate 21 PWR 15 x 15 cross-section libraries
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arbm-bormod 0.7135 1 1 0 0 5000 100 3 652.5e-6 579 end J//

fuel-pin-cell geometry:

squarepitch 1.4300 0.92%4 1 3 1.0719 2 0.9484 0 end

'

! assembly and cycle parameters:

npin/assm=204 fuelnght=824.34 ncycles=21 nlib/cyc=1

printlevel=5 lightel=9 inplevel=2 numztotal=4 end

* the 10 larger unit cell zones follow for 2 passes bp, 2 passes h2o0 :
3 0.65024 2 0.69342 3 0.80680 500 2.64088

power=40 burn=1.0e-15 down=0.0 end

power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 dJdown=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end -~
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end

power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=1500.0 end
o119 cr 5.2 mn 0.29
fe 11. co 0.066 ni 8.7
zr 195 nb 0.63 sn 3.2
end

Figure D1.A.3 (continued)
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=sas2h parm=‘halt2l, skipshipdata’

17x17 PWR Assembly Whestinghouse

‘ Fuel enrichment 3.0 wt of u-235, Fuel Temperature 811 K
' Moderator Temperature 570, Moderator Density 0.7295 g/cc

’ Twenty-one cycles and one library per cycle including fresh fuel
’ cross section. ’

‘ mixtures of fuel-pin-unit-cell:

27burnuplib latticecell

uo2 1 0.945 811 92234 0.0267 92235 3.0 92236 0.0138 92238 96.9595 end
co-59 3 0 1-20 570 end
zr-94 1 0 1-20 811 end
mo-94 1 0 1-20 811 end
nb-95 1 0 1-20 811 end
mo-95 1 0 1-20 811 end
tc-99 1 0 1-20 811 end
ru-106 1 0 1-20 811 end
rh-103 1 0 1-20 811 end
rh-105 1 ¢ 1-20 811 end
xe-131 1 0 1-20 811 end
cs-134 1 0 1-20 811 end
cs-135 1 0 1-20 811 end
cs-137 1 0 1-20 811 end
ce-144 1 0 1-20 811 end
pr-143 1 0 1-20 811 end
nd-143 1 0 1-20 811 end
nd-145 1 0 1-20 811 end
nd-146 1 0 1-20 811 end.
nd-147 1 0 1-20 811 end
pm-147 1 0 1-20 811 end
sm-147 1 0 1-20 811 end
nd-148 1 0 1-20 811 end
pm-149 1 0 1-20 811 end
sm-149 1 0 1-20 811 end
sm-150 1 0 1-20 811 end
sm-151 1 0 1-20 811 end
eu-151 1 0 1-20 811 end
sm-152 1 0 1-20 811 end
eu-153 1 0 1-20 811 end
eu-154 1 0 1-20 811 end
gd-154 1 0 1-20 811 end
eu-155 1 0 1-20 811 end
gd-155 1 0 1-20 811 end
gd-157 1 0 1-20 811 end
gd-158 1 0 1-20 811 end
gd-160 1 0 1-20 811 end

* Change needed for running sas2h with ENDF/B-V library

* zircalloy 2 1 620 end

zirc2 2 1 620 end

4 40000 97.91 26000 0.5 50116 0.86 50120 0.73 2 1 620 end
h20 3 den=0.7295 1 570 end

arbm-bormod 0.7295 1 1 0 0 5000 100 3 550.0e-6 570 end

Figure D1.A.4 SAS2H input used to generate 21 PWR 17 x 17 cross-section libraries
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* 550 ppm boron (wt) in moderator

’ fuel-pin-cell geometry:

squarepitch 1.25984 0.81915 1 3 0.94966 2 0.83566 0 end

’

' assembly and cycle parameters:

npin/assm=264 fuelnght=787.28 ncycles=21 nlib/cyc=1
printlevel=4 lightel=9 inplevel=1l ortube=0.61214 srtube=0.5715
numinstr=1 end

power=40 burn=1l.0e-15 down=0.0 end

power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=1500.0 end

0135 cr 5.9 mn 0.33

fe 13. co 0.075 ni 9.9

zr 221 nb 0.71 sn 3.6
end

Figure D1.A.4 (continued)

NUREG/CR-0200,
Vol. 1, Rev. 6 D1.A.10



N

Table D1.A.2 Operational conditions used in creating ARP basic cross-section libraries

Assembly Fuel Moderator temperature  Density of moderator
type temperature (K) (K) (g/cc)
BWR 8 x 8 840 558 0.4323
PWR 14 x 14 873 570 0.7332
PWR 15x 15 923 579 0.7135
PWR 17x 17 811 570 0.7295

Various utility programs (Sect. D1.B) have been developed to automate the procedure to create basic
ARP cross-section libraries. The generation of the ARP basic libraries is performed only once for each fuel
assembly type and enrichment. The procedure for generating the ARP basic libraries is discussed in the
following section.

D1.A.2 HOW TO GENERATE ARP BASIC CROSS-SECTION LIBRARIES

To generate the basic ARP cross-section libraries for a particular LWR fuel assembly type, one needs
to follow the steps outlined below. Note that extension beyond 5 wt % enrichment has not been investigated
at ORNL. Likewise, extension to non-LWR fuel has not been investigated. Such applications of the ARP
methodology should be tested carefully and validated.

Construct SAS2H input with the descriptions (pin cell description such as dimensions, concentrations,
etc.) of the reactor assembly under consideration for five enrichments. The recommended enrichments are 1.5,
2.0, 3.0, 4.0 and 5.0 wt % of 25U. For a BWR assembly, in addition to enrichment and burnup, one has also
to consider the water density variation for each enrichment. The recommended water density values for BWRs
are: 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 g/em’. No water density variation has been used at ORNL for
PWRs.

For each enrichment and water-density combination, perform a SAS2H calculation with 21 cycles and
1 library per cycle. The cross-section libraries created in this step must contain fresh-fuel cross sections for
the first cycle. From studies performed with PWR and BWR assemblies, it is recommended that a specific
power of 40 MW/MTU and a total irradiation period of 1500 days be applied for a total burnup of
60,000 MWA/MTU. To obtain the 21 burnup-dependent cross-section libraries, use one burnup step of
1 x 10" days and 20 burnup steps of 3000 MWd/MTU. With the exception of the first library in the zero-
burnup position, the remaining 20 libraries correspond to a burnup position at the midpoint of each burnup
step. The burnup positions are listed in Table D1.A.1.

A single SAS2H input file can be constructed with generic flags substituted for the parameters that
vary from case-to-case (i.e., enrichment and water density). This single SAS2H input file can be processed
through the PRISM utility (see Sect. D1.B.1) to generate specific SAS2H input files for each
enrichment/density combination. A generic SAS2H example input file for a BWR 7 x 7 fuel assembly is
shown in Fig. D1.A.5. The generic flags are highlighted in bold type. A PRISM example input file is listed
in Fig. D1.A.6 that generates 40 specific SAS2H input files from the generic file in Fig. D1.A.5. The specific
SAS2H input file created by PRISM for 3.0 wt % 25U and 0.5 g/cc water density is shown in Fig. D1.A.7.
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=sas2 parm=‘halt2l, skipshipdata’
sas2 cooper bwr 7x7, eanr wt% u-235, ddd g/cc h2o density

4 mixtures of fuel-pin-unit-cell:
44group latticecell -
uo2 1 den=10.32 1 840
92234 u234wt% 92235 enry 92236 u236wt% 92238 u238wt%x end

co-59 3 0 1-20 558 end
zr-94 1 0 1-20 840 end
nb-95 1 0 1-20 840 end
mo-95 1 0 1-20 840 end
tc-99 1 0 1-20 840 end
rh-103 1 0 1-20 840 end
rh-105 1 0 1-20 840 end
ru-106 1 0 1-20 840 end
sn-126 1 0 1-20 840 end
xe-131 1 0 1-20 840 end
cs-134 1 0 1-20 840 end
cs-135 1 0 1-20 840 end
¢cs-137 1 0 1-20 840 end
pr-143 1 0 1-20 840 end
nd-143 1 0 1-20 840 end
ce-144 1 0 1-20 840 end
nd-144 1 0 1-20 840 end
nd-145 1 0 1-20 840 end
nd-146 1 0 1-20 840 end
nd-147 1 0 1-20 840 end
pm-147 1 0 1-20 840 end
sm-147 1 0 1-20 840 end ;
nd-148 1 0 1-20 840 end )
pm-148 1 0 1-20 840 end
pm-148 1 0 1-20 840 end
pm-149 1 0 1-20 840 end
sm-149 1 0 1-20 840 end
nd-150 1 0 1-20 840 end
sm-150 1 0 1-20 840 end
sm-151 1 0 1-20 840 end
eu-151 1 0 1-20 840 end
sm-152 1 0 1-20 840 end
eu-153 1 0 1-20 840 end
eu-154 1 0 1-20 840 end
eu~155 1 0 1-20 840 end

zircalloy 2 1 620 end
h2o0 3 den=ddad 1 558 end

‘ mixtures of larger-unit-cell:

s

uo2 S den=10.32 1 840
92234 u234wt% 92235 enxr 92236 u236wt% 92238 u238wt%x end
arbm-gdburn 10.32 7011
64154 2.18 64155 14.80 64156 20.47
64157 15.65 64158 24.84 64160 21.86
8016 150.0 5 0.034 840 end
....above is 3.4 wt % gadolinium (as gd2-ox3) in the

Figure D1.A.5 SAS2H generic input example for the generation of ARP basic cross-section libraries
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’ burnable poison pins of bwr assembly....

n 6 0 1-5 840 end
zircalloy 7 1 558 end
4 ....above is

h2o 11 den=0.7627 1
‘ ....above is
end comp

' fuel-pin-cell geometry:

'

squarepitch 1.875 1.212

zircalloy casing around assembly

channel moderator at higher density

1

552 end

3 1.430 2 1.242

4 assembly and cycle parameters:

.

npin/assm=49 fuelngth=1944.52 ncycles=21 nlib/cyc=1
printlevel=4 1lightel=8 inplevel=2 numzones=7

S 0.606 6 0.621 2 0.715
500 3.311 7 3.412 11 3.84

5

3 1.058

power=40 burn=1.0e~-15 down=0.0 end
power=40 burn=75.0 down=0.0 end

power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 . burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=1500.0 end
h 14.5 o 236 cr 2.1
mn 0.13 fe 5.8 ni 2.1
zr 455 sn 7.7
end
=shell

mv £t33f001 S$RTNDIR/bwr7x7_enr ddd.lib

end

Figure D1.A.5 (continued)

D1.A.13

end
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=shell

cp $RTNDIR/cooper_bwr.inp .
end

=prism

cooper_bwr.inp
bwr7x7_enr_ddd. inp

5 40

enr

1.5 2.0 3.0 4.0 5.0
1.5 2.0 3.0 4.0 5.0
1.5 2.0 3.0 4.0 5.0
1.5 2.0 3.0 4.0 5.0
1.5 2.0 3.0 4.0 5.0
1.5 2.0 3.0 4.0 5.0
1.5 2.0 3.0 4.0 5.0
1.5 2.0 3.0 4.0 5.0
u234wts

0.01335 0.01780 0.02670 0.03560 0.04450
0.01335 0.01780 0.02670 0.03560 0.04450
0.01335 0.01780 0.02670 0.03560 0.04450
0.01335 0.01780 0.02670 0.03560 0.04450
0.01335 0.01780 0.02670 0.03560 0.04450
0.01335 0.01780 0.02670 0.03560 0.04450
0.01335 0.01780 0.02670 0.03560 0.04450
0.01335 0.01780 0.02670 0.03560 0.04450
u23éwts

0.00690 0.00920 0.01380 0.01840 0.02300
0.00690 0.00920 0.01380 0.01840 0.02300
0.006%0 0.00920 0.01380 0.01840 0.02300
0.00650 0.00920 0.01380 0.01840 0.02300
0.00690 0.00920 0.01380 0.01840 0.02300
0.00650 0.00920 0.01380 0.01840 0.02300
0.00650 0.00920 0.01380 0.01840 0.02300
0.00680 0.00920 0.01380 0.01840 0.02300
u238wtix

98.47975 97.97300 96.95950 95.94600 94.93250
98.47975 97.97300 96.95950 95.94600 94.93250
98.47975 97.97300 96.95950 95.94600 94.93250
98.4797S5 97.97300 96.95950 95.94600 94.93250
98.47975 97.97300 96.95950 95.94600 94.93250
98.47975 97.97300 96.95950 95.94600 94.93250
98.47975 97.97300 96.95950 95.94600 94.93250
98.47975 97.97300 96.95950 95.94600 94.93250

ddd

0.2 0.2 0.2 0.2 0.2
0.3 0.3 0.3 0.3 0.3
0.4 0.4 0.4 0.4 0.4
0.5 0.5 0.5 0.5 0.5
0.6 0.6 0.6 0.6 0.6
0.7 0.7 0.7 0.7 0.7
0.8 0.8 0.8 0.8 0.8
0.9 0.9 0.9 0.9 0.9
end

=shell

cp bwr7x7*.inp $RTNDIR
end

Figure D1.A.6 PRISM input example to generate specific SAS2H input files for the generation of
ARP basic cross-section libraries
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=sas2 parm=‘halt2l, skipshipdata’
sas2 cooper bwr 7x7, 3.0 wt% u-235S, 0.5 g/cc h2o density

‘. mixtures of fuel-pin-unit
44group latticecell
uo2 1 den=10.32 1 840

-cell:

92234 0.02670 92235 3.0 92236 0.01380 92238 96.95950 end

co-59 3 0 1-20 558 end
zr-94 1 0 1-20 840 end
nb-95 1 0 1-20 840 end
mo-95 1 0 1-20 840 end
tc-99 1 0 1-20 840 end
rh-103 1 0 1-20 840 end
rh-105 1 0 1-20 840 end
ru-106 1 0 1-20 840 end
sn-126 1 0 1-20 840 end
xe-131 1 0 1-20 840 end
cs-134 1 0 1-20 840 end
cs-135 1 0 1-20 840 end
cs-137 1 0 1-20 840 end
pr-143 1 0 1-20 840 end
nd-143 1 0 1-20 840 end
ce-144 1 0 1-20 840 end
nd-144 1 0 1-20 840 end
nd-145 1 0 1-20 840 end
nd-146 1 0 1-20 840 end
nd-147 1 0 1-20 840 end
pm-147 1 0 1-20 840 end
sm-147 1 0 1-20 840 end
nd-148 1 0 1-20 840 end
pm~148 1 0 1-20 840 end
pm~148 1 0 1-20 840 end
pm-149 1 0 1-20 840 end
sm-149 1 0 1-20 840 end
nd-150 1 0 1-20 840 end
sm-150 1 0 1-20 840 end
sm-151 1 0 1-20 840 end
eu-151 1 0 1-20 840 end
sm~152 1 0 1-20 840 end
eu-153 1 0 1-20 840 end
eu-154 1 0 1-20 840 end
eu-155 1 0 1-20 840 end

zircalloy 2 1 620 end
h2o0 3 den=0.5 1 558 end

. mixtures of larger-unit-cell:

v

uo2 5 den=10.32 1 840

92234 0.02670 92235 3.0 92236 0.01380 92238 96.95950 end

arbm-gdburn 10.32 7011
64154 2.18 64155
64157 15.65 64158
8016 150.0 S 0

‘ ....above is
‘ burnable
n 6 0 1-5 840 end
zircalloy 7 1 558 end

’ ....above is

14.80 64156 20.47
24.84 64160 21.86
.034 840 end

3.4 wt % gadolinium (as gd2-ox3) in the
poison pins of bwr assembly....

zircalloy casing around assembly

Figure D1.A.7 SAS2H specific input created by PRISM for 3.0 wt % 2°U and 0.5 g/cc water density
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h2o 11 den=0.7627 1 552 end
....above is channel moderator at higher density

fuel-pin-cell geometry:

squarepitch 1.875 1.212 13 1.430 2 1.242 0 end

‘ assembly and cycle parameters:
npin/assm=49 fuelngth=1944.52 ncycles=21 nlib/cyc=1
printlevel=4 1lightel=8 inplevel=2 numzones=7 end
5 0.606 6 0.621 2 0.715 3 1.058

500 3.311 7 3.412 11 3.845

power=40 burn=1.0e~15 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end

power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=0.0 end
power=40 burn=75.0 down=1500.0 end

h 14.5 o 236 cr 2.1

mn 0.13 fe 5.8 ni 2.1

zxr - 455 sn 7.7
end
=shell
mv ££33£001 SRTNDIR/bwr7x7_3.0_0.5.1ib
end

Figure D1.A.7 (continued)
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Reduce the 21-burnup SAS2H/ORIGEN-S libraries to 10-burnup ARP basic cross-section libraries
using ARPLIB following these criteria:

a. retain the fresh-fuel cross sections;

b. retain the minimum, maximum, and inflection points derived from the shape of the absorption cross
sections with burnup for various isotopes of the library; and

¢ select points that best represent the burnup-dependent 2*°Pu absorption cross sections.

The ten burnup positions resulting from the application of steps a, b and ¢ to LWR fuel are: 0, 1500,
4500, 7500, 10500, 13500, 16500, 31500, 46500, and 58500 MWJd/MTU for PWR and BWR systems. They
are indicated in Table D1.A.1 with the superscript letter a. The procedure for reducing the burnups is
performed with the utility ARPLIB (see Sect. D1.B.2). An example ARPLIB input file to reduce the
SAS2H/ORIGEN-S BWR 7 x 7 libraries to ARP basic cross-section libraries for the 40 enrichment/density
combinations is presented in Fig. D1.A.8.

Finally ARPDATA.TXT must be modified to include the data for the new ARP basic cross-section
libraries. An example of the modified ARPDATA.TXT file containing the standard ARP libraries and the new
ARP BWR 7 x 7 libraries is given in Fig. D1.A.9.

Note that the procedure for generating ARP basic libraries is performed only once for each fuel
assembly type and enrichment. Users should not use these cross-section libraries for fuel assembly
configurations other than the ones for which they were generated.
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=shell

cp $RTNDIR/bwr7x7*.1ib .
end

=arplib
bwr7x7_1.5_0.2.1ib
bl_7x7_2
bwr7x7_2.0_0.2.1ib
b2_7x7_2 ]
bwr7x7_3.0_0.2.1ib
b3_7x7_2
bwr7x7_4.0_0.2.1ib
b4_7x7_2
bwr7x7_5.0_0.2.11ib
b5_7x7_2
bwr7x7_1.5_0.3.1ib
bl_7x7_3
bwr7x7_2.0_0.3.1ib
b2_7x7_3
bwr7x7_3.0_0.3.1ib
b3_7x7_3
bwr7x7_4.0_0.3.1ib
b4_7x7_3
bwr7x7_5.0_0.3.1ib
b5_7x7_3
bwr7x7_1.5_0.4.1ib
bl_7x7_4
bwr7x7_2.0_0.4.1ib
b2_7x7_4
bwr7x7_3.0_0.4.1ib
b3_7x7_4
bwr7x7_4.0_0.4.1ib
b4_Tx7_4 - :
bwr7x7_5.0_0.4.1ib
b5_7x7_4
bwr7x7_1.5_0.5.1ib
bl_7x7_5
bwr7x7_2.0_0.5.1ib
b2_7x7_5
bwr7x7_3.0_0.5.1ib
b3_7x7_5
bwr7x7_4.0_0.5.1ib
bd4_7x7_5
bwr7x7_5.0_0.5.1ib
bS_7x7_5
bwr7x7_1.5_0.6.1ib
bl_7x7_6
bwr7x7_2.0_0.6.1ib
b2_7x7_6
bwr7x7_3.0_0.6.1ib
b3_7x7_6
bwr7x7_4.0_0.6.1ib
b4_7x7_6
bwr7x7_5.0_0.6.1ib
b5_7x7_6
bwr7x7_1.5_0.7.1ib
bl_7x7_7

Figure D1.A.8 ARPLIB example input to reduce SAS2H/ORIGEN-S libraries to ARP basic cross-

section libraries -
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bwr7x7_2.0_0.7.1ib
b2_7x7_7
bwr7x7_3.0_0.7.1lib
b3_7x7_7
bwr7x7_4.0_0.7.1ib
b4_7x7_7
bwr7x7_5.0_0.7.1lib
b5_7x7_7"
bwr7x7_1.5_0.8.1ib
bl_7x7_8
bwr7x7_2.0_0.8.1ib
b2_7x7_8
bwr7x7_3.0_0.8.1lib
b3_7x7_8
bwr7x7_4.0_0.8.1lib
b4_7x7_8
bwr7x7_5.0_0.8.1ib
b5_7x7_8
bwr7x7_1.5_0.9.1lib
bl_7x7_9
bwr7x7_2.0_0.9.1ib
b2_7x7_9
bwr7x7_3.0_0.9.1ib
b3_7x7_9
bwr7x7_4.0_0.9.1ib
b4 _7x7_9
bwr7x7_5.0_0.9.1ib
b5_7x7_9

end

=shell

cp b?_7x7? $RTNDIR
end

Figure D1.A.8 (continued)
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114x14

S 1 10
1.5 2.0 3.0 4.0 5.0
1.

's114x14’ ‘s214x14' ’s314x14’ rs414x14°’ ‘s514x14°

0.0 1500.0 4500.0 7500.0 10500.0 13500.0 16500.0 31500.0
46500.0 58500.0

115x15

5 1 10

1.5 2.0 3.0 4.0 5.0

1.

'sl1l15x15’ ‘s215x1S‘’ *s315x15’ ’s415x1S’ ‘s515x15°

0.0 1500.0 4500.0 7500.0 10500.0 13500.0 16500.0 31500.0
46500.0 58500.0

117x17

5 1 10

1.5 2.0 3.0 4.0 5.0

1.

*sll7x17" *s217x17° *s317x17°' *'s417x17‘ ‘s517x17°

0.0 1500.0 4500.0 7500.0 10500.0 13500.0 16500.0 31500.0
46500.0 58500.0

18x8

5 1 10

1.5 2.0 3.0 4.0 5.0

1.

‘s1l8x8* ’'s28x8’ 's38x8’ 's48x8’ 's58x8°

0.0 1500.0 4500.0 7500.0 10500.0 13500.0 16500.0 31500.0
46500.0 58500.0

tbwrix7

S 8 10

1.5 2.0 3.0 0

0.2 0.3 0.4 6 0.7 0.8 0.9

*‘bl_7x7_2‘ ‘'bl_7x7_3° *'bl_7x7_4' ‘bl_7x7_5"

‘bl_7x7_6° 'bl_7x7_7' ‘bl_7x7_8' ‘bl_7x7_9’

‘b2_7x7_2* ‘'b2_7x7_3‘ ’'b2_7x7_4' ‘b2_7x7_5"

‘b2_7x7_6* 'b2_7x7_7' 'b2_7x7_8' ‘'b2_7x7_9%’

‘b3_7x7_2' *'b3_7x7_3* ‘b3_7x7_4° 'b3_7x7_5"'

‘b3_7x7_6° 'b3_7x7_7' ‘b3_7x7_8' ‘b3_7x7_9’

‘ba_7x7_2°' 'b4_Tx7_3°' ‘b4_7x7_4' 'b4_7x7_5’

'b4_7x7_6" 'b4_Tx7_7' ‘b4_7x7_8' ‘'b4_7x7_9"’

*bS_7x7_2°' 'bS_7Tx7_3' ‘b5_7x7_4' 'b5_7x7_5"

'bS_Tx7_6° 'b5_7x7_7' ‘b5_7x7_8' ‘'b5_7x7_9'

0.0 1500.0 4500.0 7500.0 10500.0 13500.0 16500.0 31500.0
46500.0 S8500.0

4.0 5.
0.5 0.

Figure D1.A.9 Modified ARPDATA.TXT example
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D1.B ARP UTILITY PROGRAMS

D1.B.1 PRISM

PRISM is a utility that reads a single input template file containing generic parameter flags and
replaces them with specific values designated by the user to generate any number of files containing desired
combinations of specific parameter values. PRISM was developed to provide an easy mechanism to convert
a generic SAS2H input file for a particular fuel assembly design into a large number of SAS2H input files
containing combinations of specific fuel enrichment and moderator densities and/or other parameters for
generating ARP basic cross-section libraries. However, the program was designed in a general manner so
PRISM can be used to generate multiple files from any generic template file.

The input description for PRISM is presented in Table D1.B.1. The input format is free form. The
user input includes the name of the template file to be read; the pattern for the name of the output files to be
generated, using the generic parameter flags; the number of generic parameter flags; the number of files to be
generated; each generic parameter flag and the specific values to be substituted in each output file.

The template file is the generic SAS2H or other input file containing the generic parameter flags.
PRISM creates copies of the template file and substitutes specific values for the generic flags. Note that the
character length of each specific value must be the same as that of the associated generic flag.

An example using PRISM to generate 40 SAS2H BWR input files for combinations of five fuel
enrichments and eight water densities has been presented previously in Figs. D1.A.5~7. A simple example is
presented here of a generic CSAS1X input file for a PWR fuel pin cell with specific values of 35U wt %,
238 wt %, and water density. The user input to PRISM is shown in Fig. D1.B.1. The generic CSAS1X
template file is shown in Fig. D1.B.2. The first file generated by PRISM in this example would be named
“pwr_1.50_0.2.inp.” It would contain values of 1.50, 98.50, and 0.2 for the U wt %, **U wt %, and density,
respectively. The 40 and last input file would be named “pwr_5.00_0.9.inp” and would contain values of
5.00, 95.00, and 0.9, respectively.
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Table D1.B.1 PRISM input description

Line No. Parameter Description Comments
1 TEMPLATE Template file name 80 characters maximum
2 OUT_TEMPLATE Pattern for output file 80 characters maximum
narnes Must contain enough generic
parameter names to create unique
filename for each output file
3 NUMPARMS Number of generic
parameter types
NUMFILES Number of output files to
be generated
NOTE: Repeat the following data for each generic parameter type (i.e., a total of
NUMPARMS times).
4 PARAM_NAME Generic parameter name as 80 characters maximum
it appears in template file
5¢ PARAMETERS Specific values of generic NUMFILES entries required.

parameter for each output Length of value must be same as
file length of PARAM_NAME

“May be continued on subsequent lines as needed.
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=prism
prism_template.inp
pwr_u235_d4dd. inp

1.50 2.00 3.00 4.00 5.00
1.50 2.00 3.00 4.00 5.00
1.50 2.00 3.00 4.00 5.00
1.50 2.00 3.00 4.00 5.00
1.50 2.00 3.00 4.00 5.00
1.50 2.00 3.00 4.00 5.00
1.50 2.00 3.00 4.00 5.00
1.50 2.00 3.00 4.00 5.00

98.50 98.00 97.00 96.00 85.00
98.50 98.00 97.00 96.00 95.00
98.50 98.00 97.00 96.00 95.00
98.50 98.00 97.00 96.00 95.00
98.50 98.00 97.00 96.00 95.00
98.50 98.00 97.00 96.00 95.00
98.50 98.00 97.00 96.00 95.00
98.50 98.00 97.00 96.00 95.00

ddd
0.2 0.2 0.2 0.2 0.2
0.3 0.3 0.3 0.3 0.3
0.4 0.4 0.4 0.4 0.4
0.5 0.5 0.5 0.5 0.5
0.6 0.6 0.6 0.6 0.6
0.7 0.7 0.7 0.7 0.7
0.8 0.8 0.8 0.8 0.8
0.9 0.9 0.9 0.9 0.9
end
Figure D1.B.1 PRISM input example
#csaslx
pwr fuel pin cell
44group latticecell

uo2 1 0.95 293 92235 u235 92238 u_238 end
zirc2 2 1 end

h2o 3 den=ddd 1 293 end

end comp

squarepitch 1.25 0.8 1 3 0.95 2 0.84 0 end
end

Figure D1.B.2 Generic template example for PRISM

D1.B.3
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D1.B.2 ARPLIB

ARPLIB is a utility program specifically designed to read a SAS2H/ORIGEN-S multiburnup binary
cross-section library and copy the cross-section data from only the desired burnup positions to create an ARP
basic cross-section library. The default behavior of ARPLIB is to read a 21-burnup SAS2H/ORIGEN-S
library and reduce it to a 10-burnup ARP basic cross-section library. The ten default burnup positions in the
libraryare 1,2, 3,4, 5, 6, 7, 12, 17, and 21 (see Table D1.A.1).

The input for ARPLIB is described in Table D1.B.2. The input format is free form. The use of the first
input parameter depends upon whether the user wants to select the ten default burnup positions from the
SAS2H/ORIGEN-S multiburnup library. If the default positions are desired, the first parameter is the total
number of multiburnup library files to be converted NUMLIBS). If the user wants to override the defaults,
the first input parameter should be any negative integer. If a negative integer is used, it should be followed by
the number of burnup positions in each SAS2H/ORIGEN-S multiburnup library (NL), flags for each burnup
position (IN(I), I=1, NL), and the total number of multiburnup libraries to be converted (NUMLIBS). The
final portion of the input file in all cases is the filename of each SAS2H/ORIGEN-S multiburnup library,
followed by the filename of the reduced ORIGEN-ARP basic cross-section library to be created from it.

The input to ARPLIB has been demonstrated previously in Fig. D1.A.8. An input example for saving
nondefault burnup positions is given in Fig. D1.B.3. Note that the first burnup position is always saved,
regardless of the input value for IN(1). The cross sections in the first burnup position are assumed to be the
fresh fuel cross sections.

NUREG/CR-0200,
Vol. 1, Rev. 6 D1.B4



Table D1.B.2 ARPLIB input description

Parameter - Description Comments
NUMLIBS Number of SAS2H/ORIGEN-S multi- NUMLIBS <O if number of burnups
burnup library files (>0) or flag to and/or burnup positions to keep
read following optional data (<0) differ from default®
NOTE: The following data are read only if NUMLIBS <0.
NL Number of burnup positions on each  Input if NUMLIBS <0
multiburnup library Default = 21.
IN Flag for each burnup positiontokeep  Input if NUMLIBS <0
or remove cross sections® NL entries required
= 0 Remove cross sections
> 0 Keep cross sections
NUMLIBS Number of SAS2H/ORIGEN-S multi- Input if NUMLIBS <0
burnup library files
NOTE: End of optional input for NUMLIBS <0.
NOTE: The following entries are entered in pairs NUMLIB times.
FILENAME  Input SAS2H/ORIGEN-S 80 characters maximum
multiburnup library filename
FILENAME2  Output ORIGEN-ARP basic 80 characters maximum

cross-section library filename

“Default is to keep cross sections from the following ten burnup positions of a 21-burnup cross-
section library: 1,2, 3,4, 5, 6.7, 12, 17, 21. The first burnup position (i.e., fresh fuel) is
always kept, regardless of user input.

=arplib
-1
21

111011011100101000001

4
bwr2.0_0.3.1ib
bwréxé6_2wt_3
bwr2.0_0.4.1ib
bwréx6_2wt_4 -
bwr2.0_0.7.1ib
bwréx6_2wt_7
bwr2.0_0.8.1ib
bwréx6_2wt_8
end

Figure D1.B.3 ARPLIB input example
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D1.B.3 XSECLIST

The XSECLIST program is intended to provide an interpreted listing of any ORIGEN-ARP or
SAS2H/ORIGEN-S multiburnup cross-section library. This utility program allows users to list the absorption
and/or fission cross sections of any or all nuclides in the library as a function of burnup. The absorption cross
sections are given for light elements, actinides, and fission products. At the present time there are 689 light-
element nuclides, 129 actinides, and 879 fission products, totaling 1697 nuclides. Some of the light-element
isotopes present may also appear as fission products; therefore, a few isotopes may be listed twice, but the
cross-section values for each listing may be different. Fission cross sections may be listed for any or all
actinides with nonzero values.

ORIGEN-S cross sections are normalized to thermal flux, rather than the more conventional method
of applying total flux. Either thermal flux or specific power may be input to irradiation cases.

The nuclide ID numbers used in library data have the form IZ*10000+1A*10+IS,

where

1Z = the atomic number;
IA = the atomic weight;
IS = 0, for ground state;
IS=1, for metastable state.

The XSECLIST input is described in Table D1.B.3. The input format is free form. The user specifies
the SAS2H/ORIGEN-S or ORIGEN-ARP multiburnup library filename, the number of burnup positions in
the library, and the burnup (GWd/MTU) corresponding to each burnup position. The user then indicates

whether the cross-section data listings are for absorption, fission, or both; and whether the listings are for all

nuclides or only certain specified ones.

An example input file for XSECLIST is shown in Fig. D1.B.4. This example contains two cases. The
first case lists both absorption and fission cross sections for *’Pu in the ORIGEN-ARP 5 wt % enriched PWR
14 x 14 basic cross-section library. The output listing for this case is displayed in Fig. D1.B.5. The second
case lists the fission cross sections for all nuclides in the ORIGEN-ARP 1.5 wt % enriched PWR 14 x 14 basic
cross-section library. The output from this case is not presented here because of its size.

NUREG/CR-0200,
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Table D1.B.3 XSECLIST input description

Line No. Parameter Description Comments
1 FILENAME SAS2H/ORIGEN-S or 30-character maximum
ORIGEN-ARP multiburnup
library filename
2 NL Number of burnup positions in
library
3¢ BURN Burnup (GWd/MTU) of each NL entries required
burnup position in library
4 CHARD Cross-section data to be printed  a = absorption
f = fission
b = both
5 CHARL List entire library (all nuclides) y=yes
n=no

NOTE: The following optional data are entered only if CHARL
=n

6 MT Number of nuclides for which
cross-section listings are desired

7° MTRD Nuclide IDs” MT entries required

“Input may be continued on subsequent lines as needed.
*Nuclide ID = Atomic No. * 10000 + Atomic wt * 10 + IS, where IS = 0 for ground state
and 1 for metastable state.
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=xseclist

s514x14

10

0.0 1.5 4.5 7.5 10.5 13.5 16.5 31.5
46.5 58.5

b

n

1

942400

end

=xseclist

s114x14

10

0.0 1.5 4.5 7.5 10.5 13.5 16.5 31.5
46.5 58.5

£

Y
end

Figure D1.B.4 XSECLIST input example
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x*xkx*xk ahgorption cross sections **x**x

light elements

------- end of light elements -~------

- actinides ---

material= 942400 (pu240 )

burnup
0.00000E+00
1.50000E+00
4.50000E+00
7 .50000E+00
1.05000E+01
1.35000E+01
1.65000E+01
3.1500Q0E+01
4.65000E+01
5.85000E+01

xsec
1.80359E+03
1.86136E+03
1.74640E+03
1.58809E+03
1.43944E+03
1.31221E+03
1.20584E+03
8.78435E+02
7.20012E+02
6.49990E+02

--------- end of actinides

_________ fission products

—————— end of fission products -------

*+x+** ond of absorption cross sections ***~*

**xxx*x* figgsjon cross sectiong *¥re**

material= 942400 (pu240 )

burnup
.00000E+00
.50000E+00
.50000E+00
.S50000E+00
.05000E+01
.35000E+01
1.65000E+01
3.15000E+01
4.65000E+01
5.85000E+01

[l S i o)

xsec
4.80163E+00
5.05037E+00
5.18527E+00
5.26234E+00
5.30021E+00
5.30902E+00
5.29514E+00
5.01853E+00
4.60936E+00
4.32095E+00

Figure D1.B.5 XSECLIST listing of **Pu data

*xxx* and of fission cross sections *****

D1.B.9
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ABSTRACT

The SAS1 control module was developed to provide an easy-to-use tool for a one-dimensional,
discrete-ordinates shielding analysis. Automated preparation of a working cross-section library is performed
using the BONAMI and NITAWL-II functional modules of SCALE. Cell-weighting of cross sections is
optionally allowed by a call to XSDRNPM in the SAS1X sequence. The one-dimensional radiation transport
calculation is also done using XSDRNPM. The XSDOSE functional module then uses the surface angular flux
from XSDRNPM to generate dose rates at points on, or some distance from, the shield surface.

Simplified, free-form input is used in SAS1. Default values are provided for all nonphysical
calculational parameters (e.g., angular quadrature, number of iterations, etc.) except the spatial mesh.
Radiation sources can be optionally read from an ORIGEN-S output file. In addition, the angular boundary
flux from a preliminary XSDRNPM criticality calculation, in the SAS1X sequence, can be optionally used as
the input source to the final XSDRNPM shielding calculation.

NUREG/CR-0200,
S1.iii Vol. 1, Rev. 6



CONTENTS

Page
ABST T RACT ..ttt ettt ittt esaseeeeaaneansssssneeeaaaacennaaanans S1.iii
LIST OF FIGURES . . i ittt it ittt ii it te et ennnnesessesecaasaaceaananaananns Sl.vii
LIST OF TABLES .ottt ittt ettt saaseessnneneseeeesnsseesasseneannnns Sl.ix
ACKNOWLEDGMENT S ..ottt ittt tiesttteeenenssesesseeaaeeacannaanasns Si.xi
S1.1 INTRODUCTION .t tiiitittttttentseeseeeseesosansnnnaaaaaceeeesasnnneas S1.1.1
S12 METHODS AND TECHNIQUES ......ciutiirieriiteiaiaiianniannneancnnns S1.2.1
S1.2.1 SOURCE SPECIFICATION ..ttt ittt ttiieereeeerennanaenaeannns S1.2.1
S$1.2.2 MESH INTERVAL SIZE SPECIFICATION . ...ttt iiaiennnannnns S1.2.2
S$1.2.3 COMBINED CRITICALITY AND SHIELDING CALCULATIONS .......... S1.2.3
S1.2.4 SPECIAL FEATURES AND PARAMETER DEFAULT VALUES ........... S1.24
S1.3 PROGRAM ELOW ittt ittt s iiteseeeeseaneaasaseeeanaseanenns S1.3.1
S14 INPUT DATADESCRIPTION ..ottt iiiiiiiii it iiteeeeeeaeasaaaaancncanas S1.4.1
S1.4.1 ANALYTICAL SPECIFICATION CARD ... ittt iii ittt e e eeaeaans St.4.1
S1.4.2 MATERIAL INFORMATION PROCESSORDATA . ........ ... ciiiut S1.4.11
S1.4.3 PROBLEM CONTROL CARD ...ttt ittt tiiiinennnaaaanss S1.4.11
S1.44 SHIELDING PROBLEM DAT A ... ittt ittt ieittaaacanannnne S1.4.11
S1.5 SAMPLE PROBLEMS .. . ittt it tteeesterssneesanceaenananenssns S1.5.1
S1.5.1 GENERAL DISCUSSION . ...ttt ittt iiataeennaacnonesnceasens S1.5.1
S1.5.2 DISCUSSION OF THE RADIALPROBLEMS ... ... it S1.54
S1.5.3 DISCUSSIONOFTHE I-D AXTALPROBLEMS . ... . iiiiieaeees S1.5.19

S$1.5.4 DISCUSSION OF THE COMBINED CRITICALITY/SHIELDING
PROBLEM .....ciiiiiiiiiiennnnnenns @t eeeaeeattasinanenannans S1.5.35
S1.55 ILLUSTRATION OF OUTPUT ... .ottt iie i et icenenasoannnnns S$1.5.37
S1.6 REFERENCES ...ttt it ittt i ieeasnneesaseeaaaaanoaaaaanans .. S1.6.1
NUREG/CR-0200,
Sl.v Vol. 1, Rev. 6



LIST OF FIGURES

Figure Page

S1.3.1 General SASIflowdiagram ............ciritiiiminiiii i ineneannennnn S1.3.2
S$1.5.1 Seven assembly, depleted uranium metal, spent fuel shipping cask described

by SAS1 sample problems .............. S S1.52

NUREG/CR-0200,

Si.vii Vol. 1, Rev. 6



S1.4.4

S1.4.5

S1.4.6

S1.4.7

S1.4.8

S1.5.1

S1.5.2

S1.5.3

S1.5.4

S1.5.5

S1.5.6

S1.5.7

S1.5.8

S1.5.9

S1.5.10

S1.5.11

LIST OF TABLES

Page
Outlineof datafor SASImodule ........ ... i iiiiiiiiiiiiiiiiiinaaa., S1.4.2
Material Information Processor data: standard composition specification ............ S1.4.3
Material Information Processor data: unit cell specification for LATTICECELL
0303 o] 5 1 T3 S1.4.5
" Material Information Processor data: geometry specification for MULTIREGION
) 001 03 [0 2 S14.6
Material Information Processor data: optional parameterdata ..................... S14.7
Input for shielding problemdata .......... P R R S1.4.9
Optional parameter input for the shielding problemdata ........................ S1.4.15
Special dose factor ID numbers availablein SCALE . .......................... S14.16
Effect of using various options in the solution of the radial SAS1 sample problem
under different cOnditions . ... ..ottt i i it e S1.53
Effect of using various options in the solution of the axial SAS1 sample problem
under different conditions . .............. ... . ... ettt it e S1.5.4
Annotated input forcases Land2 . ..... ... S1.5.5
Annotated input forcases3and4 ........... i i i i e S1.5.7
Annotated input for céses T e S1.59
Annotated input forcases 9-14 . ... ... i i i i i $1.5.13
Annotated input forcases 15-19 . ... ... .. i S$1.5.20
Annotated input forcases20and 21 ......... .. ...l S1.5.27
Annotated input forcases 22-25 ... ... ... i i e e $1.5.30
Annotated iInput forcase 26 ... ... .. i i i i e e e, S1.5.36
SAS1X output for cases 3and4 with PARM=CHK ............... .. ... ... ... S1.5.38
: : NUREG/CR-0200,
SiLix Vol. 1, Rev. 6



LIST OF TABLES (continued)

Table

S1.5.12 SAS1 output for cases 9-14 with PARM=CHK ......................cc.......

NUREG/CR-0200,
Vol. 1, Rev. 6 S1x



ACKNOWLEDGMENTS

The authors acknowledge the early support of R. T. Primm of Oak Ridge National Laboratory who
provided the funding for the first in-house working version of SAS1. The work was enhanced and documented
with funds from the current Spent Fuel Project Office of the U.S. Nuclear Regulatory Commission.
R. H. Odegaarden (now retired) acted as the NRC technical monitor. The contributions of the reviewers,
M. C. Brady (formerly of Oak Ridge National Laboratory) and B. L. Broadhead, are appreciated. Finally, the
authors express their thanks to Lindy Norris and Willena Carter who prepared the drafts and final manuscript.

NUREG/CR-0200,
Si.xi Vol. 1, Rev. 6



S1.1 INTRODUCTION

Shielding Analysis Sequence No. 1 (SAS1) is a SCALE control module developed for problem-
dependent cross-section preparation and subsequent one-dimensional (1-D) shielding calculations. The control
module has two analytic sequences—SAS1 and SAS1X. Input for the module is designed to be simple and
direct. The SCALE free-form reading routines (see Sect. M3) are used for data input.

The SAS1 module basically consists of three major steps: (1) preparation of the cross sections and
mixing table used for the shielding calculation, (2) execution of a 1-D radiation transport analysis, and
(3) calculation of dose rates outside the defined shield. The first step is accomplished using the Material
Information Processor, which is described in Sect. M7. This processor uses the standard input data for the
cross-section library, material compositions, and problem geometry (see Sect. M7.4) to generate input data
automatically for calls to the BONAMI and NITAWL-II modules of SCALE. BONAMI performs resonance
self-shielding calculations for materials having Bondarenko data (see Sects. F1, M7.2.5.1, and M7.A), while
NITAWL-II applies the Nordheim resonance self-shielding correction to materials having resonance parameters
(see Sects. F2, M7.2.5.2, M7.2.5.3, and M7.A). The radiation transport analysis of the second step is
performed via a call to the XSDRNPM module of SCALE (see Sect. F3). This module performs the 1-D fixed
source calculation that provides the neutron and/or gamma fluxes used to determine the dose rates. It also
calculates the dose rates inside the system. The last step of the SAS1 sequence is a call to the XSDOSE
module of SCALE (see Sect. F4) that calculates the dose rate for selected points outside the system (or at the
surface) using XSDRNPM fluxes and standard flux-to-dose conversion factors available in SCALE.

The SAS1X sequence follows the steps of the SAS1 sequence except that an additional call is made
to the XSDRNPM module to prepare cell-weighted cross sections or perform a simple criticality analysis to
obtain a boundary source for the final XSDRNPM shielding analysis. The SAS1X sequence can prepare cell-
weighted cross sections for one problem region where a homogeneous representation of a heterogeneous
configuration is needed (see Sect. M7.5.12). The boundary source option was added to allow an easy means
to evaluate the dose from a postulated criticality accident as a function of shield design or detector location.
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S1.2 METHODS AND TECHNIQUES

The SAS1 module was designed to enable general 1-D shielding analyses to be performed without
requiring the user to be experienced in the use of such functional modules as NITAWL-II, BONAMI,
XSDRNPM, or XSDOSE. The modeling approximations and validity, along with the solution techniques
associated with each of these functional modules, is described in detail in other sections of the SCALE manual,
viz. Sects. M7 and F1-F4. Likewise, the Material Information Processor (which uses engineering-type input
data for problem mixtures, geometry, and boundary conditions to prepare much of the functional module input
automatically) is described in detail in Sect. M7. This section highlights various methods, techniques, or
features incorporated into SAS1 for ease of use and/or flexibility.

S$1.2.1 SOURCE SPECIFICATION

The SAS1 control module allows source spectra to be input (1) as part of the user input file, (2) from
an ORIGEN-S binary output file (see Sect. F7), or (3) from an XSDRNPM boundary flux distribution
calculated within SAS1X. The last option was added to allow multiple shielding analyses to be performed
using the leakage spectrum from an XSDRNPM MULTIREGION criticality calculation as a boundary source.
This option is discussed in more detail in Sect. S1.2.4. The second option was added to allow easy input of the
neutron and gamma source spectra calculated by ORIGEN-S for spent fuel assemblies and/or other radiation
sources. Neutron, gamma, or coupled neutron-gamma libraries and sources may be used. (Note: The
ORIGEN-S source spectra must have the same energy group structure as the cross-section library used in
SAS1.) Depending on the cross-section library type (neutron only, gamma only, or coupled) used in the
calculation, SAS1 will employ the appropriate portion of the coupled source located on the ORIGEN-S output
file. Source spectra from the user input file or the ORIGEN-S output file can be specified for more than one
zone. For applications involving spent nuclear fuel, the SAS2H module (see Sect. S2) within SCALE could
be used to simulate the fuel depletion and generate the fuel source spectra. Saving the output from unit 71 of
a SAS2H case provides the ORIGEN-S output file containing the source spectra (see Sect. S2.5.6).

The shielding module of the SAS1 sequence—XSDRNPM—requires the source spectra normalized
on a per unit volume basis. For spectra from ORIGEN-S output files, the SAS1 module assumes a source
spectra normalized on a per assembly basis [standard from a SAS2H case] and uses the following formula to
modify the source spectra to a per unit volume basis:

S;- NASS
5, = ——
! ZVOL
where
S; = source strength for energy group i per unit volume
S, = source strength for energy group i per assembly from ORIGEN-S output file
NASS =SASI input parameter (integer) indicating the number of assemblies in the source

zone
ZVOL =SASI input parameter indicating the volume of the actual source zone.

Ifan assembly fraction is required {as may be for consolidated fuel), the ZVOL parameter can be adjusted since
NASS must be an integer.
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For stand-alone ORIGEN-S cases, the units for the source spectra on the ORIGEN-S output file
depend on the BASIS provided in data block 6 of the ORIGEN-S input (see Sect. F7.6.10). The "basis" or
units for the source spectra on the file can be obtained from the printout of the corresponding ORIGEN-S case.
Knowing the units for the source, the SAS1 user can convert the source units to the per unit volume basis by
using appropriate input values for the ZVOL and NASS parameters. SAS1 always uses the above formula
to convert the ORIGEN-S file source to the properly normalized source for use in SAS1.

Source spectra input in the user input file are renormalized to the input source strength per unit
volume. For flexibility, variables to specify the total unit volume neutron source strength (XNN) and total unit
volume photon source strength (XNG) are provided in SAS1.

Boundary source spectra input from the XSDRNPM criticality calculation in SAS1X require no
normalization.

S1.2.2 MESH INTERVAL SIZE SPECIFICATION

For each zone entered in the SAS1 input, the user is required to input the number of equal-size mesh
intervals desired for that zone. This method of specifying the mesh was selected because it is easy to input
while still providing the user with control of the mesh size from zone to zone. The completely automatic mesh
generator developed for the SAS2H control module (see Sect. $2.2.9) is adequate for the specific class of
problems for which it was designed, but unsatisfactory mesh intervals can be generated when it is applied to
other classes of problems. Because SAS1 was developed for solving general 1-D shielding problems, the
currently available automatic mesh generator was not used. Therefore, the SAS1 user must exercise some
judgment in specifying the number of zone mesh intervals, or unsatisfactory results could be obtained.

Ideally, the mesh spacing in a material should be no more than the shortest mean free path obtained
by comparing neutron and gamma cross sections for all energy groups. This procedure has the potential to
generate a very fine, but perhaps costly and unneeded, mesh spacing. For example, in heavy metal shields
where the mean free path for low-energy gammas is very short, these criteria can be loosened. Trial and error,
or a lot of a priori experience, is necessary to obtain a sufficiently adequate and efficient mesh size for a
problem. The final criterion by which to judge the input mesh is the flux profile. A smoothly varying flux
profile is desired. However, some general suggestions can be provided for the novice user seeking a point of
reference from which to start a calculation:

1. In a gamma radiation field, the mesh size for a heavy-metal shield should range from about
0.3 (uranium) to 0.7 cm (iron). If no gammas are present, the mesh size can be increased to about
1.0cm

2. In a neutron radiation field, typical neutron moderators should have a mesh size of 0.8 to 1.0 cm. For
some materials such as carbon, the mesh size can be increased to about 2.0 cm.

3. A typical mesh spacing for light elements is 1.0 cm.

4. For gases and voids, the mesh spacing can be rather large, 3 to 5 cm.

5. Radical changes in the mesh size from one zone to the next can be detrimental, particularly because

greater flux gradients typically occur at material interfaces. If necessary, the SAS1 user can provide
extra zones with intermediate mesh spacings on either side of a material interface to provide for
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better transition from one material mesh size to another. (Note: Radical mesh size changes within the
same material can also cause large undesirable flux changes between the mesh intervals.)

The previous suggestions provide a minimum of guidance to the inexperienced user, but all users are
duly cautioned that only after the calculation is complete can the results be analyzed and the mesh judged
adequate. The appropriate check is the groupwise scalar fluxes (in XSDRNPM output). These should not
undergo significant changes (>50%) from one interval to the next. Again, exceptions occur because the low-
energy fluxes may be allowed to change radically from interval to interval without affecting the validity of the
final doses. Thus, when there is uncertainty in the user’s mind, the safest and best approach is to repeat the
calculation with a finer mesh until successive calculations show little or no change in the desired dose results.

$1.2.3 COMBINED CRITICALITY AND SHIELDING CALCULATIONS

After the original SAS1 module was developed and tested, an enhancement was added that allows the
user to take the leakage spectrum from an XSDRNPM criticality calculation and input it as a boundary source
to subsequent shielding calculations. This option can be valuable in assessing the effectiveness of criticality
accident alarms at various locations when shielded by different materials. The modifications were made using
existing input variables such that there is no impact on the input for previous SAS1 and SAS1X calculations.

The SAS1X procedure executes BONAMI, NITAWL-II, and XSDRNPM to process cross sections
for subsequent shielding calculations by XSDRNPM. Although the first XSDRNPM calculation called by
SAS1X was originally intended to produce cell-weighted cross sections, the analysis can also be used to
provide the value and the leakage spectrum for the 1-D geometry input with the MULTIREGION treatment
(see Sect. M7.2.4.3). When properly specified, the SAS1X sequence reads the angular flux file written by the
first XSDRNPM criticality calculation and prepares a boundary source for input to subsequent XSDRNPM
shielding calculations. This boundary source is input to the boundary of the first zone of the shielding problem.
This first zone must be designated as a void region, and its boundary dimension must be identical to the outer
boundary of the XSDRNPM criticality calculation.

Error checking for consistent input is performed to ensure that the input for this SAS1X option is
accurate. The following checks are performed:

1. The geometry option input to the Material Information Processor must be MULTIREGION.

2. The zone designated for the boundary flux input must be a void region and must be the first zone of
the shielding analysis.

3. The boundary dimension of the zone designated for the boundary flux input must be identical to the
outer boundary dimension of the XSDRNPM criticality calculation.

4, The number of intervals in the zone designated for the boundary flux input must equal one.

5. The angular quadrature (ISN) for the XSDRNPM criticality and shielding calculations must be
identical.

No mixture that is used in the XSDRNPM criticality calculations may be used in the XSDRNPM shielding
calculation. -
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In order to obtain a calculation of activities from XSDRNPM with SAS1X, the user must input a trace
amount of the ACTIVITIES dummy nuclide from the Standard Composition Library in one of the mixtures
in the XSDRNPM shielding calculation. This is not necessary when using the SAS1 sequence because the
sequence automatically places the ACTIVITIES dummy nuclide on the cross-section library. However, in
the SAS1X sequence the XSDRNPM criticality calculation generates a second cross-section library with
the cell-weighted cross sections that are used in the XSDRNPM shielding calculation. This library does not
contain the ACTIVITIES nuclide; thus it must be input by the user.

The dose results from SAS1X are given in rem/hour normalized to a fission source rate of 1 fission
neutron born/second. In order to normalize the dose to total fissions, the following calculation should be
performed:

Dose (rem) = total fissions*dose rate( rem/h ) * 1 neutron/s . 1h

neutrons/s fission rate (fissions/s) 3600 s

The dose rate is taken from the XSDOSE output, and the fission rate is taken from the XSDRNPM criticality
case output. Dose rates from the optional XSDRNPM calculation of activities can be interpreted in the same
manner.

In order to normalize the dose rate to power, the following calculation should be performed:

Dose rate (rem/h) = dose rate (ﬂ—] * power (watts) *

neutrons/s

, 1 neutron/s . 1
fission rate(fissons/s)

energy per ﬁssion( watt-s]

fission

where energy per fission is typically on the order of 3 x 10" watt-s/fission. Caution should be exercised in
using the equations presented above if dose factors other than the default ANSI standard are used. The units
of measure for other dose factors may differ, requiring modifications to the above equations.

S1.2.4 SPECIAL FEATURES AND PARAMETER DEFAULT VALUES

The SAS1 control module has been developed to enable several different shielding calculations to be
run using the same cross-section working library. This is done by separating data for the cross-section
processing and data for the shielding analysis by a Problem Control Card. If the Problem Control Card in the
input data is left blank, additional shielding problems following the current problem will be solved using the
same cross-section set and mixing table. If this card contains the keyword LAST, the program terminates on
completion of the current problem. Generation of the cross-section working library can also be skipped (i.e.,
calls to BONAMI, NITAWL-II, XSDRNPM for cell-weighting are bypassed) by saving the working library
from a previous SAS1 case (output from NITAWL-II to the file in unit 4) and using the PARM=RESTART
option on the module specification card (see Sect. S1.4). For the restart case, the working library is read from
the file in unit 4, and the Material Information Processor portion of the data (see Sect. S1.4) must be the same
as that used in preparation of the working library (to ensure a valid mixing table is generated). Generation of
a working library without execution of the shielding analysis can also be done by using the PARM=HALT
option on the module specification card. These features for using the same working library with multiple
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shielding calculations are very beneficial for design analyses when only the geometry or source specification
differs between problems. To use the PARM=HALT and PARM=RESTART options with the SAS1X
sequence, the working library output by XSDRNPM to the file in unit 3 must be saved. If the XSDRNPM
boundary flux from the criticality calculation is to be used as a source in the shielding calculation, the file in
unit 94 (containing the angular boundary fluxes) must also be saved.

Another attractive feature of the SAS1 module is the optional COLLAPSE parameter. This keyword
parameter is available as an option in the MORE DATA section of data for the Material Information
Processor. Engaging the COLLAPSE parameter causes the thermal neutron groups available on the cross-
section set to be collapsed to one group. The collapse is done using a typical thermal reactor flux spectrum
(Maxwellian to 1/E to fission). The sources read from an ORIGEN-S file are also collapsed to remove multiple
thermal neutron groups. However, sources input in the user input file are assumed to be collapsed by the
user prior to input. In shielding problems where the neutron thermal group structure is not needed, the
COLLAPSE option can significantly enhance the calculational efficiency with little or no impact on the final
dose rates. In particular, this option is aimed at the 27-group neutron and 27n-18y group libraries available
in SCALE that contain 13 thermal neutron groups. As shown in the sample problems (Sect. S1.5), the
COLLAPSE option can prove very beneficial in reducing CPU time without affecting results.

Default values are provided in SAS1 for parameters commonly used in XSDRNPM (for shielding
analysis) and XSDOSE. Parameters for which default values are provided, but that can be easily modified,
are shown in Table S1.4.7.* The default values were selected for a variety of reasons. An angular quadrature
order (ISN) of 16 was chosen for use in XSDRNPM because it generally provides enough scattering angles
for the typical 1-D shielding problem. An angular quadrature of 8 is often adequate, but ISN = 16 is a more
prudent choice for thick shields. The outer iteration limit (ICM) of 4 was selected based on experience with
evaluating doses from spent fuel shipping casks using the SCALE 27n-18y group library. Cases run without
the COLLAPSE option typically took more than four outer iterations to converge (because of the large amount
of thermal upscatter), but the dose results were only slightly affected.

Default dose factor identifiers (IDs) and detector locations for use by XSDOSE are also provided in
SAS1. The default dose factors are the ANSI standard neutron and gamma flux-to-dose-rate factors.! The
default detector locations are at 0, 1, 2, and 4 m from the outer shield surface. In addition to the dose rates
available from the XSDOSE output of SAS1, the dose rates internal to the shield are always provided in the
activity tables at the end of the XSDRNPM output. Activity No. 1 is the neutron dose (rem/h) based on the
ANSI neutron dose conversion factors, while Activity No. 2 is the gamma dose (remvh) based on the ANSI
gamma dose conversion factors. A calculation of activities for the same dose factor identifiers may also be
obtained from XSDRNPM by specifying a trace amount of the ACTIVITIES dummy nuclide from the
Standard Composition Library in one of the mixtures in the shielding analysis. If optional dose factors are
specified in the input, the activities provided by XSDRNPM will use those specified.

*Note that the optional parameter data in the Material Information Processor input (see Table S1.4.5) does
not affect the XSDRNPM case run for the shielding analysis.
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S1.3 PROGRAM FLOW

The general flow of the SAS1 control module is given in this section along with a brief description of
the subroutines. An abbreviated flowchart for the SAS1 sequence is shown in Fig. $1.3.1. In the figure, the
SCALE driver is represented as the large rectangular block at the left, functional modules are represented by
hexagons, major program segments are contained in rectangularized ovals, and subroutines are denoted by
boxes. The SCALE driver (described in Sect. M1) initiates the correct sequence based on the module name
read from the first card (module specification card) in the user input data file. Subroutine SAS1 or subroutine
SAS1X is then accessed by the driver. Data are transferred from the SAS1 module to the functional modules
and between functional modules by sequential binary data files.

As noted in previous sections, the functional modules accessed in SAS1 are described in detail in
Sects. F1-F4 of the SCALE Manual. Likewise, the Material Information Processor is described in Sect. M7.
In fact, all documentation pertaining to the Material Information Processor is valid here. Thus, only the
initiating subroutine C4DATA is described in the following subroutine descriptions. All subroutines in the
Shielding Data Processor program segment are briefly described.

SAS1 - This subroutine initiates an analytic sequence to perform cross-section processing without
cell-weighting, solve one or more 1-D radiation transport problems by discrete ordinates
calculations, and generate the radiation doses at points in, or outside of, the problem
boundary. It sets information in COMMON to communicate with the SCALE driver. It sets
the sequence indicator and loads it in COMMON. MAIN is called to activate the data
reading and checking procedure, and to provide information to the SCALE driver so that the
desired functional modules will be executed in the proper order.

SAS1X - This subroutine is identical to subroutine SAS1 except the sequence initiated performs an
eigenvalue calculation using the XSDRNPM module. Cell-weighted cross sections or the
leakage spectrum from this XSDRNPM analysis are used in the subsequent shielding

calculation.

MAIN - This routine is called from subroutines SAS1 or SAS1X and opens the appropriate
input/output units based on the sequence to be run. Subroutine IONUMS is called to define
the input/output units used by the free-form data routines. On the first call to MAIN, data
preparation is initiated, and module execution flags are set for processing the cross-section
data. Flags are set to signal the SCALE driver to execute BONAMI and NITAWL-II. If
called from SAS1X, execution of XSDRNPM is also flagged. MAIN uses the subroutine
library routine ALOCAT to call CADATA and initiate the Material Information Processor
(see Sect. M7.3 for more details). These program segments are accessed to read and check
the control module input data and prepare input data for the functional modules. After
completion of cross-section processing, the driver returns control to MAIN (via the SAS1 or
SAS1X subroutines). Flags are set to direct the SCALE driver to execute XSDRNPM and
XSDOSE for the shielding and dose analysis. DATIN is called via ALOCAT to initiate the
program segment entitled Shielding Data Processor. This program segment reads data input
to the control module and prepares the input data for execution of the functional modules.
If the program control card is set to LAST, a flag is set to terminate the control module
following execution of XSDOSE. If there are other cases to follow, the program control card

NUREG/CR-0200,
S1.3.1 Vol. 1, Rev. 6



CRNL-OWG: 95- 3008

SCALE
DRIVER

MATERIAL
INFORMATION
PROCESSOR

e

- !
MAIN ) ALOCAT
el

YES

SHIELDING
DATA
PROCESSOR

MAIN

ALOCAT

11
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is blank, and the SCALE driver is instructed to return to MAIN following the execution of
XSDOSE in order to repeat the shielding analysis portion of the sequence with another set
of data.

This routine is part of the SCALE subroutine library (Sect. M2). It is used to dynamically
allocate an array and pass it, along with its dimension, to another subroutine supplied as an
argument. It is used in SAS1 to call C4DATA and DATIN.

This is the subroutine through which the Material Information Processor is activated. It
opens the units that will be used to pass data to the functional modules (96 for BONAMI,
97 for NITAWL-II, and 98 for XSDRNPM). Throughout the subroutine, pointers are
defined for various types of data, and the STOP subroutine library routine is called to write
a message if the data arrays require more storage than is available. All other subroutines
called by C4DATA carry out operations to prepare and check data that will be used by the
functional modules activated by the sequence. A description of the other subroutines in the
Material Information Processor is provided in Sect. M7.3. A list of warning and error
messages issued by the Material Information Processor is provided in Sect. M7.7.

This subroutine is called from MAIN via ALOCAT to initiate the program segment
designated the Shielding Data Processor. It calls all the subroutines used for data input and
data processing needed to prepare the XSDRNPM and XSDOSE input data files.

Subroutines SCANON, SCANOF, IREAD, FREAD, and AREAD are a part of the SCALE
subroutine library and are called at various places throughout the program to control the
reading of free-form data. SCANON and SCANOF turn on and off the scan-ahead feature
that checks to see if the next item in the input is an END. IREAD, FREAD, and AREAD
read input as integer, floating-point decimal, or alphanumeric data, respectively. See Sects.
M2 and M3 for more detailed descriptions of these library routines.

This subroutine is called twice from DATIN. On the first call the ICE binary input file
(written by the Material Information Processor) is read to obtain the dimensions of the mixing
table. The second call reads the mixing table data from the ICE input file.

This subroutine is called by DATIN to read the problem title, coordinate system
specification, and the left boundary condition needed for slab and disc geometries. Library
routines SCANON, SCANOF, and AREAD are called.

This subroutine reads the zone description data and transfers it to a scratch data set. It
counts the number of various types of entries for use in dimensioning the appropriate data
storage arrays. Library routines SCANON, SCANOF, AREAD, IREAD, and FREAD are
called.

This subroutine reads the XSDRNPM angular flux file to obtain the boundary flux from the
XSDRNPM criticality analysis input to the shielding analysis.
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This subroutine reads the scratch data set written by RDZON and loads the zone data into
the appropriate arrays.

This subroutine is called from DATIN to read the input source spectra from an ORIGEN-S
binary output data set and/or from the user input file. Library routine FREAD is called.

This subroutine is called from DATIN to read optional parameter values that override the
default values. Library routines AREAD, FREAD, and IREAD are called.

This subroutine reads the dimensions needed by XSDOSE and sets the array sizes for the rest
of the XSDOSE data arrays. Library routine FREAD is called.

This subroutine is called by DATIN to read the remainder of the data used by XSDOSE. 1t
sets the default values of dose factor IDs and detector locations when the default values are
used. Library routines FREAD, SCANON, and SCANOF are called.

This subroutine modifies the mixing table to make homogenized mixtures of source zone

material with other input mixtures as required by the module data input. It is called from
DATIN.

This subroutine normalizes the input source spectra to the correct values for each source
zone. Normalization of both ORIGEN-S and user input file source spectra are done.
SNORM is called by DATIN.

This subroutine is called by DATIN to prepare the input data required by the functional
module XSDRNPM. The data are written, in binary, on the appropriate units for use in the
subsequent XSDRINPM execution by the SCALE driver.

This subroutine is called by DATIN to prepare the input data required by the functional
module XSDOSE. The data are written, in binary, on the appropriate unit for use in the
subsequent XSDOSE execution by the SCALE driver.

In addition to the subroutines described above, the SAS1 module makes use of several of the
subroutines described in the SCALE subroutine library (Sect. M2).
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S1.4 INPUT DATA DESCRIPTION

The input to SAS1 consists of an Analytical Sequence Specification Card, the Material Information
Processor data, a problem control card, and the shielding problem data. An outline of the SAS1 input is
provided in Tables S1.4.1-S1.4.6. The data for each segment are entered using the SCALE free-form reading
routines described in detail in Sect. M3. A review of the free-form input features is provided below, followed
by the input requirements for each segment of data.

The word "END" is a special data item. An "END" may have a name or label associated with it. The

" pame or label associated with an "END" is separated from the "END" by a single blank and is a maximum of

12 characters long At least 2 blanks M UST follow every labeled and unlabeled "END "It is th user s

S1.4.1 ANALYTICAL SPECIFICATION CARD

The analytical sequence specification =SAS1 or =SAS1X (“#” can also be used in place of “=") should
begin in column 1. The SAS1X sequence prepares cell-weighted cross sections (by XSDRNPM) for use as
a homogenized mixture in the subsequent XSDRNPM shielding calculations. Input data for the sequence can
be checked, or portions of the sequence execution can be skipped, by entering various keyword options
beginning in column 11.

PARM=CHECK This option causes the input data to be read and checked without execution
PARM=CHK of any functional modules. Appropriate error messages are printed.

PARM=SIZE=nnnnnn The region size for a problem can be specified by the user by entering
PARM=SIZE=nnnnnn starting after column 10 of the analytical sequence
specification. The region size, nnnnnn, is specified in words. The default size

is 200000.

PARM=HALT This option causes the sequence to halt after generation of the cross-section
library. The Shielding Problem Data input is read and checked even though the
shielding modules are not executed.

PARM=RESTART This option allows a mixing table to be generated with the input material

information data but allows the cross-section preparation modules to be skipped
and, instead, uses an existing working library (consistent with the material
information data) read on unit 4 and the boundary flux file on unit 94 (if
XSDRNPM boundary source is input).

The PARM=HALT and PARM=RESTART options can be cost-effective when many shielding analyses are
to be performed with a single cross-section library over a period of time.
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Table S1.4.1 OQutline of data for SAS1 module

Data
position Type of data Data entry Comments
1 Sequence specification =SAS1 or Begin in column 1. PARM=CHK beginning in column
=SAS1X 11 checks the input for errors, while PARM=HALT and
PARM=RESTART, respectively, stop and restart the
sequence after completion of the Material Information
Processor
2 Title Enter a title 80 characters (prints 72 characters in XSDRNPM)
3 Cross-section 27N-18COUPLE These are the commonly used cross-section libraries
library name 22N-18COUPLE available in SCALE for shielding analyses. See Sect. M4
18GROUPGAMMA
27BURNUPLIB
4 Type of calculation INFHOMMEDIUM These are the available options. See the explanation in
LATTICECELL Sect. M7.4.3. Note the LATTICECELL specification
MULTIREGION is normally applicable only for the SAS1X sequence where
cell-weighted cross sections are desired
5 Standard composition Enter the Terminate this data block with END COMP. See
specification appropriate Table S1.4.2. Section C4.4.4 provides a detailed
data data explanation.
6 Cell geometry Enter the Omit for INFHOMMEDIUM.
specification appropriate See Table S1.4.3 for LATTICECELL.
data (Omit for See Table S1.4.4 for MULTIREGION.
INFHOMMEDIUM) Detailed explanations are provided in Sects. M7.4.6 and
M74.7
7 Optional parameter Enter the desired Precede this data block by MORE DATA if more
data data parameter data are to be entered. Otherwise, omit
these data entirely. See Table S1.4.5 for parameter
description. See Sect. M7.4.8 for more information
8 Terminate END Must begin in column 1. Except for END COMP,
information this is the only END keyword in the Material Information
processor data Processor data that should start in column one
9 Problem Blank or Keyword LAST (begin column one) indicates the
control card LAST subsequent shielding problem data is the last to be entered.
A blank record indicates another problem control
card/shielding problem data combination is expected
10 Shielding Enter appropriate See Table S1.4.6
problem data data
11 Terminate END Must begin in column 1. Repeat entries 9, 10, and 11 for
analytic sequence 11 for additional shielding problems
NUREG/CR-0200,
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Table $1.4.2 Material Information Processor data: standard composition specification”

S Entry  Variable Entry
- number name Type of data requirement Comments

1 SC Standard composition Always Enter once for each standard composition. Enter the

component name alphanumeric description from Table M8.2.1. Additional
allowed names include those beginning with ARBM for
arbitrary materials, and SOLN for solutions

Al ROTH  Theoretical density ARBM Enter once for each standard composition component
of material (g/cc) that is an arbitrary material

A2 NEL Number of elements ARBM Enter once for each standard composition component
in the material that is an arbitrary material

A3 VIS No longer used but ARBM Enter once for each standard composition component
must still be entered that is an arbitrary material. Enter O or 1.

A4 ICP Compound indicator ARBM Enter once for each standard composition component that is
an arbitrary material. Enter 1 for a compound and 0 for
alloys, mixtures, etc.

AS IRS No longer used but ARBM Enter once for each standard composition component that

must still be entered is an arbitrary material. Enter O or 1.

A6 NCZA  ID number (from far ARBM Repeat the sequences A6 and A7 for each element
right column of Table in the arbitrary material before entering entry
M8.2.1) number 2. Enter the number from the far right column of

Table M8.2.1. (Premixed standard compositions cannot be
— used in an arbitrary material definition.)

A7 ATPM  Number of atoms of ARBM Repeat the sequence A6 and A7 for each element
this element per and in the arbitrary material before entering entry 2. Do not
molecule of arbitrary ICP=1 enter a value unless ICP=1
material
or or or
Weight percent of this ARBM Repeat the sequence A6 and A7 for each element
element in this and in the arbitrary material before entering entry number
arbitrary material ICP=0 2. Do not enter a value unless ICP=0

2 MX Mixture ID number Always Enter once for each standard composition component
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Table S1.4.2 (continued)

Entry  Variable Entry
number name Type of data requirement Comments
S1 FD Fuel density (grams of U SOLN Enter once for a solution
or Pu per liter of solution) .
S2 AML Acid molarity of the SOLN Enter once for a solution. AML=0 if there is no acid
solution in the solution
01 SPGR  Specific gravity of the Optional If the specific gravity (SPGR) of the solution is known,
solution it should be entered as SPG=SPGR
or . or or
ROTH  Density of the basic If the density of a basic standard composition (ROTH)
standard composition is to be entered, use DEN=ROTH
3 VF Density multiplier See Enter the density multiplier (density fraction, volume
: comment fraction, or a combination). Default value is 1. This
column item can be omitted if entries 4, 5, 6a, and 6b are also
omitted. VF=0 is not allowed for SOLN or ARBM
4 ADEN  Number density (atoms/b- VF=0 Enter only if VF=0.0
cm) for the nuclide
5 TEMP  Temperature, in degrees K See Default value is 293 K. This entry can be omitted
comment if entries 6a and 6b are also omitted
column
6a IZA Isotope’s ZA number VF=#0 Enter for each isotope in the standard composition
component. Omit if VF=(. Entries 6a and 6b are entered in
pairs until each isotope in the component is defined
6b WTP Weight percent of the VF=0 Enter for each isotope in the standard composition
isotope component. Omit if VF=0.0. Entries 6a and 6b are entered
in pairs until each isotope in the component is defined
7* END Terminate a standard Always Enter once for each standard composition component.
composition This terminates the data for a standard composition
component. Enter END to terminate the component. Repeat
entries 1 through 7 until all the mixtures have been defined.
At least two blanks must separate entry 7 from the next entry
END Terminate the data block Terminus Enter once for a problem. Enter the words END
COMP COMP when all the standard composition components have

been described. At least two blanks must follow the keyword
END COMP

9See Sect. M7.4.4 for detailed description of each input variable.
’NOTE: Entry 7 should not begin in column 1 unless a name is associated with it. At least two blanks should separate the last
entry 7 from the keyword END COMP.
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Table S1.4.3 Material Information Processor data:
unit cell specification for LATTICECELL problems®

Entry  Variable Entry
pumber name Type of data requirement Data entry Comments
1 CTP Type of lattice Always Describes the type of lattice or array
configuration
SQUAREPITCH Use for cylindrical rods in a square pitch
ASQUAREPITCH Use for annular cylindrical rods in a square pitch
ASQP Use for annular cylindrical rods in a square pitch
TRIANGPITCH Use for cylindrical rods in a triangular pitch
ATRIANGPITCH Use for annular cylindrical rods in a triangular pitch
ATRP Use for annular cylindrical rods in a triangular pitch
SPHSQUAREP Use for spherical pellets in a cubic lattice
ASPHSQUAREP Use for annular spherical pellets in a cubic lattice
ASSP Use for annular spherical pellets in a cubic lattice
SPHTRIANGP Use for spherical pellets in a bicentered or face-centered hexagonal close-
packed lattice
ASPHTRIAGP Use for spherical pellets in a bicentered or face-centered hexagonal close-
packed lattice
ASTP Use for spherical pellets in a bicentered or face-centered hexagonal close-
packed lattice
SYMMSLABCELL  Use for a symmetric array of slabs
ASYMSLABCELL  Use for a periodic but asymmetric array of slabs
2 PITCH Array pitch Always Appropriate The center-tocenter spacing (cm) between fuel lumps. For
(cm)dimensionasymmetric slab cell, enter the distance from the center of
one moderator to the center of the other moderator (cm)
3 FUELOD  Outside dimension Always Appropriate Outside diameter of fuel (cm), or the thickness of the fuel in a slab
of fuel (cm) dimension
4 MFUEL Fuel mixture number ~ Always Mixture number Mixture number representing the fuel
5 MMOD Moderator mixtire Always Mixture number Mixture number representing the moderator
number
6 MMOD2 2nd moderator Annular Mixture number Mixture number representing the second moderator
mixture number cell
7 TKMOD2  2nd moderator ASYMSLABCELL Thickness Thickness of the second moderatoe (cm) for ASYMSLABCELL
thicl .
or or or or
2nd moderator annular cell Diameter Diameter of inner moderator (cm) for otber annular cells
diameter (cm)
8 CLADOD  Outside diameter If clad Clad OD OMIT IF NO CLAD. For a slab, CLADOD is the sum of thickness
of clad (cm) of the fuel, gap, and clad
9 MCLAD Clad mixture sumber  If clad Mixture number OMIT IF NO CLAD. Mixture number representing the clad
10 CLADID Inside diameter of If gap Clad ID OMIT IF NO GAP between the fuel and clad
clad (cm)
li MGAP Gap mixture nunber  If gap Mixture number OMIT IF NO GAP between the fuel and clad. A mixture number of zero is
often used
12 END Terminate Always END Terminate the LATTICECELL input data by entering the word
LATTICECELL data END. Do not start in column 1. At least two blanks must
follow entry 12
*See Sect. M7.4.6 for detailed description of each input variable.
NUREG/CR-0200,
S1.4.5 Vol. 1, Rev. 6



Table S1.4.4 Material Information Processor data: geometry specification for MULTIREGION problems®

Entry Variable Entry
pumber name Type of data requirement Data entry Comments
1 Ccs Type of geometry Always Describes the type of pecometry. The options are listed below
SLAB Use for slab geometry
CYLINDRICAL Use for cylindrical geometry
SPHERICAL Use for spherical geometry
BUCKLEDSLAB Use for slab geometry with a buckling correction for the two
transverse directions
BUCKLEDCYL Use for cytindrical geometry with a buckling corection in the axial
direction
2 BR Right/outside Required for VACUUM This provides a nonreturn condition at the boundary.
boundary BUCKLEDSLAB REFLECTED Do not use for cylindrical or spherical
condition & PERIODIC Do not use for cylindrical or spherical
BUCKLEDCYL WHITE This provides isotropic return at the boundary
Optional for other Defaultis VACUUM.
geometries
3 BL Left/inside Regquired for VACUUM This provides a nonreturn condition at the boundary
boundary BUCKLEDSLAB REFLECTED Recommended for cylindrical or spherical
condition & PERIODIC Do not use for cylindrical or sphetical
BUCKLEDCYL WHITE This provides isotropic return at the boundary
Optional for other Default is REFLECTED.
geometries
4 ORGN Location of left BUCKLEDSLAB Appropriate Defanlt is 0.0. Should not be changed for cylindrical or spberical
boundary on the & dimension geometry. A value must be entered if subsequent data are to
x-axis (cm) BUCKLEDCYL be entered
Optional for other
geometries
s DY Buckling height (cm) BUCKLEDSLAB Appropriate OMIT FOR SLAB, CYLINDRICAL, and SPHERICAL. This
& dimension corresponds to one of the transverse dimensions of an actual
BUCKLEDCYL 3-D slab assembly or to the length of a finite cylinder
6 DZ Buckling depth (cm) BUCKLEDSLAB Appropriate OMIT UNLESS BUCKLEDSLAB WAS SPECIFIED. This
dimension is the buckling depth comresponding to the second transverse
dimension
7 END End geometry Always END Enter the word END. Do not start in column 1. At least two
parameters blanks must separate entry 7 from the first entry 8
8 MXZ Mixture number in Always Mixture Repeat entry oumbers 8-10 until all zones are defined. Enter
the zone oumber the mixture number for this zone
9 RZ Outside radius of the Always Appropriate Repeat entry pumbers 8-10 until all zones are defined. Enter
zone (cm) dimension the outside dimension of the zone (cm)
10 XMOD External moderator Optional Repeat entry numbers 8-10 until all zones are defined
index Entry 10 is optional and can be omitted. If it is omitted, repeat
entries 8 and 9 until all zones are defined
NOEXTERMOD No moderating materials in the adjacent zooes
ONEEXTERMOD A moderating material is present in one adjacent zooe
TWOEXTERMOD Moderating materials are present in two adjacent zones
ENDZONE Terminate zone data END ZONE Enter when all zones have been defined by repeating entries 8

through 10 for each zone. At least two blanks must follow this entry

“See Sect. M7.4.7 for detailed information on each input variable.
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Table S1.4.5 Material Information Processor data: optional parameter data®

Entry Keyword Type of Module :
number _ name data using data Comments
Summary of available optional parameter data (see Sect. M7.4.8)
1 MORE DATA Input flag This signals that optional parameter data are to be entered
2 ISN= Order of XSDRNPM The default value is 8. This allows using another value
angular
quadrature
3 SZF= Spatial mesh XSDRNPM The default value is 1.0
size factor SZF<1.0 gives a finer mesh
SZF>1.0 gives a coarser mesh
4 IM= Maximum XSDRNPM The default value is 20. This allows using another value
number of
inner
iterations
5 ICM= Maximum XSDRNPM The default value is 25. This allows using another value
number of
outer
iterations
6 EPS= Overall XSDRNPM The default value is 0.0001. This allows using another
convergence value
criteria
7 PTC= Point XSDRNPM The default value is 0.0001. This allows using another value
convergence
criteria
8 BKL= Buckling XSDRNPM The default value is 1.420892. Use ONLY for a
factor MULTIREGION problem that specifies BUCKLEDSLAB
or BUCKLEDCYL
9 US= Upscattering XSDRNFPM The default value is zero. IUS=0 does not utilize upscatter
scaling factor scaling. TUS=1 uses upscatter scaling to accelerate the
solution and/or speed convergence
10 RES= Resonance BONAMI Enter the mixture number, geometry type (SLAB,
data NITAWL CYLINDER, SPHERE) and the thickness of the slab or
radius of the sphere or cylinder, in cm. Optionally enter the
inner radius (cm) to specify an annular cylinder or sphere.
11 DAN(mm)= Dancoff BONAMI Enter the mixture number to which the Dancoff factor
factor for the NITAWL applies, mm, inside the parentheses; enter the Dancoff factor
specified after the equal sign
mixture
Repeat items 10 and 11 for all resonance mixtures used in
the problem that are not treated in the LATTICECELL or
MULTIREGION description
NUREG/CR-0200,
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Table S1.4.5 (continued)

L

Entry Keyword Type of Module

number _name data using data Comments

12 BAL= Key to print XSDRNPM The default is FINE. BAL=NONE causes the balance
balance tables table print to be suppressed. BAL=ALL prints all balance

tables. BAL=FINE prints only the fine-group balance tables’

13 DY= First XSDRNFPM The first transverse dimension in centimeters used in a
transverse buckling correction to calculate leakage normal to the
dimension principal calculation direction (i.e., the height of a slab or

a cylinder)

14 DZ= Second The second transverse dimension in centimeters used for
transverse a buckling correction (i.e., the width of a slab)
dimension

15 COF= Diffusion XSDRNFM The default is 0. See Sect. F3.5, 3$ array, variable
coefficient IPN
option for
transverse
leakage
corrections

16 FRD= Unit from XSDRNPM Enter the unit number from which the flux guess for
which fluxes XSDRNFPM will be read
will be read

17 = Unit on XSDRNPM Enter the unit number where the binary fluxes from
which fluxes XSDRNPM will be written
will be written

18 DAB= Number of MIP® The default is 200. Number of blocks ailocated for direct
direct access access unit 90
data blocks

19 COLL Keyto MIP* Enter COLL to collapse all thermal groups into one group
activate for the shielding sequences
collapse of
thermal
groups

20 END Terminus Terminate the optional parameter data

“See Sect. M7.4.8 for detailed information on each variable.
*MIP is the Material Information Processor.
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Table S1.4.6 Input for shielding problem data®

Entry Variable Type of Entry Data
number name data requirement entry Comments
1 TITLE Tite Always Enter atitle 80 characters
2 Cs Type of geometry  Always SPHERICAL For spherical geometry
CYLINDRICAL For cylindrical geometry
SLAB For slab geometry
DISC For slab geometry with only disc-shaped portion of surface used
for dose evaluation; dose from top of a cylinder
Left boundary SLAB or VACUUM No return condition at boundary
3 BL condition DISC REFLECTED Miirror reflection at boundary
4 MXZ  Mixture number  Always Valid mixture Repeat items 4-15 for each zone
in zone number for zone Enter 0 for void, 500 for cell-weighted mixture
5 RZ Outer zone Always Appropriate outside Repeat items 4-15 for each zone
dimension dimension of zone (cm)
6 MZ Mesh intervals for  Always Number of equal Repeat items 4-15 for each zone. Enter 1 for the first zone if a
zone mesh intervals boundary source is used (see Sect. S1.2.3)
7 ISZ Source identifier  Always 0, no source; N, source Repeat iterns 4-15 for each zone
for zone from ORIGEN-S
file or from XSDRNPM
criticality case; -N,
source from user input file
8 MIXC Mixture numberto ISZ»0 Valid mixture number Repeat items 4-15 for each zone
mix with MXZ or 0 for void
9 VFC Volume fraction of ISZ»0 Volume fraction Repeat items 4-15 for each zone
MIXC or 0 if not used If nonzero, zone will be composed of mixture MIXC and mixture
MXZ 50 that pypr = (VFOAPymxo) + (1 = VFCHprpr)
10 NSOU  Unit number with  ISZ>0 =0 XSDRNPM Repeat items 4-15 for each zone
ORIGEN-S output boundary source
file >0 unit number with
ORIGEN-S file
11 NPOS  Source position 1SZ>0 Source position Repeat items 4-15 for each zone
number on & NSOU>0 number Position number obtained from ORIGEN-S printout
ORIGEN-S file
12 ZVOL Valuestoconvert ISZ>0 Zone volume (cm®) For spectra in per assembly units
source topercm® & NSOU>0 conversion Enter inverse of value for conversion to per cm?® of zone
basis parameter (see Sect. $1.2.1). Repeat items 4-15 for each zone
13 NASS  Number of fuel 1SZ>0 Integer number of For spectra in per assembly units (see Sect $1.2.1)
assemblies in a & NSOU>0 assemblies in Setto 1 if not used
20ne zone Repeat items 4-15 for each zone
14 XNN Neutron ISZ<0 Total source Repeat items 4-15 for each zone
normalization strength per cm®
factor
15 XNG  Gamma 1SZ<0 Total source Repeat items 4-15 for each zone
normalization strength per cm®
factor
NUREG/CR-0200,
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Table S1.4.6 (continued)

Entry  Variable Typeof Entry Data
number name data requirement entry Comments
END Keyword Completion of END ZONE Enter once for a problem after all data for zones have been entered.
ZONE 1o zone input
terminate  data
zone
16 SOuU Source spectra Any ISZ<0 One entry per group Repeat spectrum entries for each source
17 Optional Optional ISN=integer Enter to change order of angular quadrature (16)
parameter data IIM=integer Enter to change inner iteration limit (20)
ICM=integer Enter to change outer iteration limit (4)
ID1=-1/0/1 Enter to change flux edit option (-1)
SCT=integer Enter to change order of Legendre expansion used (3)
PRT=-2/-1/0/N Enter to change cross-section print option (-2)
PBT=-1/0/1 Enter to change balance table print (0)
EPS=floating point number Enter to change overall convergence (1E-4)
PTC=floating point number Enter to change flux convergence (1E4)
DY=floating point number Buckling height of cylinder or slab (0)
DZ=floating point number Buckling width of slab (0)
IFS=0/1 Enter 1 to eliminate fission source (0)
NDETEC=integer Enter to change default detector locations
NFACTR=integer Enter to change default dose factor IDs
18 READ Keyword Items 19, 20, READ XSDOSE Input to allow entry of data for XSDOSE—items 21,
XSDOSE 2l,0r22t0 19-22
be entered
19 DIMEN1 Shield If SLAB, DISC, Height for SLAB Omit if SPHERICAL geometry
dimensions or CYLINDRICAL  Disc radius for DISC
incm geometries : Height for CYLINDRICAL . .
20 DIMEN2  Shield SLAB Width of SLAB Omit if DISC, CYLINDRICAL, or SPHERICAL
dimensions geometry geometries
mncm
21 DOSE Dose factor IDs NFACTR>0 NFACTR entries See Table §1.4.8
NFACTR=0 provides ANS] IDs
22 Detector NDETEC>0 NDETEC detector NDETEC=0 gives 0, 1, 2, 4 m from surface at
coordinates centerline
incm
R for SPHERICAL
R,Z for CYLINDRICAL Z from cylinder bottom
R,Z for DISC Z from surface
Y.Y.Z for SLAB X from surface of Y,Z slab

“See Sect. $1.4.4 for detailed description of each input variable. Note dashed lines indicate blocking of input data into records whose
input should begin on a new line.
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To run SAS1 and utilize more than one of the PARM options, use commas between each option and
parentheses or single quotes at the beginning and end:

=SAS1 PARM=(CHECK,SIZE=300000)
=SAS1 PARM=(SIZE=300000,CHECK)
=SAS1 PARM=‘CHECK,SIZE=300000
=SAS1 PARM="'SIZE=300000,CHECK"

S1.4.2 MATERIAL INFORMATION PROCESSOR DATA

These data are needed to generate the mixing table and cross sections used in the shielding analysis.
The input for this portion of the data is described in detail in Sects. M7.4.3-M7.4.8. An outline of the data entry
requirements is provided in Table S1.4.1. Tables $1.4.2-S1.4.5 provide 2 summary of the input format for the
standard composition data, cell geometry specifications, and optional parameter data. These data must be
terminated with an END beginning in column 1.

$1.4.3 PROBLEM CONTROL CARD

This card allows the user to control the number of subsequent shielding analyses performed with the
cross-section working library. If this card contains the keyword LAST (starting in column one), the job will
terminate at the end of the calculation for the Shielding Problem Data following this card. If this card is left
blank, another Problem Control Card/Shielding Problem Data combination is expected, and the same working
library and mixing table will be utilized.

S1.4.4 SHIELDING PROBLEM DATA

The Shielding Problem Data are used to describe the shielding geometry, radiation sources, detector,
and dose information used by the problem. This input segment must be terminated with the keyword END
beginning in column 1. Other occurrences of the keyword END used in this input segment must not begin in
column 1. If a blank Problem Control Card precedes this set of Shielding Problem Data, then another
combination of Problem Control Card and Shielding Problem Data is expected by the control module. Input for
the Shielding Problem Data is outlined in Table S1.4.6. The following detailed explanation denotes variable
names with capital letters and input keywords or variable names by boldface capital letters.

1. TITLE An 80-character title of the shielding problem (only 72 characters will be printed by
XSDRNPM).
2. CS Type of geometry. The available input keywords are listed below.

SPHERICAL The shielding problem uses spherical geometry.
CYLINDRICAL The shielding problem uses cylindrical geometry.
SLAB . The shielding problem uses slab geometry.

NUREG/CR-0200,
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DISC XSDRNPM solves the radiation transport problem in slab geometry, and
XSDOSE calculates the dose rates from a disc-shaped portion of the
outer slab surface. This is the option to use in evaluating the dose out the
top of a cylinder.

3. BL  Left boundary condition. This parameter is required only when SLAB or DISC geometries are
specified. A reflected left boundary condition is automatically used by SPHERICAL and
CYLINDRICAL coordinate systems because the left boundary corresponds to the centerline. The

right boundary condition is set to vacuum for all geometry options. The available input keywords are
listed below.

REFLECTED All particles crossing the left boundary of the system are specularly reflected

(i.e., mirror image reflection).

VACUUM All particles crossing the left boundary of the system leave the system.

Items 4 through 15 of the Shielding Problem Data comprise the zone input data. Items 4 through 7
are required for each zone, while items 8 through 15 are used only for source zones. If a zone has no source,
only items 4 through 7 are entered. If a boundary source or a source from an ORIGEN-S output file is to be
used in a zone, items 4 through 9 and 14 through 15 are entered. The zone data must be terminated with an END
ZONE keyword.

4. MXZ

5. RZ

6. IMZ

7. ISZ

8. MIXC

Mixture number of material in this zone. This must be a mixture number defined in the
Material Information Processor data. To use cell-weighted cross sections generated by the
SAS1X sequence, enter 500. Mixtures used to create the cell-weighted mixture 500 should
not be used as a zone mixture. Enter 0 for a void (SAS1 will instruct XSDRNPM to put the
first nonzero mixture in the zone and give it a density factor of 0.0). A 0 is required in the first
zone if a combined criticality/shielding case is desired (see Sect. S1.2.3).

Outer radius of this zone for spheres or cylinders, or distance from left boundary for slabs and
discs, in centimeters.

Number of space mesh intervals used by XSDRNPM in this zone (see Sects. S1.2.2 and
$1.2.3). Enter 1 for the first zone if a boundary source is used (see Sect. $1.2.3).

Source identification number for this zone.
Enter O for zones with no source.
Enter a positive source identification number for a source spectrum input from an
ORIGEN-S output file or from the XSDRNPM criticality analysis.
Enter a negative source identification number for a source spectrum entered in the input file
in item 16 (SOU).

If this zone has no source (ISZ=0), this ends the data for the zone.
Mixture number of material to be mixed homogeneously with the source zone material such that

pzone = VFC X pyxc + (1 - VFC)pyxz- Enter 0 to designate a void or if the first zone of a
combined criticality/shielding case (see Sect. S1.2.3). :
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9. VFC Volume fraction of mixture MEXC to be blended with mixture MXZ in the source zone. The
volume fraction of mixture MIXC in this zone will be VFC, while the volume fraction of
mixture MXZ actually used in this zone will then be (1.0 -VFC). Enter 0 if not used.

If the source spectrum is entered in the input file, skip to item 14.

10. NSOU Unit number for data set witﬁ ORIGEN-S output file containing the source spectrum. Enter
0 if a boundary source is used and terminate the data for this zone.

11. NPOS Position number of source spectrum on the ORIGEN-S output file. The position number and
the associated burnup and decay times are given in the ORIGEN-S printout. See Sect. F7 for
information needed to generate and save an ORIGEN-S output file. The output file is saved
in a SAS2H case by saving output to unit 71 (see Sect. $2.5.6).

12. ZVOL Parameter used for converting ORIGEN-S output file spectra to per-zone-unit volume (cnr’).
Division of the spectra by this parameter value should convert it to a per-cm’® basis. For file
spectra with per assembly units, ZVOL should be the zone volume in cn®. See Sect. $1.2.1 for
a discussion.

13. NASS For file spectra with per assembly units [from SAS2H cases and many ORIGEN-S cases],
NASS is the number of assemblies in the zone. See Sect. S1.2.1 for a discussion. Setto 1 if
not needed. WARNING: DO NOT ENTER 0. Entering 0 will eliminate source entirely.

Items 12 and 13 are used to convert the ORIGEN-S source spectra (S;) to a per-cnt’ basis (s;) by the formula
S,- NASS
§. & —
! ZVOL

Knowing the units on S; (from ORIGEN-S or SAS2H printout), ZVOL and NASS can be input accordingly.
If the source spectra is from ORIGEN-S, this ends the data for the zone.

14. XNN Normalization factor for neutron source entered in the input file. Enter O if not used.
15. XING Normalization factor for gamma source entered in the input file. Enter O if not used.

XNN and XNG are typically the total neutron and gamma source strength per unit volume (per cm’) in the zone.
For a coupled neutron/photon problem, if only one of these factors is nonzero, both sources will be normalized
such that the spectrum corresponding to the nonzero value gives the correct total source. For example, if
XNG=0 and XNN is nonzero, the final neutron source total will be correct, and the gamma source, if any, will
be altered by the same factor as the neutron source. For photon-only problems, XINN should be zero, while for
neutron-only problems, XNG should be zero.

END ZONE is used to terminate the zone data. Enter these keywords (do not start in column 1) after input of
data for the last zone.

16. SOU Source spectrum from cards in order from highest to lowest energy group. Repeat for each source
spectra. Each spectrum must have one entry for each group. If more than one source is entered, they
must be in order of the zone number the source is used in. If the same source is used in more than
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17.

18.

19.

20.

21.

22,

23.

one zone, the spectrum mmst be repeated for each additional zone. If the COLLAPSE feature is used,
SOU should already be collapsed to reduce the thermal neutron groups to one.

Optional Parameters

Some of the commonly used parameters for XSDRNPM shielding calculations and XSDOSE are
assigned default values that are useful for many problems. If a value different from the default is
desired, it may be entered by specifying the parameter name followed immediately (no space) by an
equal sign and the desired value. For example, ICM=10 changes the outer iteration limit to 10. One
or more of the parameters can be entered in any order. Default values are used for parameters not
entered. Each entry should be separated from the previous by a blank. Table S1.4.7 provides a
description of the optional parameters and their default values.

READ XSDOSE _
Keyword allowing entry of shield and detector data used by XSDOSE. Must be entered to allow
entry of items 19-21.

DIMEN1
Dimension (cm) describing the extent and/or location of the outer shield surface. For SLAB,
enter the slab height.
For DISC, enter the disc radius.
For CYLINDRICAL geometry option, enter the height.
Omit for the SPHERICAL geometry option.

DIMEN2 ,
Secondary dimension (cm) describing the extent and/or location of the outer shield surface of slab.
Enter slab width. Omit for other geometries.

DOSE
Dose factor IDs (NFACTR entries). The available dose factor IDs in SCALE are provided in
Table S1.4.8. If NFACTR=0 (the default value), the ANSI dose factor IDs are used and these entries
should be omitted.

Detector Coordinates (cm)
Omit if NDETEC=0 (the default value), and the detectors will be located by default at the surface,
and at 100, 200, and 400 cm from the surface along the centerline. If NDETEC > 0, then NDETEC
sets of coordinate entries are required. The input coordinates depend on the geometry option selected:

R Sphere radius for SPHERICAL geometry option.

R,Z  Cylinder radius and height from bottom for CYLINDRICAL geometry option.
R,Z  Disc radius and height from surface for DISC geometry option.

X,Y,Z Slab, x distance from the surface of a y by z section for SLAB geometry option.

END Terminate Shielding Problem Data. Always entered starting in column 1. This keyword also
terminates the analytic sequence if LAST is entered in the preceding Problem Control Card.

NUREG/CR-0200,
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Table S1.4.7 Optional parameter input for the shielding problem data

Name

Default

Meaning, comments

ISN=

ICM=

ID1=

SCT=

PRT=

PBT=

EPS=

PCT=

DY=

DZ=

IFS=
NDETEC=

NFACTR=

16
20
4

-1

2

1.E4

1.E4

Order of angular quadrature
Inner iteration maximum

Outer iteration maximum. After ICM outer iterations, the problem will be forced
into the termination phase and the program will continue as if full convergence was
attained. A message to this effect is printed

Flux edit option:
-1 no flux print,

0 scalar flux print,
1 scalar flux and angular flux print

Order of Legendre expansion to be used

0 Isotropic
1 P1
2 P3
3 PS5

Cross-section print option:
-2 " no cross-section print,
-1 print 1-D cross sections,
O/N  print P, arrays through order N

Balance table print option:

-1 no balance table print,
0 fine group balance table print,
1 fine and broad group balance table prints

Overall problem convergence. This is used by XSDRNPM after each outer iteration
to determine if the problem has converged. A smaller value tightens the
convergence criteria; a larger value loosens the convergence criteria. See Sect.
M7.2.5.8 for additional information

Scalar flux convergence. This is the point flux convergence criteria used by
XSDRNPM to determine if convergence has been achieved after an inner iteration.
A smaller value tightens convergence; a larger value loosens it

First transverse dimension (cm) used by XSDRNPM in a buckling correction to
calculate leakage normal to the principal calculation direction (i.e., the height of a
cylinder or slab)

Second transverse dimension (cm) used by XSDRNPM for buckling correction (i.e.,
the width of a slab)

A value of 1 will cause the fission source to be eliminated

Number of detectors for XSDOSE dose rate calculation. The default value of
NDETEC will automatically provide detectors located on the centerline at the
surface and at 100, 200, and 400 cm from the surface

Number of dose factor IDs for dose rate calculation. The NFACTR default provides
dose factor IDs for the ANSI standard neutron and gamma dose factors
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Table S1.4.8 Special dose factor ID numbers available in SCALE

1D No. : Response function Availability*

9001 Hurst dose factors (mrad/h)/(neutrons/cm?/s) 1,2

9002 Snyder-Neufeld dose factors (mrad/h)/(neutrons/cm?/s) 1,2

9026 Snyder-Neufeld conversion from flux to biological dose 1,2
(mrem/h)/(neutrons/cm?s)

9027 Henderson conversion from neutron flux to absorbed dose rate in tissue 1,2
(rad/h)/(neutrons/cin®/s)

9028 Straker-Morrison conversion factors (mrem/h)/(neutrons/cm?s) 1

9029 ANSI standard (1977) neutron flux-to-dose-rate factors! 1,2,3,5
(rem/h)/(neutrons/cm?s)

9501 Straker-Morrison conversion factors (mR/h)/(photons/cm?¥s) 1,4

9502 Henderson conversion factors (rad/h)/(photons/cm*/s) 1,2,4

9503 Claiborne-Trubey conversion factors (rad/h)/(photons/cm?/s) 1,24

9504 ANSI standard (1977) gamma-ray flux-to-dose-rate factors! : 1,2,4
(rem/h)/(photons/cm?/s)

*Reference numbers of cross-section libraries:
22N-18COUPLE

27N-18COUPLE

27BURNUPLIB

18GROUPGAMMA

27GROUPNDF4

NhR LN

NUREG/CR-0200,
Vol. 1, Rev. 6 S1.4.16



S1.5 SAMPLE PROBLEMS

S$1.5.1 GENERAL DISCUSSION

The SAS1 control module provides automated analytic sequences that use the XSDRNPM and
XSDOSE codes to calculate the neutron and gamma fluxes and dose rates on the surface of a spent fuel
shipping cask or other shielded body and at other points beyond the outer surface of the body. XSDRNPM
is used to model one-dimensional (1-D) radiation transport through the shield, while XSDOSE is used to model
radiation transport from the exterior surface, through an external void, to the point or points of interest.
Preliminary cross-section processing is performed automatically as the SAS1 control module first invokes the
BONAMI and NITAWL-I resonance self-shielding codes. In the SAS1X sequence, a preliminary XSDRNPM
calculation is performed to prepare cell-weighted cross sections for one region (typically the source region)
where a homogeneous representation of a heterogeneous configuration is desired. For example, the resulting
mixture 500 from a SAS1X LATTICECELL calculation can be used to represent the homogenized fuel
assemblies in one or more zones of the final XSDRNPM shielding calculation of the sequence. On the other
hand, if the cell weighting of the cross-section data is not deemed of great importance (as is frequently the case
in shielding calculations), the user may specify the actual volume fraction for each material in the homogenized
representation of the fuel (or other radioactive material) and invoke the basic SAS1 sequence.

Although the SAS1 control module is designed to solve a variety of 1-D shielding problems, the
features of the module will be mainly illustrated via analysis of the spent fuel shipping cask shown in
Fig. S1.5.1. The cases that are illustrated are summarized in Tables S1.5.1 and S1.5.2. The heavily annotated
input data for each case is included to illustrate how such a cask may be described under accident and
nonaccident conditions using a variety of modeling approximations and input options.® The modeling
approximations and input options illustrated included calculations (1) with and without the neutron shield,
(2) with and without the axial shock absorber, (3) using the LATTICECELL, MULTIREGION, and infinite
homogeneous media cross-section processing options, (4) collapsing down to 1 thermal group or retaining as
many as 13, (5) using or not using the buckling approximation in the 1-D shielding analysis, (6) entering the
source spectrum directly or reading an ORIGEN-S source file, (7) using lower order angular quadratures,
(8) allowing more outer iterations, (9) including more detector locations than those shown in Fig. $1.5.1, and
(10) using alternate sets of flux-to-dose conversion factors. The radial and axial analyses for the shipping
casks are discussed in Sects. S1.5.2 and S1.5.3. The final sample problem discussed in Sect. S1.5.4
demonstrates the use of the SAS1X sequence for a combined criticality and shielding problem as described in
Sect. S1.2.3. Note that SAS1 sample problems 1-2, 5-8, and 22-25 are not included in the distribution
version of SCALE to reduce the amount of CPU time required for users to verify their installation of SAS1.

Note that all problem results shown in Sects. S1.5.2-S1.5.4 represent those obtained during testing
of the module in an earlier version of SCALE on an IBM-3090 mainframe at ORNL. These results will not
exactly match those distributed with the code package. The input for the SASI cases tested at ORNL were
prepared to ensure an exact match between the source input directly and the source provided by the
ORIGEN-S file. Users wishing to compare results between cases run at their installation will need to ensure
their sources also match (i.e., the ORIGEN-S source used by ORNL to test will not exactly duplicate that
generated at any specific installation).

*Lines of input data containing an apostrophe () in column 1 will be ignored by the SAS1 input processor
and treated as an embedded comment. This feature is very helpful in documenting user input.
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- Figure $1.5.1 Seven assembly, depleted uranium metal, spent fuel shipping cask described by
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Table $1.5.1 Effect of using various options in the solution of the radial SAS1 sample problem under different conditions®

€S’1S

Fuel model used Collapse  Neutron =~ ORIGEN
in cross-section option shield source ISN=default (16) ISN=default (16) ISN=8
calculation used present file used ICM=default (4) ICM=default (4)

LATTICECELL (SAS1X) No Yes No 9.35/23.71 (1,245 — -
LATTICECELL (SAS1X) No Yes Yes 9.35/23.71 [2,245] - -
LATTICECELL (SASIX) Yes Yes No 9.72/23.89 [3,961° - -
LATTICECELL (SAS1X) Yes Yes Yes 9.72/23.92 [4,96] - -
INFHOMMEDIUM (SAS1) No Yes Yes 9.32/23.788 [5,242)° 9.55/24.02 [6,440] —
INFHOMMEDIUM (SAS1) No No Yes 269.9/29.28 [7,238]  273.3/29.29 -
INFHOMMEDIUM (SAS1) Yes Yes Yes 9.70/24.00 [9,94] 153700 9.61/24.20 [10,33]¢¢
INFHOMMEDIUM (SAS1) Yes No Yes 269.9/29.28 [13,90] B 269.6/29.63 [14,32]

‘0020-4D/OTANN

9 "A%Y I 'IPA

*The tabulated results (Dn/Dg) show the calculated neutron and gamma dose rates in mrem/h on the surface of the cask under the various conditions. The data in brackets
(id, t] show the case id number corresponding to the sample input and the XSDRNPM running time (s) for the shielding problem on an IBM-3090.
bDose rates obtained using the collapsed 15n-library vs the 27n-library may differ more if one had a thermal-neutron-absorbing/gamma-producing material like boron in

the neutron shield near the outer portion of the cask. Such situations must be evaluated on a case-by-case basis.

“Input for case [5] also illustrates use of additional detector sites (NDETEC=6) and an additional set of flux-to-dose conversion factors.

dCase [11] was identical to case [10] except that an axial buckling of 595.64 cm was used in the XSDRNPM shielding calculation. In this case, Dn = 8.99 mrem/h, Dg

= 23,40 mrem/h, and the required CPU time was 33 s.

*Case [12] was identical to case [10] except that the outer fuel region and the adjacent void were smeared together in the XSDRNPM shielding calculation. In this case,

Dn = 9.92 mrem/h, Dg = 24.05 mrem/h, and the required CPU time was 32 s.




Table S1.5.2 Effect of using various options in the solution of the
axial SAS1 sample problem under different conditions

Geometric model Geometric model Collapse
for the NITAWL for the XSDRNPM neutron With axial Without axial
cross-section shielding Cross shock absorber shock absorber
calculation calculation® sections on the end on the end

MULTIREGION 15.28/12.40 [15,40]°
INFINITE SLAB BUCKLED SLAB Yes 15.27/12.38 [16,39]° 143.2/19.13 [17,29]
MULTIREGION
INFINITE SLAB INFINITE SLAB Yes 132.0/31.74 [18,41] 912.7/24.45 {19,31]
INFHOMMEDIUM BUCKLED SLAB No 15.30/12.34 [20,115] 143.2/19.13 [21.85]
INFHOMMEDIUM BUCKLED SLAB Yes 15.27/12.38 [22,39] 143.2/19.13 [23,29]
INFHOMMEDIUM BUCKLED SILLAB Yes 132.0/31.74 [24,41] 912.7/24.45 [25,31]

“The tabulated results (Dn/Dg) show the calculated neutron and gamma dose rates in mrem/h on the end of the cask
under the various conditions. The data in brackets [id, t] show the case ID number corresponding to the sample input, and
the XSDRNPM running time (s) for the shielding problem on an IBM-3090.

*In all cases the finite radius of a circular disk corresponding to the end of the cask was used in the XSDOSE portion
of the shielding calculation. For values at points on the surface (reported above), this will make no difference, but for those
points farther away from the end of the cask, the actual size will affect the calculated dose rate and is correctly accounted
for by XSDOSE in all cases.

“Cases [15] and [16] are identical except that case {15] illustrates how to input the 27n-18 source spectra for the spent
fuel directly after the zone input data, while case [16] shows how to use the same data directly from an ORIGEN-S binary
source file.

$1.5.2 DISCUSSION OF THE RADIAL PROBLEMS

Cases 1 through 14 of Table S1.5.1 illustrate different approaches to the 1-D radial problem for the
cask shown in Fig. S1.5.1.

Dose results using the ANSI-standard flux-to-dose conversion factors' are summarized in Table S1.5.1
with the respective case number and computation time. Comparisons of these results show the effect of using
the various options and modeling approximations—both in terms of the calculated neutron and gamma dose
rates on the surface of the cask and the corresponding running time for the 1-D XSDRNPM shielding
calculation. Listings of the annotated input data for cases 1 through 14 may be found in the following tables:

Table S1.5.3 Cases 1-2
Table S1.5.4 Cases 3-4
Table §1.5.5 Cases 5-8
Table S1.5.6 Cases 9-14

NUREG/CR-0200,
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Table S1.5.3 Annotated input for cases 1 and 2

#saslx

cases 1 & 2 (prep) -- latticecell used for x-sect processing, collapse=no
27n-18couple latticecell

‘ description of materials in a pwr fuel pin:

* [{see mix 8, below, for additional comments]

uo2 1 0.90172 560 92234 0.029 92235 3.2 92236 0.016 92238 96.755 end
zircalloy 2 1 560 end

* mix 3 is used between the inner and outer row of assemblies in the cask:
58304 3 2.1712e-2 end

bdc 3 7.7066e-2 end
mix 4 is the structural steel used in the cask body
mix 5 is the u-metal gamma shield
mix 6 is the neutron shield (defined here; used in some cases, but not all)
mix 7 is the internal basket material (ss304) between assemblies
mix 8 corresponds to nitrogen at 2 atm pressure, 560 deg-k (0.00122 g/cc).

note: users are generally free to use mixture number 0 to represent a void
in any geometric zone. the single exception is that it cannot be used as
the "moderator® when performing a lattice cell calculation for a dry cask.
in this case, the user must actually enter the standard composition
specifications for some other material that, for all practical purposes,
is the same as a void. here mix 8 has been used for that purpose.

L L T T N Y

ss304 4 end

u{.27)metal 5 end

h2o 6 0.944 end

ss304 7 0.11879 560 end
n 8 0.00122 560 end

.

* the keywords *"end comp" should begin in column 1:
end comp

* description of lattice in a westinghouse 17*17 pwr fuel assembly:
squarepitch 1.2598 0.8357 1 8 0.924996 2 end

end

case 1 -- latticecell x-sect proc, collapse=no, source spec entered below
* note that a blank line, or a line with "last” typed in columns 1-4,
* had to be placed between the previous "end®” card and the title card

’

cylindrical

* description of each zone follows:

* the -1 indicates that source spectrum 1 is entered below (after zone data)
* xnn=6.91e+02 n/s/cc in homogenized spent fuel; xng=2.59%e+10 photons/s/cc
500 12.75 20 -1 7 0.1799%4 6.91e+02 2.5%e+10

3 21.72 8 0

* zone 3 (like zone 1) consists of 17.994 vol$% ss304 (mix 7), plus

¢ 82.006 vols (= 100.0-17.994) homogenized fuel cells (mix 500)

500 38.05 30 -1 7 0.1799%4 6.91e+02 2.5%e+10

0 47.63 5 0

4 48.90 2 0

5 57.40 30 O

4 61.35 6 O

6 72.78 16 O

4 73.22 1 0

* note: the keywords "end zone" must not begin in column 1:

end zone

NUREG/CR-0200,
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Table $1.5.3 (continued)

* 27n-18g source spectrum 1 is now entered: :Ja/

1.27e+01 1.45e+02 1.62e+02 9.06e+01 1.22e+02 1.33e+02 2.60e+01
20z

3.92e-01 1.84e+00 9.41le+00 2.34e+01 4.45e+04 3.58e+05 1.20e+07
4.83e+06 2.74e+08 1.08e+09 1.39%e+09 9.90e+09 3.10e+09 2.83e+08
4.18e+08 1.52e+09 1.75e+09 6.1%e+09

read xsdose

’ enter full height of cask to be used by xsdose calc (=2%297.82):

595.64

end

last

case 2 -- latticecell x-sect proc, collapse=no, source spec from origen-s file
* note that a blank line, or a line with "last® typed in columns 1-4,

* had to be placed between the previous "end" card and the title card

cylindrical

* description of each zone follows:

* the +1 indicates that source spectrum 1 comes from an origen-s file
500 12.75 20 +1. 7 0.17994 60 2 1.867%e+5 1

3 21.72 8 0

* zone 3 (like zone 1) consists of 17.994 vol% ss304 (mix 7), plus

* 82.006 vols (= 100.0-17.994) homogenized fuel cells (mix 500)

500 38.05 30 +1 7 0.17994 60 2 1.1215e+6 6
0 47.63 S 0
4 48.90 2 0
5 57.40 30 @
4 61.35 6 0
6 72.78 16 ¢
4 73.22 1 0 : :
* note: the keywords "end zone® must not begin in column 1:
end zone

’

read xsdose

* enter full height of cask tco be used by xsdose calc (=2%*297.82):
595.64

end

NUREG/CR-0200,
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Table S1.5.4 Annotated input for cases 3 and 4

#saslx

cases 3 & 4 (prep) -- latticecell used for x-sect processing, collapse=yes
27n-18couple latticecell

* description of materials in a pwr fuel pin:
wo2 1 0.90172 560 92234 0.029 92235 3.2 92236 0.016 92238 96.755 end
zircalloy 2 1 560 end

‘ mix 3 is used between the inner and outer row of assemblies in the cask:
58304 3 2.1712e-2 end

bdc 3 7.7066e-2 end
mix 4 is the structural steel used in the cask body
mix 5 is the u-metal gamma shield
mix 6 is the neutron shield (defined here; used in some cases, but not all)
mix 7 is the internal basket material (ss304) between assemblies
mix 8 corresponds to nitrogen at 2 atm pressure, 560 deg-k (0.00122 g/cc).

note: users are generally free to use mixture number 0 to represent a void
in any geometric zone. the single exception is that it cannot be used as
the *moderator* when performing a lattice cell calculation for a dry cask.
in this case, the user must actually enter the standard composition
specifications for some other material that, for all practical purposes,
is the same as a void. Here mix 8 has been used for that purpose.

O R N T S

ss304 4 end

u(.27)metal 5 end

h2o0 6 0.944 end

ss304 7 0.11879 560 end
n 8 0.00122 560 end

1

* the keywords "end comp" should begin in column 1:
end comp

* description of lattice in a westinghouse 17*17 pwr fuel assembly:
squarepitch 1.2598 0.8357 1 8 0.949% 2 end

‘ to collapse the 27 neutron groups down to 15 groups enter:
more data collapse end

z

end

case 3 -- latticecell x-sect proc, collapse=yes, source spec entered below
’ note that a blank line, or a line with "last*® typed in columns 1-4,
* had to be placed between the previous *end" card and the title card

’

cylindrical

¢ description of each zone follows:

* the -1 indicates that source spectrum 1 is entered below (after zone data)
* xnn=6.91e+02 n/s/cc in homogenized spent fuel; xng=2.59e+10 photons/s/cc
500 12.75 20 -1 7 0.17994 6.91e+02 2.59%e+10

3 21.72 8 0

* zone 3 (like zone 1) consists of 17.994 vol% ss304 (mix 7), plus

* 82.006 vol%s (= 100.0-17.994) homogenized fuel cells (mix 500)

500 38.05 30 -1 7 0.1799%4 6.91e+02 2.5%e+10
0 47.63 5 0
4 48.90 2 0
S 57.40 30 0
4 61.35 6 0
6 72.78 16 0
4 73.22 1 0
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Table S1.5.4 (continued)

* note: the keywords "end zone* must not begin in column 1:

end zone )

* collapsed 15n-18g source spectrﬁm 1 is now entered:

1.27e+01 1.45e+02 1.62e+02 9.06e+0l 1.22e+02 1.33e+02 2.60e+01
8z

3.92e-01 1.84e+00 9.41e+00 2.34e+01 4.45e+04 3.58e+05 1.20e+07
4.83e+06 2.74e+08 1.08e+09 1.3%e+09 9.90e+09 3.10e+09 2.83e+08
4.18e+08 1.52e+09 1.75e+09 6.19e+09

read xsdose

‘ enter full height of cask to be used by xsdose calc (=2*297.82):

595.64

end

last

case 4 - latticecell x-sect proc, collapse=yes, source spec from origen-s file
* note that a blank line, or a line with "last" typed in columns 1-4,

* had to be placed between the previous "end" card and the title card

s

cylindrical

* description of each zone follows:

* the +1 indicates that source spectrum 1l comes from an origen-s file
500 12.75 20 +1 7 0.17994 60 2 1.867%e+5 1

3 21.72 8 0

+ zone 3 (like zone 1) consists of 17.994 vol% ss304 (mix 7), plus

r 82,006 vols (= 100.0-17.994) homogenized fuel cells (mix 500)

500 38.05 30 +1 7 0.1799%4 60 2 1.1215e+6 6

0 47.63 5 0

4 48.90 2 0

L3 57.40 30 O

4 61.35 6 0

[ 72.78 16 ©

4 73.22 1 0

* note: the keywords "end zone" must not begin in column 1:

end zone
read xsdose
+ enter full height of cask to be used by xsdose calc (=2%297.82):
595.64
end

NUREG/CR-0200,
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Table $1.5.5 Annotated input for cases 5-8

#sasl
cases 5-8 (prep) -- infhommedia used for x-sect processing, collapse=no
27n-18couple infhommedia

* the wo2 and zircalloy volume fractions preserve the amount of fuel associated
* with the 264 fuel pins in the space occupied by a westinghouse 17*17 assembly
* {in a 17*17 assembly, only 264 of the 289 available pin positions are used.)

* here, the homogenized fuel (mix 1) now contains some ss304 representing the

* internal basket material between assemblies. (in the latticecell x-sect

’ model, this was called mix 7 and was later blended with mix 500 in the

' zone input data for the cask shielding calcs -- see cases 1, 2, 3 or 4.)

uo2 1 0.25583 560 92234 0.029 92235 3.2 92236 0.016 92238 96.755 end
zircalloy 1 0.08282 560 end

ss304 1 2.137S5e-2 560 end

‘ mix 2 is used between the inner and outer row of assemblies in the cask:
ss304 2 2.1712e-2 end

bdc 2 7.7066e-2 end

* mix 3 is a dummy material not used in these examples

* mix 4 is the structural steel used in the cask body

* mix 5 is the u-metal gamma shield

* mix 6 is the neutron shield (defined here; used in some cases, but not all)

he 3 end

ss304 4 end

u(.27)metal 5 end

h2o 6 0.944 end

* the keywords "end comp* should begin in column 1:

end comp

end

case 5 -- infhommedia x-sects; collapse=n; n-shield present; isn=16,icm=4

I3

‘ note that a blank line, or a line with "last" typed in columns 1-4,
‘ had to be placed between the previous ®"end" card and the title card
‘ for the following shielding calculation. this is also true for any
‘ additional shielding calculations that follow this case.

’

cylindrical
description of each zone follows:

'’ notes regarding the data for zone 1:

* the +1 indicates that source spectrum 1 comes from an origen-s file
* the 0 0.0 indicates that zone 1 is not to be diluted with mix 0 (void)
* origen source: on unit 60, 2-nd decay time in f£ile, zvol=1.8679e+5,
* number of fuel assemblies in this first zone = 1

1 12.75 20 +1 0 0.0 60 2 1.8679%e+5 1

2 21.72 8 0

* number of fuel assemblies in third zone = 6

1 38.05 30 +1 0 0.0 60 2 1.1215e+6 6

0 47.63 5 0

* inner steel shell:

4 48.90 2 0

* u-metal gamma shield:

5 57.40 30 O

' outer steel shell:

4 61.35 6 0

' neutron shield (water):

4 [for the accident scenario where the n-shield is assumed

’ to be lost, simply change the "6" to a "0" on next card]

6 72.78 16 0

' outside steel barrel:

NUREG/CR-0200,
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Table S1.5.5 (continued)

4 73.22 1 0

‘ note: the keywords "end zone® must not begin in column 1:
end zone

source spectrum is being read from an origen-s file on unit 60,
therefore we don‘'t need to input that data manually. if needed,
it would go here, as illustrated in case 1 and case 3.

portion of the calculation doesn‘t start with "more data* and doesn’t end
with *end* -- if used, they’re just entered by themselves.
the following list is included for illustrative purposes only.
generally one does not need any of the optional control parameters,
and the following card may simply be deleted. the code will supply
the necessary default values shown in the manual.
isn=16 icm=4 ndetec=5 nfactr=4

I3

,
* note: the following list of optional control parameters for the shielding
’
’

read xsdose
* enter full height of cask to be used by xsdose calc (=2%*297.82):
595.64

because we had set nfactr=4 (above), we must now enter the corresponding
id numbers for the four flux-to-dose conversion factors of interest. had
the "nfactr=" parameter not appeared above, this data would not have been
required, and the code would have automatically used the ansi-standard
flux-to-dose conversion factors (9029 for neutrons and 9504 for gammas).
no harm is done if some of the id’s entered are not available in the
particular x-sect library being used (like the straker-morrison factors,
9028 and 9503, in the "27n-18couple® library). in such cases, the code
will simple ignore those id’s.

9029 9504

9028 9503

O N L S S Y

because we had set ndetec=5 (above), we must now enter the corresponding
location for each of the five detectors. note that these will override and
replace the 4 detector locations that sasl would normally use by default
had- the "ndetec=" parameter not appeared above. for cyl geometry enter:
r(l) h(1)
r({2) h{(2)
etc...where h is the height of the detector above the base of the cask.
note: h=0.0 always corresponds to the base of the cask, and
here, h=595.64 would correspond to the top of the cask
73.22 297.82
173.22 297.82
273.22 297.82
473.22 297.82
473.22 595.64

P . T R R SR ¥

end

case 6 - infhommedia x-sects; collapse=n; n-shield present; isn=default,icm=10
* note that a blank line, or a line with ®last®" typed in columns 1-4, had
* to be placed between the previous "end" card and the above title card.

cylindrical
description of each zone follows:
the +1 indicates that source spectrum 1 comes from an origen-s file

1 12.75 20 +1 0 0.0 60 2 1.8679e+5 1
2 21.72 8 0

1 38.05 30 +1 0 0.0 60 2 1.1215e+6 6
0 47.63 5 0 :

NUREG/CR-0200,
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Table $1.5.5 (continued)

4 48.90 2 0
5 57.40 30 0
4 61.35 6 0
* neutron shield (water):
6 72.78 16 0
4 73.22 1 0
' note: the keywords "end zone® must not begin in column 1:
end zone
* source spectrum is being read from an origen-s file on unit 60,
* therefore we don‘t need to input that data manually. if needed,
¢ it would go here, as illustrated in case 1 and case 3.
+ optional control parameters go next (if used):
icm=10

’

read xsdose

r enter full height of cask to be used by xsdose calc (=2*287.82):
555.64

end

case 7 - infhommedia x-sects; collapse=n; no n-shield used; isn,icm=defaults
‘ note that a blank line, or a line with "last"” typed in columns 1-4, had
* to be placed between the previous "end®” card and the above title card.

~cylindrical
’ description of each zone follows:
¢ the +1 indicates that source spectrum 1 comes from an origen-s file
1 12.75 20 +1 0 0.0 60 2 1.867%e+5 1
2 21.72 8 O
1 38.05 30 +1 0 0.0 60 2 1.1215e+6 6
0 47.63 5 0 :
4 48.90 2 0
5 57.40 30 ©
4 61.35 6 0
* neutron shield (now void):
‘ for the accident scenario here, the n-shield is assumed
‘ to be lost, so mixture 0 was used in place of mixture 6.
0 72.78 16 0
4 73.22 1 0
* note: the keywords "end zone® must not begin in column 1:
end zone

source spectrum is being read from an origen-s file on unit 60,
therefore we don’t need to input that data manually. if needed,
it would go here, as illustrated in case 1 and case 3.

~ s s o« s

read xsdose

* enter full height of cask to be used by xsdose calc (=2%297.82):

585.64

end

last

case 8 - infhommedia x-sects; collapse=n; no n-shield used; isn=defualt,icm=10
* note that a blank line, or a line with "last* typed in columns 1-4, had

* to be placed between the previous "end" card and the above title card.
cylindrical

description of each zone follows:

the +1 indicates that source spectrum 1 comes from an origen-s file
12.75 20 +1 0 0.0 60 2 1.8679%e+5 1

21.72 8 0

38.05 30 +1 0 0.0 60 2 1.1215e+6 6

47.63 5 0
48.90 2 0
57.40 30 0

NP ORBNE « -~
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Table $1.5.5 (continued)

61.35 6 0
neutron shield (now void):
for the accident scenario here, the n-shield is assumed
to. be lost, so mixture 0 was used in place of mixture 6.
72.78 16 0
73.22 1 0
note: the keywords "end zone®" must not begin in column 1:
end zone

O s s e

source spectrum is being read from an origen-s file on unit 60,
therefore we don’'t need to input that data manually. if needed,
it would go here, as illustrated in case 1 and case 3.

L T

.optional control parameters go next (if used):

icm=10

read xsdose

 enter full height of cask to be used by xsdose calc (=2*297.82):
595.64

end

NUREG/CR-0200,
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Table S1.5.6 Annotated input for cases 9-14

#sasl
cases 9-14 (prep) -- infhommedia used for x-sect processing, collapse=yes
27n-18couple infhommedia

the uo2 and zircalloy volume fractions preserve the amount of fuel associated
with the 264 fuel pins in the space occupied by a westinghouse 17*17 assembly
(in a 17*17 assembly, only 264 of the 289 available pin positions are used.)
here, the homogenized fuel (mix 1) now contains some ss304 representing the
internal basket material between assemblies. (in the latticecell x-sect
model, this was called mix 7 and was later blended with mix 500 in the

zone input data for the cask shielding calcs -- see cases 1, 2, 3 or 4.)

uo2 1 0.25553 560 92234 0.029 9223% 3.2 92236 0.016 92238 96.755 end
zircalloy 1 0.08282 560 end

ss304 1 2.1375e-2 560 end

L N

* mix 2 is used between the inner and outer row of assemblies in the cask:
ss304 2 2.1712e-2 end

bdc 2 7.7066e-2 end

* mix 3 is a dummy material not used in these examples

* mix 4 is the structural steel used in the cask body

‘ mix 5 is the u-metal gamma shield

* mix 6 is the neutron shield (defined here; used in some cases, but not all)
he 3 end

ss304 4 end

u(.27)metal S5 end

h2o 6 0.944 end

* the keywords *end comp" should begin in column 1:
end comp

’ to collapse the 27 neutron groups down to 15 groups enter:
more data collapse end

’

end
case 9 -- infhommedia x-sects; collapse=y; n-shield present; isn,icm=defaults

note that a blank line, or a line with *last* typed in columns 1-4,
had to be placed between the previous "end® card and the title card
for the following shielding calculation. this is also true for any
additional shielding calculations that follow this case.

L NN

cylindrical

' description of each zone follows:

’* notes regarding the data for zone 1:

* the +1 indicates that source spectrum 1 comes from an origen-s file
* the 0 0.0 indicates that zone 1 is not to be diluted with mix 0 (void)
* origen source: on unit 60, 2-nd decay time in file, zvol=1.8679%e+5,
* number of fuel assemblies in this first zone = 1

1 12.75 20 +1 0 0.0 60 2 1.8679%e+5 1

2 21.72 8 0

* number of fuel assemblies in third zone = 6

1 38.05 30 +1 0 0.0 60 2 1.1215e+6 6

0 47.63 5 0

‘ inner steel shell:

4 48.90 2 0

* u-metal gamma shield:

5 57.40 30 O

‘ outer steel shell:

4 61.35 6 0

‘ neutron shield (water):

[for the accident scenario where the n-shield is assumed

NUREG/CR-0200,
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Table §1.5.6 (continued)

to be lost, simply change the "6 to a "0" on next card]
72.78 16 O
outside steel barrel:
73.22 1 0
note: the keywords "end zone* must not begin in column 1:
end zone

[ .

source spectrum is being read from an origen-s file on unit 60,
therefore we don’t need to input that data manually. if needed,
it would go here, as illustrated in case 1 and case 3.

e

optional control parameters would go next (if used)

read xsdose

‘ enter full height of cask to be used by xsdose calc (=2*297.82):
595.64 .

end

case 10 - infhommedia x-sects; collapse=y; n-shield present; isn=8, icm=default
* note that a blank line, or a line with "last® typed in columns 1-4, had
‘ to be placed between the previous "end" card and the above title card.

I

cylindrical

¢+ description of each zone follows:

* the +1 indicates that source spectrum 1 comes from an origen-s file
1 12.75 20 +1 0 0.0 60 2 1.8679%e+5 1
2 21.72 8 0

1 38.05 30 +1 0 0.0 60 2 1.1215e+6 6
0 47.63 5 0

4 48.90 2 0

5 57.40 30 o

4 61.35 6 0

* neutron shield (water):

6 72.78 16 0

4 73.22 1 0

note: the keywords *“end zone* must not begin in column 1:
end zone

source spectrum is being read from an origen-s file on unit 60,
therefore we don’t need to input that data manually. if needed,
it would go here, as illustrated in case 1 and case 3.

optional control parameters go next (if used):

in this case, a low-order s8 angular cquadrature is being used for cheap
scoping calculations. a higher-order s16 (default), s24, or s32 set
should normally be used in the final analysis.

isn=8

’

r
’
I3
I3
I3
’
’
v
’

read xsdose

‘ enter full height of cask to be used by xsdose calc (=2*297.82):
595.64

end !

case 11 - same as case 10, with axial buckling of 595.64 cm used in xsdrn calc
* note that a blank line, or a line with "last® typed in columns 1-4, had
* to be placed between the previous *end" card and the above title card.

cylindrical

' description of each zone follows:

* the +1 indicates that source spectrum 1 comes from an origen-s file
1 12.75 20 +1 0 0.0 60 2 1.867%e+5 1

2 21.72 8 0
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Table $1.5.6 (continued)

1 38.05 30 +1 0 0.0 60 2 1.1215e+6 6

0 47.63 5 0

4 48.90 2 0

S 57.40 30 O

4 61.35 6 0

‘ neutron shield (water):

6 72.78 16 ¢

4 73.22 1 0 .

‘ note: the keywords "end zone" must not begin in column 1:
end zone

source spectrum is being read from an origen-s file on unit 60,
therefore we don’t need to input that data manually. if needed,
it would go here, as illustrated in case 1 and case 3.

optional control parameters go next (if used):

in this case, a low-order s8 angular quadrature is being used for cheap
scoping calculations, and an axial buckling of 595.64 cm is being used in
the xsdrnpm calculation. (as noted in section £4.1.2.1 of the scale manual,
however, the use of an axial buckling correction in 1-d radial shielding
calculations should generally be avoided. a higher-order sl16 [default],
s24, or s32 cquadrature set should also be used in the final analysis.)
isn=8 dy=595.64

T S S N Y T S

read xsdose

* enter full height of cask to be used by xsdose calc (=2%297.82):
595.64

end

case 12 - same as case 10, with outer fuel zone smeared with adjacent void

.

note that a blank line, or a line with "last" typed in columns 1-4, had
to be placed between the previous "end" card and the above title card.

.~ s 0~

cylindrical

* description of each zone follows:

* the +1 indicates that source spectrum 1 comes from an origen-s file

1 12.75 20 +1 0 0.0 60 2 1.8679%e+5 1

2 21.72 8 0

‘ in case 10, the outer fuel zone extended from r=21.72 cm to r=38.05 cm,
* with an adjacent void region extending from r=38.05 cm to r=47.63 cm.
* in this case [{12], the two zones have been modeled as one combined zone.
* this combined zone contains 45.68 vol% void (mix 0), plus 54.32 vol$

* (=100.00-45.68) fuel mix 1. note that the volume (zvol) of the

’ combined fuel region is now 2.0647e+6 c¢c rather than 1.1215e+6 cc

r [2.0647e+6 = pi*(47.63**2 - 21.72**2)*(144*2.54)]. when using source

* terms & spectra from an origen file (n/s/assy & photons/s/assy)., this

’ wolume (zvol) must be entered so that sasl properly normalizes the

’ source per unit volume, which is then used in the xsdrnpm calculation.
‘ as in the previous case, this zone contains 6 pwr fuel assemblies.

1 47.63 30 +1 0 0.4568 60 2 2.0647e+6 6

4 48.90 2 0

5 57.40 30 0

4 61.35 6 0

* neutron shield (water):

6 72.78 16 0

4 73.22 10

* note: the keywords "end zone®" must not begin in column 1:

end zone

source spectrum is being read from an origen-s file on unit 60,
therefore we don’t need to input that data manually. if needed,
it would go here, as illustrated in case 1 and case 3.

D R

optional control parameters go next (if used):
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Table S1.5.6 (continued)

* in this case, a low-order s8 angular quadrature is being used for cheap
* scoping calculations. a higher-order s16 (default), s24, or s32 set

* should normally be used in the final analysis.

isn=8

read xsdose

' enter full height of cask to be used by xsdose calc (=2*297.82):

595.64

end

case 13 - infhommedia x-sects; collapse=y; no n-shield used; isn, icm=defaults
‘. note that a blank line, or a line with *last" typed in columns 1-4, had
’* to be placed between the previous "end" card and the above title card.

.

cylindrical

* description of each zone follows:

* the +1 indicates that source spectrum 1 comes from an origen-s file
1 12.75 20 +1 0 0.0 60 2 1.8679%e+5 1

2 21.72 8 0

1 38.05 30 +1 0 0.0 60 2 1.1215e+6 6

0 47.63 S 0

4 48.90 2 0

5 57.40 30 O

4 61.35 6 0

* neutron shield (now wvoid):

‘ for the accident scenario here, the n-shield is assumed
’ to be lost, so mixture 0 was used in place of mixture 6.

0 72.78 16 0

4 73.22 1 0

* note: the keywords *end zone® must not begin in column 1:
end zone

source spectrum is being read from an origen-s file on unit 60,
therefore we don’t need to input that data manually. if needed,
it would go here, as illustrated in case 1 and case 3.

L

read xsdose

* enter full height of cask to be used by xsdose calc (=2*297.82):

595.64

end

last

case 14 - infhommedia x-sects; collapse=y; no n-shield used; isn=8,icm=default
' note that a blank line, or a line with *last®" typed in columns 1-4, had

* to be placed between the previous "end® card and the above title card.
cylindrical

description of each zone follows:

* the +1 indicates that source spectrum 1 comes from an origen-s file
1 12.75 20 +1 0 0.0 60 2 1.8679e+5 1

2 21.72 8 0

1 38.05 30 +1 ¢ 0.0 60 2 1.1215e+6 6

0 47.63 5 0

4 48.90 2 0

5 57.40 30 O

4 61.35 6 0

* neutron shield (now void):

’ for the accident scenario here, the n-shield is assumed
’ to be lost, so mixture 0 was used in place of mixture 6.
0 72.78 16 0

4 73.22 1 0 _

* note: the keywords "end zone" must not begin in column 1:
end zone
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Table $1.5.6 (continued)

source spectrum is being read from an origen-s file on unit 60,
therefore we don’t need to input that data manually. if needed,

it would go here, as illustrated in case 1 and case 3.

optional control parameters go next (if used):

in this case, a low-order s8 angular quadrature is being used for cheap
scoping calculations. a higher-order sl16 (default), s24, or s32 set
should normally be used in the final analysis.

isn=8

I3

F T N S Y

read xsdose

* enter full height of cask to be used by xsdose calc (=2%*287.82):
595.64

end

Cases 1 through 4 of Table S1.5.1 show how the user may invoke the SAS1X control module to
perform a preliminary XSDRNPM latticecell calculation for a Westinghouse 17 x 17 fuel assembly to obtain
cell-weighted cross-section data that may later be referred to as “mixture 500" in the specification of one or
more zones in the 1-D shielding problem. While all four cases utilize the SCALE 27n-18y cross-section library
(see Sect. M4 for more information), cases 1 and 2 retain all 27 neutron groups in the final 1-D shielding
calculation, while cases 3 and 4 collapse the 13 neutron energy groups below 3.05 eV down to one thermal
energy group prior to performing the 1-D shielding calculation. Because of these differences, cases 1 and 2
were both run as separate steps in one SAS1X calculation, while cases 3 and 4 were both run as separate steps
in another SAS1X calculation (cf. Table S1.5.1). Note that in cases 1 and 2, the running time for each
XSDRNPM shielding calculation was approximately 4 min on an IBM-3090, while cases 3 and 4 using the
collapsed neutron data required only 1.6 min for each XSDRNPM case. It should also be noted that the
calculated neutron and gamma dose rates on the surface of the cask are not significantly different in this case,
although they may differ more if one had a strong thermal-neutron-absorbing/gamma-producing material like
boron in the neutron shield near the outer portion of the cask.

Cases 1 and 3 illustrate how the user may describe the neutron/gamma source spectra directly in the
SAS1 or SAS1X input file for the general case when one retains all 27 neutron groups and for the collapsed
case where the 13 thermal groups have been collapsed to one thermal sink group, leaving a total of 15 neutron
groups and 18 gamma groups. Cases 2 and 4 solve exactly the same problem but illustrate how the
neutron/gamma source spectra may be read from an ORIGEN-S source file on logical unit 60. Note that the
same ORIGEN-S source file may be used regardless of whether or not the COLLAPSE option has been
invoked. If the COLLAPSE option is used, the SAS1 or SAS1X control modules will collapse the source
spectra as well as the cross-section data. (To avoid listing the 27n-18y or 15n-18y spectral data an excessive
number of times for the various sample input cases, most of the cases shown here assume that these data are
being read from an ORIGEN-S source file. Primarily for completeness, the exact same data have been given
explicitly in cases 1 and 3.) In all four cases the neutron shield was assumed to be present.

Although mixture S00 may indeed be typical of the homogenized spent fuel in the innermost radial zone
of the 1-D shielding calculation, it does not include any of the stainless steel in the basket between assemblies
(mixture 7). In cases 1 through 4, the zone input data for zone 3 are used to indicate that (azimuthally) the
material in this zone is 82% spent fuel and 18% stainless steel from the basket.

Cases 5 through 14 assume that the user has simply entered the appropriate volume fraction of UO,,
Zircaloy, and stainless steel necessary to describe the spent fuel and the internal basket structure as a single
homogenized material that will be treated as an infinite homogeneous media in the resonance self-shielding
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calculation. Because a preliminary XSDRNPM latticecell calculation will not be performed, the SAS1
sequence should be used in lieu of the SAS1X sequence. Cases S through 8 use all 27 neutron groups, while
cases 9 through 14 use an assumed Maxwellian neutron spectrum to collapse the 13 thermal neutron groups
down to one thermal sink group prior to the 1-D shielding calculation. While the two sets of results are
generally in good agreement, a 3% difference in the external neutron dose rate is seen in those analyses where
the neutron shield is present (cf. Table S1.5.1, case 5 vs case 9). Cases 6 and 8 show the effect of using
additional outer iterations (ICM=10) to better converge the flux spectrum. While four outer iterations are
generally adequate to converge the internal fission source in a heavily poisoned cask with one thermal sink
group, unpoisoned casks (or analyses performed with more thermal energy neutron groups) may require
additional iterations. Better convergence of the thermal neutron flux in the outermost portion of the neutron
shield may also have a slight impact on the external dose rate (cf. Table S1.5.1, case 6 vs case 5). However,
the penalty for increasing the number of outer iterations is approximately 50 to 100% for the cases shown.

Cases 10 and 14 (15n-18y, with and without the neutron shield) are similar to cases 9 and 13,
respectively, except that a lower order Sg quadrature was used for illustrative purposes. While an S, or higher
quadrature is recommended for final analysis, a lower order S; quadrature may be used for debugging purposes
and/or for large series of scoping calculations where the need for accuracy is not paramount. As shown in
Table S1.5.1, the S, shielding calculations each required approximately 1.6 min of CPU time on an IBM-3090,
while the S; calculations required only 0.55 min each and gave surface dose rates that were less than 1%
different from S,4 results. For problems involving thicker shields or for problems having only gamma source
terms, the sensitivity to the quadrature will generally be somewhat greater. Also, while the dose rates at the
surface of the cask may be relatively insensitive to the order of the quadrature, the calculated dose rates at more
distant points outside the cask will always be more sensitive to the order of the quadrature.

The input data for case 11 are listed below (cf. Table $1.5.6) to illustrate how an axial buckling
correction may be used in the XSDRNPM 1-D radial analysis. In this case an axial buckling of 595.64 cm
was used to approximate the axial leakage from the cask. As noted in the footnote to Table $1.5.1, the
calculated dose rate on the outside of the cask is just marginally lower than the normal (more conservative) case
where a buckling correction is not used. This insensitivity is characteristic of the 1-D radial calculation due
to the length of the cask relative to its radius. It should also be realized that the DB?¢ correction is treated as
an absorption term in the transport equation solved by XSDRNPM and that it, therefore, represents an
"isotropic" correction; whereas, in reality, some of the angular fluxes would be affected greatly by the finite
dimensions of the cask, while the most outward-directed angular fluxes important in shielding calculations
would be affected to a much smaller degree. For that reason the use of an axial buckling correction should
generally be avoided when performing 1-D calculations in the radial direction. For 1-D calculations in the axial
direction, however, failure to use a realistic buckling correction may cause the calculated dose rates to be
unrealistically high (cf. cases 16 and 18 in Sect. $1.5.3).

Lastly, the input for case 12 is listed below (cf. Table $1.5.6) to illustrate still another way in which
the interior of the cask could be modeled. Here, the outer fuel region and the adjacent void were smeared
together in the XSDRNPM shielding calculation. This more conservative model tends to dilute the fuel in the
outer region so that it provides less spatial self-shielding than what one might actually have when modeled as
shown in Fig. S1.5.1. The calculated results show a 3% increase in the external neutron dose rate and a
negligible change in the gamma dose rate. Nevertheless, this is the type of modeling sensitivity that users
should investigate when analyzing any new shielding configuration. More extensive notes have also been
provided, as commented in the input data listing, to show how the source terms for the smeared zone (zone 3)
should be modified to correctly account for the volumetric dilution of the spent fuel.
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S$1.5.3 DISCUSSION OF THE 1-D AXITAL PROBLEMS

Cases 15 through 25 (cf. Table S1.5.2) illustrate different approaches to the 1-D axial problem with
and without the axial shock absorber on the end of the cask. The effect of collapsing the cross-section data
using different geometric models and the effect of using a buckling correction in the 1-D shielding analysis were
all examined. In addition, the annotated input listed in Tables S$1.5.7 through S1.5.9 is used to illustrate
(1) how the fuel should be smeared over the entire inner volume of the cask and how the zone description data
may be used to accomplish that task, (2) how the source terms on the zone description card(s) should be
renormalized to accurately represent the neutron and gamma sources in the fuel (cf. cases 15 and 16), and
(3) how one might account for the activation sources in the hardware at the top of the fuel assemblies (cf. case
15). Alternate ways of entering these data are also illustrated in Tables S1.5.7 through S1.5.9.

Cases 15 through 19 used a multiregion infinite slab model in the Nordheim resonance self-shielding
calculation for the cross-section data, while cases 20 through 25 performed the resonance self-shielding
calculation for each material as if one had an infinite homogeneous region of the given material. In the
multiregion case, the resonance energy neutrons in each material have a finite free-flight escape probability,
and the moderating effect of adjacent materials may be represented in the Nordheim equation as a 1/E slowing-
down source (unless there is no external moderator, as was the case here). With an infinite homogeneous
media, the free-flight escape probability in the Nordheim equation is set to zero, and only the nuclides in the
given material are assurned to have any moderating effect on the neutron spectrum used to weight the group-
averaged, resonance self-shielded cross-section data. Because many neutron shielding materials do not contain
resonance nuclides and because such shields tend to be many mean free paths thick, the infinite homogeneous
media approximation is generally good if the final objective is to use the resulting cross-section data in a 1-D
shielding analysis. Here, for example, cases 15, 16, and 22 all give identical results, cases 18 and 24 give
identical results, cases 17 and 23 give identical results, and cases 19 and 25 give identical results
(cf. Table S1.5.2).

The effect of collapsing the 13 thermal neutron groups in the 27n-18y library down to one thermal sink
group was also investigated (cf. cases 20 through 23). In all cases the external gamma and neutron dose rates
appear to be unaffected, although that may not be the case if one had a strong thermal-neutron-
absorbing/gamma-producing material like boron in the outer portion of the cask. It should be noted, however,
that the 27n-18y calculations ran 2.9 times longer than the collapsed 15n-18y calculations.

Unlike the 1-D radial calculations where the buckling correction generally made very little difference
in the external dose rate, the 1-D axial calculations generally require a buckling correction if the calculated dose
rates at the surface are to be anywhere close to realistic. Even with a realistic buckling correction where DY
and DZ are both set equal to the diameter of the cask, one can generally get only within 10 to 50% of the
correct dose rate using a 1-D axial model. (See Table 7.4 of ref. 2 for more detailed comparisons against 3-D
MORSE Monte Carlo results.) Without a buckling correction, however, the SAS1 results at the surface may
be off by an order of magnitude. Resuits for cases 16 and 18, or for cases 22 and 24 (cf. Table S1.5.2), show
that the calculated neutron dose rate at the surface may vary from 15.28 to 132.0 mremvh, depending on the
buckling correction used in the XSDRNPM calculation, while the gamma dose rate may vary from 12.40 to
31.74 mremvh. In addition to directly reducing the axial leakage of both neutrons and gammas, the transverse
leakage also serves to reduce the subcritical neutron multiplication in the fueled portion of the cask. That,
together with the longer mean free path of neutrons in the dry cask, causes the external neutron dose rate to be
more sensitive to the buckling correction than the external gamma dose rates. In both cases, however, the axial
representation of the cask as a series of 1-D slabs must be regarded as a very crude first-order geometric
approximation, and the corresponding results should be treated accordingly. For more accurate results in the
axial direction, one should use the multidimensional MORSE Monte Carlo code as embodied in the SAS4
control module (see Sect. S4).
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Table S1.5.7 Annotated input for cases 15-19

#sasl

cases 15-19 (prep) -- multiregion slab used for x-sect processing, collapse=yes
27n-18couple multiregion

the uwo2 and zircalloy volume fractions preserve the amount of fuel associated
with the 264 fuel pins in the space occupied by a westinghouse 17*17 assembly
(in a 17*17 assembly, only 264 of the 289 available pin positions are used.)
here, the homogenized fuel (mix 1) also contains some ss304 representing the
internal basket material between assemblies. note that this description of
mix 1 is the same as that used for the material in zones 1 & 3 of the 1-4
radial calculations (see cases [5] through [14]). for the axial calculations,
however, the fuel should be smeared over the entire inner volume of the cask
cavity (i.e., over what were zones 1-4 in the radial model). this additional
dilution is accomplished below, by using the mixing option in the zone
description data for the axial shielding calculation.

uo2 1 0.25553 560 92234 0.029 92235 3.2 92236 0.016 92238 96.755 end
zircalloy 1 0.08282 560 end

ss304 1 2.1375e-2 560 end

I N T T S S S S

‘* mix 2 is an homogenized model of the hardware on the end of the assembly:
ss304 2 4.8714e-2 end
zircalloy 2 1.2838e-2 end

* mix 3 is the stainless steel used in the cask 1lid

‘ mix 4 is the u-metal gamma shield embedded within the 1lid

‘* mix 5 is the external shock absorber (balsa wood) on the end of the cask:;
‘ while mix 5 is defined here, it is only used in some of the cask models.
ss304 3 end

u(.27)metal 4 end

balsa 5 end

* the keywords "end comp® should begin in column 1:

end comp

* geometry specification card for x-sect processing calc
* (note: no geom spec card is required for infhommedia)
Slab end

* multiregion zone description used in the cross section
* resonance self-shielding calculation performed by nitawl:

1 182.88 noextermod
2 219.02 noextermod
0 224.10 noextermod
3 225.37 noextermod
4 233.87 noextermod
3 237.82 noextermod
S 297.82 noextermod
* note: the keywords "end zone" must not begin in column 1:

end zone
r

' to collapse the 27 neutron groups down to 15 groups enter:
more data c¢ollapse end

’

end
case 15 -- multiregion x-sects; collapse=y; buckled slab model; with shock abs

note that a blank line, or a line with "last" typed in columns 1-4,
had to be placed between the previous "end" card and the title card
for the following shielding calculation. this is also true for any
additional shielding calculations that follow this case.

P N L
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Table S1.5.7 (continued)
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together, zones 1 & 2 represent the top half of the fuel assembly.
two zones were used here so that a coarse mesh of about 2.74 cm
[=137.16/50] could be used in the lower region while a finer mesh of
about 0.91 cm [=(182.88-137.16)/50] could be used near the top of the
assembly where the fuel itself provides less spatial self-shielding.

the -1 indicates that source spectrum 1 is entered below (after zone data).
in the radial shielding calculations (cf. cases [1l] through [14]) the
homogenized fuel represented by mix 1 above was located in radial zones 1
(extending from r=0.0 cm to r=12.75 cm) and 3 (extending from r=21.72 cm to
r=38.05 cm), with a void region [zone 4] extending from r=38.05 cm to the
inner wall of the cask at r=47.63 cm. the actual volume fraction of this
homogenized fuel mixture inside the cask is therefore given by
vEmixl=(fvol/zvol)=0.50189, where

fvol= 1.30834e+6 cc
zvol = 2.60680e+6 cc

pi*(12.75**2 + 38.05**2 - 21.72**2)*(2*182.88)
pi*(47.63**2)*(2*182.88)

in the axial calec, the source density in this larger homogenized region
corresponding to the cask cavity must be reduced by a similar amount. thus,
xnn{caselS5)=0.50189*xnn{casel) and xng(casel5)=0.50189*xng(casel), ie:
xnn{caselS5)=3.468e+2 neut/s/cc and xng(casel5)=1.300e+10 photons/s/cc.

since the borated steel between the inner and outer row of assemblies does
not provide any shielding in the axial direction, the material in radial
zone 2 (like radial zone 4) should be treated as a void. the effective
volume fraction of the void space inside the cask cavity {(i.e. the space
not occupied by mix 1) is then given by vfvoid = 1.0-vfmixl = 0.49811.
the "0 0.49811" therefore indicates that axial zones 1 & 2 contain

49.81 vols void (mix 0), plus 50.19 vol% (=100-49.81) fuel mix 1.

137.16 50 -1 0 0.49811 3.468e+2 1.300e+10

182.88 50 -1 0 0.49811 3.468e+2 1.300e+10

hardware on the end of the assembly (zone 3):

the -2 indicates that source spectrum 2 is entered below (after zone data).
xnn = 0.0 n/s/cc in this zone & xng = 1.2984e+7 photons/s/cc in this zone.

the gamma source in this zone represents all the activation sources in the
steel components at the end of the cask. for many 1-d axial calculations,
the dose rate due to this activation is not negligible. actual activation
source strengths (& spectra) "per mtihm* or "per assembly" or *per kg of
hardware* may be obtained from an origen-s analysis. the total volumetric
source terms (xnn & xng) will then have to be normalized by the user to
account for the amount of activated hardware in this portion of the 1-d
axial model of the particular shipping cask.

219.02 40 -2 0 0.0 0.0 1.2984e+7

void between top of assembly and inner 1id of cask (occupied
by small locking devices not included in this model}:
224.10 5 0

inner portion of cask 1lid (ss304):
225.37 2 0

u-metal gamma shield in cask lid:
233.87 30 O
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Table S1.5.7 (continued)

237.82 6 0

external shock absorber on end of cask (balsa wood):
297.82 60 O

« s s S W~

note: the keywords "end zone* must not begin in column 1:
end zone

source spectrum 1 is being entered directly and goes next.

note: while the collapsed 15n-18g spectrum entered here is identical
to that used in case [3], the actual spectral source densities for
this axial problem will be renormalized using the values of xnn and
xng given above (see input data for zonmes 1 & 2).

.27e+01 1.45e+02 1.62e+02 9.06e+01 1.22e+02 1.33e+02 2.60e+01

GOk ~ & %~ 5 s s s

z

3.92e-01 1.84e+00 9.41le+00 2.34e+01 4.45e+04 3.58e+05 1.20e+07
4.83e+06 2.74e+08 1.08e+09 1.39%e+09 9.90e+09 3.10e+09 2.83e+08
4.18e+08 1.52e+09 1.75e+09 6.19%e+09

source spectrum 2 is being entered directly and goes next.

this 15n-18g spectrum represents the activation source in

the hardware near the end of the fuel assembly. because of
that, the source is non-zero in only two gamma energy groups.
such activation data may be obtained from an origen-s analysis.
the actual spectral source densities for this axial problem
will be renormalized using the values of xnn and xng given
above (see input data for zone 3).

5z 8z 0.1574 0.8426 8z

optional control parameters for the xsdrnpm shielding calculation:
in this case, dy & dz are both set to the diameter of the cask.
unlike the 1-d radial calculations where the buckling correction
generally made very little difference in the external dose rate, ~
the 1-d axial calculations generally require a buckling correction
if the calculated dose rates at the surface are to be anywhere
close to realistic. even with a realistic buckling correction, one
can generally only get within 10-50% of the correct dose rate using
a 1-d axial model. without a buckling correction the sasl results
at the surface may be off by an order of magnitude. see table 7.4
of ornl/csd/tm-246 for more detailed comparisons against 3-d morse
monte carlo results.

dy=146.44 dz=146.44

’

P T TR N NN

read xsdose

* enter radius of cask used by the xsdose calc:
73.22
end

case 16 -- same as case 15, but with source spectrum from origen source file

’

* note that a blank line, or a line with *last" typed in columns 1-4,
‘ had to be placed between the previous "end®* card and the title card

disc reflected

.

* description of each zone follows:

‘ notes regarding the data for zones 1 & 2:

‘ together, zones 1 & 2 represent the top half of the fuel assembly.
two zones were used here so that a coarse mesh of about 2.74 cm

NUREG/CR-0200, J/
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Table S$1.5.7 (continued)
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[=137.16/50] could be used in the lower region while a finer mesh of
about 0.91 cm [=(182.88-137.16)/50] could be used near the top of the
assembly where the fuel itself provides less spatial self-shielding.

the +1 indicates that source spectrum 1 comes from an origen-s file.
origen source: on unit 60, 2-nd decay time in file, zvol=2.60680e+6,
no. of fuel assemblies in these first two axial zones (i.e. in cask)=7

in the radial shielding calculations (cf. cases [5] through [14]) the
homogenized fuel represented by mix 1 above was located in radial zones 1
(extending from r=0.0 cm to r=12.75 cm) and 3 (extending from r=21.72 cm to
r=38.05 cm), with a void region {zone 4] extending from r=38.05 cm to the
inner wall of the cask at r=47.63 cm. the actual volume fraction of this
homogenized fuel mixture inside the cask is therefore given by
vimixl=£fvol/zvol, where

fvol= 1.30834e+6 cc
zvol = 2.60680e+6 cc

pi*(12.75*%*2 + 38.05**2 - 21.72**2)*(2*182.88)
Pi*(47.63**2)*(2*182.88)

this yields vEmix1=0.50189. Since the borated steel between the inner and
outer row of assemblies does not provide any shielding in the axial
direction, the material in radial zone 2 (like radial zone 4) should be
treated as a void. the effective volume fraction of the void space inside
the cask cavity (i.e. the space not occupied by mix 1) is then given by
vivoid = 1.0-vfmixl = 0.49811. The *0 0.49811" therefore indicates that
axial zones 1 & 2 contain 49.81 vol% void (mix 0), plus 50.19 vol$
(=100-49.81) fuel mix 1. when using source terms & spectra from an origen
file (n/s/assy & phot/s/assy), the smeared source vol (zvol=2.60680e+6 cc)
must be entered so that sasl properly normalizes the source per unit volume,
which is then used in the xsdrnpm shielding calculation. the 7 indicates
that this smeared source volume contains 7 fuel assemblies.

137.16 50 +1 0 0.49811 60 2 2.60680e+6 7

182.88 50 +1 0 0.49811 60 2 2.60680e+6 7

hardware on the end of the assembly (zone 3):

the -2 indicates that source spectrum 2 is entered below (after zone data).

in this case, xnn & xng would normally equal the number of neutrons/s/cc

in this zone and the number of photons/s/cc in this zone. when both are
specified as zero {(as shown here), it indicates that the source spectrum
entered below (after the zone data) has already been normalized by the user
to the correct number of neutrons/s/cc and photons/s/cc for this particular
zone, and that this spectrum is not to be renormalized by the code.

the spectrum referred to in this case represents the activation source in
the steel components at the end of the cask. for many 1-d axial calcula-
tions, the dose rate due to this activation source is not negligible.

219.02 40 -2 0 0.0 0.0 0.0

data for remaining zones:

224.10 S 0

225.37 2 0

233.87 30 O

237.82 6 0

external shock absorber on end of cask {balsa wood):
297.82 60 O

note: the keywords "end zone®” must not begin in column 1:

end zone
P

I3

source spectrum 1 is being read from an origen-s file on unit 60,

NUREG/CR-0200,
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Table S1.5.7 (continued)

therefore we don‘t need to input that data manually. if needed,
it would go here, as illustrated in case {15]. (note that xmn & xng L
on the zone 1 description card for case [15] have been adjusted

for the smeared fuel volume in zone 1 of the 1-d axial model.)

source spectrum 2 is being entered directly and goes next.

this 15n-18g spectrum represents the activation source in

the hardware near the end of the fuel assembly. because of
that, the source is non-zero in only two gamma energy groups.
such activation data may be obtained from an origen-s analysis.
5z 8z 2.044e+6 1.094e+7 B8z

optional control parameters for the xsdrnpm shielding calculation:
in this case, dy & dz are both set to the diameter of the cask.
(1-d axial calculations generally require a buckling correction)
dy=146.44 d=z=146.44

L T O N R R

read xsdose

* enter radius of cask used by the xsdose calc:
73.22

end

case 17 -- multiregion x-sects; collapse=y; buckled slab; without shock abs
’ note that a blank line, or a line with *last® typed in columns 1-4,
* had to be placed between the previous "end"” card and the title card

I3

disc reflected

'

* description of each zone follows:

the +1 indicates that source spectrum 1 comes from an origen-s file.

-

in this case, dy & dz are both set to the diameter of the cask.
(1-4 axial calculations generally require a buckling correction)
dy=146.44 dz=146.44

1 137.16 50 +1 0 0.49811 60 2 2.60680e+6 7
1 182.88 50 +1 0 0.49811 60 2 2.60680e+6 7
* the -2 indicates that source spectrum 2 is entered below (after zone data). -
* the "0.0 0.0" indicates that spectrum 2 has already been normalized.
2 219.02 40 -2 0 0.0 0.0 0.0
0 224.10 5 0
3 225.37 2 0
4 233.87 30 0
3 237.82 6 0
* if the external axial shock absorber were present it would be next.
* in this "accident” scenario, it is assumed to be lost or destroyed.
* note: the keywords "end zone® must not begin in column 1:
end zone
' source spectrum 1 is being read from an origen-s file on unit 60,
‘ therefore we don’t need to input that data manually. if needed,
it would go here, as illustrated in case [15].
* source spectrum 2 is being entered directly and goes next. this is
‘ the activation source in the hardware at the end of the assemblies.
15z 8z 2.044e+6 1.094e+7 8z
‘ optional control parameters for the xsdrnpm shielding calculation:

read xsdose

‘ enter radius of cask used by the xsdose calc:
73.22 )

end

NUREG/CR-0200, L
Vol. 1, Rev. 6 $1.5.24



Table S1.5.7 (continued)

case 18 -~ multiregion x-sects; collapse=y; infinite slab model; with shock abs

I

' note that a blank line, or a line with "last" typed in columns 1-4,
‘ had to be placed between the previous *"end" card and the title card

'

disc reflected

I3

* description of each zone follows:

-~

* the +1 indicates that source spectrum 1 comes from an origen-s file.
1 137.16 S0 +1 0 0.49811 60 2 2.60680e+6 7

1 182.88 50 +1 0 0.49811 60 2 2.60680e+6 7

* the -2 indicates that source spectrum 2 is entered below (after zone data).
* the "0.0 0.0" indicates that spectrum 2 has already been normalized.
2 219.02 40 -2 0 0.0 0.0 0.0

0 224.10 5 0

3 225.37 2 0

4 233.87 30 0

3 237.82 6 0

* external shock absorber on end of cask (balsa wood):

5 297.82 60 O

end zone

source spectrum 1 is being read from an origen-s file on unit 60,
therefore we don‘t need to input that data manually. if needed,
it would go here, as illustrated in case {15].

source spectrum 2 is being entered directly and goes next. this is
the activation source in the hardware at the end of the assemblies.
5z 8z 2.044e+6 1.094e+7 82z

optional control parameters for the xsdrnpm shielding calculation
would go here if used. [since the transverse dimensions (dy & dz) are
not specified here, xsdrnpm will use an *infinite" slab model with no
buckling correction. for 1-d axial models, this will yield conserva-
tive (but unrealistically high) dose rates at the cask surface.]

L ey

read xsdose’

‘* enter radius of cask used by the xsdose calc:

73.22

end

last

case 19 -- multiregion x-sects; collapse=y; infinite slab; without shock abs
‘ note that a line with *last* typed in columns 1-4, had to be placed

’ between the previous "end® card and the title card for this final case

I3

disc reflected

I3

' description of each zone follows:

the +1 indicates that source spectrum 1 comes from an origen-s file.

~

1 137.16 50 +1 0 0.49811 60 2 2.60680e+b6 7

1 182.88 50 +1 0 0.49811 60 2 2.60680e+6 7

' the -2 indicates that source spectrum 2 is entered below (after zone datal).
‘ the "0.0 0.0*" indicates that spectrum 2 has already been normalized.
2 219.02 40 -2 0 0.0 0.0 0.0

0 224.10 S 0

3 225.37 2 0

4 233.87 30 0

3 237.82 6 0

* if the external axial shock absorber were present it would be next.

* in this "accident®" scenario, it is assumed to be lost or destroved.

* note: the keywords "end zone" must not begin in column 1:

end zone

NUREG/CR-0200,
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Table S1.5.7 (continued)

source spectrum 1 is being read from an origen-s file on unit 60,
therefore we don’t need to input that data manually. if needed,
it would go here, as illustrated in case [15].

source spectrum 2 is being entered directly and goes next. this is
the activation source in the hardware at the end of the assemblies.
Sz 8z 2.044e+6 1.09%4e+7 8z

optional control parameters for the xsdrnpm shielding calculation
would go here if used. [since the transverse dimensions (dy & dz) are-
not specified here, xsdrnpm will use an "infinite" slab model with no
buckling correction. for 1-d axial models, this will yield conserva-
tive (but unrealistically high) dose rates at the cask surface.]

P SR N T o SR T S S T SN

read xsdose

* enter radius of cask used by the xsdose calc:
73.22

end

NUREG/CR-0200,
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Table S1.5.8 Annotated input for cases 20 and 21

#sasl

cases 20-21 {(prep) -- infhommedia used for x-sect processing, collapse=no
27n-18couple infhommedia

the uo2 and zircalloy volume fractions preserve the amount of fuel associated
with the 264 fuel pins in the space occupied by a westinghouse 17*17 assembly
(in a 17*17 assembly, only 264 of the 289 available pin positions are used.)
here, the homogenized fuel (mix 1) also contains some ss304 representing the
internal basket material between assemblies. note that this description of
mix 1 is the same as that used for the material in zones 1 & 3 of the 1-4
radial calculations (see cases [5] through [14]). for the axial calculations,
however, the fuel should be smeared over the entire inner volume of the cask
cavity (i.e., over what were zones 1-4 in the radial model). this additional
dilution is accomplished below, by using the mixing option in the zone
description data for the axial shielding calculation.

uo2 1 0.25553 560 92234 0.029 92235 3.2 92236 0.016 92238 96.755 end
zircalloy 1 0.08282 560 end

ss304 1 2.137S5e-2 560 end

L L T T N T

* mix 2 is an homogenized model of the hardware on the end of the assembly:
ss304 2 4.8714e-2 end
zircalloy 2 1.2838e-2 end

’ mix 3 is the stainless steel used in the cask lid

* mix 4 is the u-metal gamma shield embedded within the lid

* mix 5 is the external shock absorber (balsa wood) on the end of the cask;
* while mix 5 is defined here, it is only used in some of the cask models.
ss304 3 end

u(.27)metal 4 end

balsa 5 end

* the keywords "end comp® should begin in column 1:

end comp

end

case 20 -- infhommedia x-sects; collapse=n; buckled slab model; with shock abs

’

‘ note that a blank line, or a line with "last" typed in columns 1-4,
* had to be placed between the previous "end® card and the title card

.

disc reflected

’

' description of each zone follows:
together, zones 1 & 2 represent the fuel assembly (z < 182.88 cm).
two zones were used so that the spatial mesh size could be varied.
the +1 indicates that source spectrum 1 comes from an origen-s file.
the "0 0.49811" indicates that axial zones 1 & 2 contain 49.81 vol% void
{mix 0), plus 50.19 vol% (=100-49.81) fuel mix 1. see case [16] for
additional comments on this and the source normalization factor (zvol).
137.16 50 +1 0 0.49811 60 2 2.60680e+6 7
182.88 50 +1 0 0.49811 60 2 2.60680e+6 7
the -2 indicates that source spectrum 2 is entered below (after zone data).
the "0.0 0.0* indicates that spectrum 2 has already been normalized to
the correct number of neutrons/s/cc and photons/s/cc for this region.
219.02 40 -2 0 0.0 0.0 0.0
224.10 S 0
225.37 2 0
233.87 30 4]
237.82 6 0
external shock absorber on end of cask (balsa wood):
297.82 60 O
note: the keywords "end zone" must not begin in column 1:

end zone

AU s W IR WON v v st s s s
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Table S1.5.8 (continued)

source spectrum 1 is being read from an origen-s file on unit 60,
therefore we don‘t need to input that data manually. if needed,
it would go here. note that since the collapse=y option was not
used, the spectrum would have to be input using the 27n-18g format
shown in case [1] -~ not the 15n-18g format shown in case [15].

source spectrum 2 is being entered directly and goes next. this is
the activation source in the hardware at the end of the assemblies.
since the collapse=y option was not used, this spectrum must be input
using a 27n-18g format (not the 15n-18¢g format shown for cases 16-20).
7z 8z 2.044e+6 1.094e+7 8z

optional control parameters for the xsdrnpm shielding calculation:
in this case, dy & dz are both set to the diameter of the cask.
(1-4 axial calculations generally require a buckling correction)
dy=146.44 dz=146.44

L X T T

read xsdose

* enter radius of cask used by the xsdose calc:

73.22

end

last

case 21 -- infhommedia x-sects; collapse=n; buckled slab; without shock abs
‘ note that a line with "last* typed in columns 1-4, had to be placed

' between the previous "end" card and the title card for this final case

4

disc reflected

.

* description of each zone follows:
together, zones 1 & 2 represent the fuel assembly (z < 182.88 cm).
two zones were used so that the spatial mesh size could be varied.
the +1 indicates that source spectrum 1 comes from an origen-s file.
the "0 0.49811" indicates that axial zones 1 & 2 contain 49.81 vol$% void
(mix 0), plus 50.19 vol% (=100-49.81) fuel mix 1. see case [16] for
additional comments on this and the source normalization factor (zvol).
137.16 50 +1 0 0.49811 60 2 2.60680e+6 7
182.88 50 +1 0 0.49811 60 2 2.60680e+6 7

-

the "0.0 0.0" indicates that spectrum 2 has already been normalized to
the correct number of neutrons/s/cc and photons/s/cc for this region.
219.02 40 -2 0 0.0 0.0 0.0 ’
224.10 5 0
225.37 2 0
233.87 30 0
237.82 6 0
if the external axial shock absorber were present it would be next.
in this "accident" scenario, it is assumed to be lost or destroyed.
note: the keywords "end zone" must not begin in column 1:

end zone

T n W WON & v AR s s s s s s

source spectrum 1 is being read from an origen-s file on unit 60,
therefore we don’t need to input that data manually. if needed,
it would go here. mnote that since the collapse=y option was not
used, the spectrum would have to be input using the 27n-18g format
shown in case [1] -- not the 15n-18g format shown in case [15].

source spectrum 2 is being entered directly and goes next. this is
the activation source in the hardware at the end of the assemblies.
since the collapse=y option was not used, this spectrum must be input
using a 27n-18g format (not the 15n-18g format shown for cases 16-20).
7z 8z 2.044e+6 1.094e+7 8z

Lo T o
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Table S1.5.8 (continued)

* optional control parameters for the xsdrnpm shielding calculation:
* in this case, dy & dz are both set to the diameter of the cask.
* (1-d axial calculations generally require a buckling correction)

dy=146.44 dz=146.44

read xsdose

* enter radius of cask used by the xsdose calc:
73.22

end

S1.5.29

NUREG/CR-0200,
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Table S1.5.9 Annotated input for cases 22-25

#sasl . .\J//

cases 22-25 (prep) -- infhommedia used for x-sect processing, collapse=yes
27n-18couple infhommedia

the uo2 and zircalloy volume fractions preserve the amount of fuel associated
with the 264 fuel pins in the space occupied by a westinghouse 17*17 assembly
{(in a 17*17 assembly, only 264 of the 289 available pin positions are used.)
here, the homogenized fuel (mix 1) also contains some ss304 representing the
internal basket material between assemblies. note that this description of
mix 1 is the same as that used for the material in zones 1 & 3 of the 1-d
radial calculations (see cases [5] through {14])). for the axial calculations,
however, the fuel should be smeared over the entire inner volume of the cask
cavity (i.e., over what were zones 1-4 in the radial model). this additional
dilution is accomplished below, by using the mixing option in the zone
description data for the axial shielding calculation.

uo2 1 0.25553 560 92234 0.029 92235 3.2 92236 0.016 92238 96.755 end
zircalloy 1 0.08282 560 end

ss304 1 2.1375e-2 560 end

LI Y

L

* mix 2 is an homogenized model of the hardware on the end of the assembly:
ss304 2 4.8714e-2 end
zircalloy 2 1.2838e-2 end

* mix 3 is the stainless steel used in the cask lid

* mix 4 is the u-metal gamma shield embedded within the lid

‘ mix 5 is the external shock absorber (balsa wood) on the end of the cask;
* while mix 5 is defined here, it is only used in some of the cask models.

ss304 3 end

u(.27)metal 4 end

balsa S end

’ the keywords "end comp® should begin in column 1:
end comp

* to collapse the 27 neutron groups down to 15 groups enter:
more data collapse end

r

end

case 22 ~-- infhommedia x-sects; collapse=y; buckled slab model; with shock abs
' note that a blank line, or a line with *last" typed in columns 1-4,
* had to be placed between the previocus "end” card and the title card
for the following shielding calculation. this is also true for any
additional shielding calculations that follow this case.

disc reflected
' description of each zone follows:

notes regarding the data for zones 1 & 2:

together, zones 1 & 2 represent the top half of the fuel assembly.
two zones were used here so that a coarse mesh of about 2.74 cm
[=137.16/50] could be used in the lower region while a finer mesh of
about 0.91 cm [=(182.88-137.16)/50] could be used near the top of the
assembly where the fuel itself provides less spatial self-shielding.

the +1 indicates that source spectrum 1 comes from an origen-s file.
origen source: on unit 60, 2-nd decay time in file, zvol=2.60680e+6,
no. of fuel assemblies in these first two axial zones (i.e. in cask)=7

D T T T R
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Table §1.5.9 (continued)
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in the radial shielding calculations (cf. cases [S] through [14]) the
homogenized fuel represented by mix 1 above was located in radial zones 1
(extending from r=0.0 cm to r=12.75 cm) and 3 (extending from r=21.72 cm to
r=38.05 cm), with a void region [zone 4] extending from r=38.05 cm to the
inyer wall of the cask at r=47.63 cm. the actual volume fraction of this
homogenized fuel mixture inside the cask is therefore given by
vimixl=£fvol/zvol, where

pi*(12.75**2 + 38.05**2 - 21.72**2)*(2*182.88)
Pi*(47.63**2)*(2*182.88)

fvol= 1.30834e+6 cc
zvol = 2.60680e+6 cc¢

this yields vfmix1=0.50189. since the borated steel between the inner and
outer row of assemblies does not provide any shielding in the axial
direction, the material in radial zone 2 (like radial zone 4) should be
treated as a void. the effective volume fraction of the void space inside
the cask cavity (i.e. the space not occupied by mix 1) is then given by
vivoid = 1.0-vfmixl = 0.49811. The "0 0.49811* therefore indicates that
axial zones 1 & 2 contain 49.81 vol$% void (mix 0), plus 50.19 vol$
(=100-49.81) fuel mix 1. when using source terms & spectra from an origen
file (n/s/assy & phot/s/assy), the smeared source vol (zvol=2.60680e+6 cc)
must be entered so that sasl properly normalizes the source per unit volume,
which is then used in the xsdrnpm shielding calculation. the 7 indicates
that this smeared source volume contains 7 fuel assemblies.

137.16 50 +1 0 0.49811 60 2 2.60680e+6 7

182.88 50 «+1 0 0.49811 60 2 2.60680e+6 7

hardware on the end of the assembly (zone 3):

the -2 indicates that source spectrum 2 is entered below (after zone data).

in this case, xmn & xng would normally egqual the number of neutrons/s/cc

in this zone and the number of photons/s/cc in this zone. when both are
specified as zero (as shown here), it indicates that the source spectrum
entered below (after the zone data) has already been normalized by the user
to the correct number of neutrons/s/cc and photons/s/cc for this particular
zone, and that this spectrum is not to be renormalized by the code.

the spectrum referred to in this case represents the activation source in
the steel components at the end of the cask. for many 1-d axial calcula-
tions, the dose rate due to this activation source is not negligible.

actual activation source strengths (& spectra) "per mtihm® or "per assembly"
or "per kg of hardware" may be obtained from an origen-s analysis. the
total volumetric source terms (or spectra) will then have to be normalized
by the user to account for the amount of activated hardware in this portion
of the 1-d axial model of the particular shipping cask.

219.02 40 -2 0 0.0 0.0 0.0

void between top of assembly and inner 1id of cask (occupied
by small locking devices not included in this model):
224.10 5 0

inner portion of cask lid (ss304):
225.37 2 0

u-metal gamma shield in cask 1lid:
233.87 30 O

outer portion of cask lid (ss304):

NUREG/CR-0200,
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Table S1.5.9 (continued)

237.82 6 O

external shock absorber on end of cask (balsa wood):
297.82 60 O

n o~ W

‘ note: the keywords *end zone® must not begin in column 1:
end zone

source spectrum 1 is being read from an origen-s file on unit 60,
therefore we don‘t need to input that data manually. if needed,

it would go here, as illustrated in case {15]. (note that xnn & xng
on the zone 1 description card for case [15] have been adjusted

for the smeared fuel volume in zone 1 of the 1-d axial model.)

source spectrum 2 is being entered directly and goes next.

this 15n-18g spectrum represents the activation source in

the hardware near the end of the fuel assembly. because of
that, the source is non-zero in only two gamma energy groups.
such activation data may be obtained from an origen-s analysis.
Sz 8z 2.044e+6 1.094e+7 8z

optional control parameters for the xsdrnpm shielding calculation:
in this case, dy & dz are both set to the diameter of the cask.
unlike the 1-d radial calculations where the buckling correction
generally made very little difference in the external dose rate,
the 1-d axial calculations generally require a buckling correction
if the calculated dose rates at the surface are to be anywhere
close to realistic. even with a realistic buckling correction, one
can generally only get within 10-50% of the correct dose rate using
a 1-d axial model. without a buckling correction the sasl results
at the surface may be off by an order of magnitude. see table 7.4
of ornl/csd/tm-246 for more detailed comparisons against 3-d morse
monte carlo results.

dy=146.44 d=z=146.44

F T T O S

read xsdose

* enter radius of cask used by the xsdose calc:
73.22

end

case 23 -- infhommedia x-sects; collapse=y; buckled slab; without shock abs
* note that a blank line, or a line with *last®* typed in columns 1-4,
* had to be placed between the previous "end® card and the title card

.

disc reflected

r

* description of each zone follows:

together, zones 1 & 2 represent the fuel assembly (z < 182.88 cm).
two zones were used so that the spatial mesh size could be varied.
the +1 indicates that source spectrum 1 comes from an origen-s file.
for additional comments about data on next two cards, see case [22].

~

1 137.16 50 +1 0 0.49811 60 2 2.60680e+6 7

1 182.88 50 +1 0 0.49811 60 2 2.60680e+6 7 .

* the -2 indicates that source spectrum 2 is entered below (after zone data).
* the "0.0 0.0" indicates that spectrum 2 has already been normalized to

* the correct number of neutrons/s/cc and photons/s/cc for this region.

2 219.02 40 -2 0 0.0 0.0 0.0

0 224.10 5 0

3 225.37 2 0

NUREG/CR-0200,

Vol. 1,Rev. 6 S1.5.32



Table $1.5.9 (continued)

233.87 30 o]
237.82 6 0
if the external axial shock absorber were present it would be next.
in this *accident" scenario, it is assumed to be lost or destroyed.
note: the keywords "end zone" must not begin in column 1:

end zone

“ s s W

source spectrum 1 is being read from an origen-s file on unit 60,
therefore we don‘t need to input that data manually. if needed,
it would go here, as illustrated in case [15].

source spectrum 2 is being entered directly and goes next. this is
the activation source in the hardware at the end of the assemblies.
5z 8z 2.044e+6 1.094e+7 8z

optional control parameters for the xsdrnpm shielding calculation:
in this case, dy & dz are both set to the diameter of the cask.
(1-d axial calculations generally require a buckling correction)
dy=146.44 dz=146.44

L O S U . T T SR ST

read xsdose

* enter radius of cask used by the xsdose calc:
73.22

end

case 24 -- infhommedia x-sects; collapse=y; infinite slab model; with shock abs
‘ note that a blank line, or a line with "last" typed in columns 1-4,
* had to be placed between the previous "end® card and the title card

.

disc reflected

.

* description of each zone follows:
the +1 indicates that source spectrum 1 comes from an origen-s file.
for additional comments about data on next two cards, see case [22].
137.16 50 +1 0 0.49811 60 2 2.60680e+6 7
182.88 50 +1 0 0.49811 60 2 2.60680e+6 7
the -2 indicates that source spectrum 2 is entered below (after zone data).
the "0.0 0.0" indicates that spectrum 2 has already been normalized to
the correct number of neutrons/s/cc and photons/s/cc for this region.
219.02 40 -2 0 0.0 0.0 0.0
224.10 5 0
225.37 2 0
233.87 30 0
237.82 6 0
external shock absorber on end of cask (balsa wood):

297.82 60 0

end zone

-~

U~ WRWON ~ ~ s~ o~

source spectrum 1 is being read from an origen-s file on unit 60,
therefore we don’t need to input that data manually. if needed,
it would go here, as illustrated in case [15].

source spectrum 2 is being entered directly and goes next. this is
the activation source in the hardware at the end of the assemblies.
5z 8z 2.044e+6 1.09%4e+7 8z

optional control parameters for the xsdrnpm shielding calculation
would go here if used. [since the transverse dimensions (dy & dz) are
not specified here, xsdrnpm will use an "infinite" slab model with no
buckling correction. for 1-d axial models, this will yield conserva-
tive (but unrealistically high) dose rates at the cask surface.]

[ T T T o S S S R R NN
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Table S1.5.9 (continued)

, L

read xsdose
' enter radius of cask used by the xsdose calc:
73.22
end
last
case 25 -- infhommedia x-sects; collapse=y:; infinite slab; without shock abs
’ note that a line with "last" typed in columns 1-4, had to be placed
* between the previous "end® card and the title card for this final case

.

disc reflected

’

* description of each zone follows:
the +1 indicates that source spectrum 1 comes from an origen-s file.
for additional comments about data on next two cards, see case [22].

1 137.16 50 +1 0 0.49811 60 2 2.60680e+6 7
1 182.88 50 +1 0 0.49811 60 2 2.60680e+6 7
* the -2 indicates that source spectrum 2 is entered below (after zone data).
‘ the *"0.0 0.0" indicates that spectrum 2 has already been normalized to
* the correct number of neutrons/s/cc and photons/s/cc for this region.
2 219.02 40 -2 0 0.0 0.0 0.0
Q0 224.10 5 0
3 225.37 2 o}
4 233.87 30 o}
3 237.82 6 0
* if the external axial shock absorber were present it would be next.
* in this “accident"” scenario, it is assumed to be lost or destroyed.
* note: the keywords "end zone" must not begin in column 1:
end zone
source spectrum 1 is being read from an origen-s file on unit 60, \\L/,

therefore we don’'t need to input that data manually. if needed,
it would go here, as illustrated in case [15].

source spectrum 2 is being entered directly and goes next. this is
the activation source in the hardware at the end of the assemblies.
5z 8z 2.044e+6 1.094e+7 82z

optional control parameters for the xsdrnpm shielding calculation
would go here if used. [since the transverse dimensions (dy & dz) are
not specified here, xsdrnpm will use an "infinite® slab model with no
buckling correction. for 1-d axial models, this will yield conserva-
tive (but unrealistically high) dose rates at the cask surface.]

T T T R A

read xsdose

* enter radius of cask used by the xsdose calc:
73.22

end

NUREG/CR-0200, \L
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S1.5.4 DISCUSSION OF THE COMBINED CRITICALITY/SHIELDING.PROBLEM

Another sample problem, case 26, illustrates the application of the SAS1X capability to perform a
combined 1-D criticality and shielding analysis by taking the leakage spectrum from an XSDRNPM criticality
calculation and using it as a boundary source to subsequent shielding calculations. This problem models a
sphere of homogenized fuel, clad, and moderator surrounded by 4.6 m (15 ft) of water. A critical radius search
was performed with XSDRNPM in stand-alone mode to determine the critical size of the homogenized
fuel/clad/moderator sphere surrounded by an infinite water reflector (30 cm). SAS1X was then used to analyze
this problem. The criticality calculation in SAS1X modeled the homogenized fuel/clad/moderator sphere
surrounded by 30 cm of water, identical to the XSDRNPM search case. The shielding case modeled the

remainder of the 4.6 m (15 ft) of water surrounding the sphere. The SAS1X input deck for this case is
presented in Table S1.5.10.
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Table S1.5.10 Annotated input for case 26

#saslx parm=‘size=300000"
case 26--homogeneous sphere of fuel/clad/mod surrounded by 15 ft of h2o

‘ the size parameter must be specified because of the large number of zones
’ necessary to model 15 feet of h2o reflector.

’

27n-18couple multiregion

' multiregion must be specified to run combined criticality/shielding problem.

' mix 1 is the homogenized mixture of fuel, clad, and mod

u-235 1 0 5.20215-4 end
u-238 1 0 3.77716-5 end
h 1 0 3.14930-2 end
o 1 0 1.72350-2 end

1 0 3.00340-2 end

al

‘ mix 2 is the water reflector for the criticality calculation

h2o 2 end

’

mix 3 is the water reflector for the shielding calculation.

this must be a different mixture than the one used in the criticality calc,
because xsdrnpm performs cell-weighting on mixtures in the criticality cale,
and saslx does not allow their use in the shielding calculation.

a trace of activities is included in order to obtain the calculation of
activities from the xsdrnpm shielding calculation.

L T

h2o0 3 end
activities 3 0 1.0e-24 end
end comp

‘ the criticality calculation input
spherical wvacuum end
1 18.5136
2 48.5136
end zone
‘ isn=16 is specified to match the angular quadrature in the shielding calc.
more data isn=16 end more data
end
last
storage pool dose

* the shielding calculation input
spherical
* first mixture must be void of 1 interval with outer dimension that matches
’ outer dimension of shielding calculation.
r flags indicate boundary source will be input from xsdrnpm criticality calc.
0 48.5136 i 1 0 0 O
3 475.71 427 0
end zone
read xsdose
end

NUREG/CR-0200,
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S$1.5.5 ILLUSTRATION OF OUTPUT

The SAS1X output for cases 3 and 4 is shown in Table S1.5.11, while the SAS1 output for cases 9
through 14 is shown in Table S1.5.12. These listings are limited to the output actually produced by the SAS1
control module with the PARM=CHK option (i.e., the XSDRNPM and XSDOSE output for each case is not
listed). Annotated example output listings for XSDRNPM and XSDOSE may be found in Sects. F3.7 and
F4.5, respectively. The bulk of the SAS1X or SAS1 output shown in Tables $1.5.11 and S$1.5.12 is common
to all control modules that use the SCALE Material Information Processor. Only the final subsections, labeled

System Geometry” and "XSDOSE Data," are unique to the SAS1 control module and the 1-D shielding
configuration specified by the user.
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Table S1.5.11 SAS1X output for cases 3 and 4 with PARM=CHK

primary module access and input record ( scale driver - 95/03/29 - 09:06:37 ) ~\L//
module saslx will be called
cases 3 & 4 (prep) -- latticecell used for x-sect processing, collapse=yes

27n-18couple latticecell
w2 1 0.90172 560 92234 0.029 92235 3.2 92236 0.016 92238 96.755 end
zircalloy 2 1 560 end
ss304 3 2.1712e-2 end

b4c 3 7.7066e-2 end

ss304 4 end

u(.27)metal 5 end

h2o 6 0.944 end

$s5304 7 0.11879 560 end
n 8 0.00122 560 end

end comp
squarepitch 1.2598 0.8357 1 8 0.94996 2 end
more data collapse end

case 3 -- latticecell x-sect proc, collapse=yes, source spec entered below

cylindrical

500 12.75 20 -1 7 0.17994 6.02e+02 2.65e+10

3 21.72 8 0

500 38.05 30 -1 7 0.17994 6.02e+02 2.65e+10

0 47.63 S 0
4 48.90 2 0

5 57.40 30 O
4 61.35 6 0

6 72.78 16 0O

4 73.22 1 0

end zone

‘ source for zone 1 -
1.10e+01 1.26e+02 1.4l1le+02 7.8%e+01 1.06e+02 1.16e+02 2.26e+01

8z

3.39e-01 1.60e+00 8.15e+00 2.03e+01 4.68e+04 3.78e+05 1.24e+07 \J,/
5.07e+06 3.08e+08 1.20e+09 1.32e+09 1.00e+l0 2.97e+09 2.98e+08

6

4.38e+08 1.60e+09 1.92e+09
* source for zone 2

1.10e+01 1.26e+02 1.41e+02 7.89e+01 1.06e+02 1.16e+02 2.26e+01
8z

3.39e-01 1.60e+00 8.15e+00
5.07e+06 3.08e+08 1.20e+09
4.38e+08 1.60e+09 1.92e+09
read xsdose

595.64

.50e+09

.03e+01 4.68e+04 3.78e+05S 1.24e+07
.32e+09 1.00e+10 2.97e+09 2.98e+08
.50e+09

RN

case 4 - latticecell x-sect proc, collapse=yes, source spec from origen-s file
cylindrical
500 12.75
3 21.72
500 38.05
47.63
48.90
57.40
61.35
72.78
73.22
end zone
read xsdose
595.64

N
+

COOCO0OO0OORrROK

7 0.17994 60 2 1.8679%e+5 1

w

+

7 0.179%4 60 2 1.1215e+6 6

w
POAOAONUVLO OO

o U O
[

module saslix is finished. completion code 0. cpu time used 12.03 (seconds).
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Table S1.5.11 (continued) -

cases 3 & 4 (prep) -- latticecell used for x-sect processing, collapsezyes

**** problem parameters ****

1ib 27n-18couple library

mxx 8 mixtures

msc 9 composition specifications

izm 3 material zones

ge latticecell geometry

more 1 0/1 do not read/read optional parameter data
msln 0 fuel solutions

*x**x problem composition description ****

sc uo2 standard composition
mx 1 mixture no.
v 0.9017 volume fraction
roth 10.9600 theoretical density
nel 2 no. elements
icp 1 0/1 mixture/compound
temp $60.0 deg kelvin
92000 1.00 atom/molecule
92234 0.029 wt%
92235 3.200 wts
92236 0.016 wtd
92238 96.755 wt$
8016 2.00 atoms/molecule
end
sc zircalloy standard composition
nx 2 mixture no.
v 1.0000 volume fraction
roth 6.5600 theoretical density
nel 1 no. elements
icp 1 0/1 mixture/compound
temp 560.0 deg kelvin
40302 1.00 atom/molecule
end
sc ss304 standard composition
e 3 mixture no.
v 0.0217 volume fraction
roth 7.9200 theoretical density
nel 4 no. elements
icp 0 0/1 mixture/compound
24304 19.000 wt%
25055 2.000 wt%
26304 69.500 wt%
28304 9.500 wt%
end
sc¢ bdc standard composition
mx 3 mixture no.
vE 0.0771 volume fraction
roth 2.5400 theoretical density
nel 2 no. elements
icp 1 0/1 mixture/compound
5000 4.00 atoms/molecule

5010 18.431 wt%
5011 81.569 wt%
6012 1.00 atom/molecule
end
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Table S1.5.11 (continued)

sc  ss304 standard composition
mx 4 mixture no.
vE 1.0000 volume fraction
roth 7.9200 theoretical density
nel 4 no. elements
icp 0 0/1 mixture/compound
24304 19.000 wt%
25055 2.000 wt%
26304 69.500 wt%
28304 9.500 wt%
end

sc u(.27)metal standard composition

mx 5 mixture no.
v 1.0000 volume fraction
roth 19.0500 theoretical density
nel 2 no. elements
icp 0 0/1 mixture/compound
92235 0.270 wt$s
92238 99.730 wt%
end
sc h2o standard composition
mx 6 mixture no.
v 0.9440 volume fraction
roth 0.9982 theoretical density
nel 2 no. elements
icp 1 0/1 mixture/compound
1001 2.00 atoms/molecule
8016 1.00 atom/molecule
end
sc ss304 standard composition
mx 7 mixture no.
vE 0.1188 volume fraction
roth 7.9200 theoretical density
nel 4 no. elements
icp 0 0/1 mixture/compound
temp $60.0 deg kelvin
24304 19.000 wt$
25055 2.000 wt%
26304 69.500 wt%
28304 9.500 wts
end
sc n standard composition
mx 8 mixture no.
v 0.0012 volume fraction
roth 1.0000 theoretical density
nel 1 no. elements
icp 1 0/1 mixture/compound
temp 560.0 deg kelvin
7014 1.00 atom/molecule
end

**x* problem geometry ****

ctp squarepitch cell type

pitch 1.2588 cm center to center spacing
fuelod ~ 0.8357 cm fuel diameter or slab thickness
mfuel 1 mixture no. of fuel
mmod 8 mixture no. of moderator
cladod 0.9500 cm clad outer diameter
NUREG/CR-0200,
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Table S1.5.11 (continued)

mclad 2 mixture no. of clad

**x** gpecial parameters ****

isn 8 order of angular quadrature
iim 20 inner iteration maximum
icm 25 outer iteration maximum

szf 1.00000e+00 size factor for spatial mesh
eps 1.00000e-04 overall problem convergence
pte 1.00000e-04 scalar flux convergence

bkl 1.42089%e+00 buckling factor

ius 0 thermal upscatter scaling
bal fine balance table print flag

dy 0.00000e+00 buckling height

dz 0.00000e+00 buckling depth

ipn 0 diffusion coefficient option

frd 0 logical unit number to read flux guess

fwr ~1 logical unit number to write flux guess

msh 2001 number of intervals for res. intgrtns

mlv 2 max lvalue for res. intgrtns

axs 0 logical unit number to write anisn 1lib

coll collapse all thermal neutron groups to one group

zone specifications for latticecell geometry

zone 1 is fuel
zone 2 is clad
zone .3 is mod

' NUREG/CR-0200,
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Table $1.5.11 (continued)

LA A St s a sttt it Rt d sttt R T Y R R I T I I I T I I I T I
* kN

%* % d
ki cases 3 & 4 (prep) -- latticecell used for x-sect processing, collapse=yes kol
*kdk * kX

LA AR A s 2R R e st Rttt R s Rt ARt SR R X R L R Xl Rl Ry R R R g R R R R R R PN R R g e
LA SRR A s AR ARl AR R Rl a il R LR R Ry Ry R R R R R R R L R R B R R R R (R g g g g
* Nk

L &
* kN SR AEXXEXR data library infomtion L2222 8222 2 LA 23
% ke kR
xEx unit volume wrx
fdd number data set name name unit function bl
X 0 e mmm e eee——————— ———-  meeea--—-————— bk x
L 23 *h*x
ol 89 c:\scaled43\datalib\ft89£001 standard composition library fallad
*hx Kk A
bl 88 c:\scaled43\datalib\£t88£001 cross section library bl
*h % ¥* %k
*HE 11 c:\scale43\work\ftl11£001 short cross section library fallald
* %k % LA 2]
*xx 90 c:\scale43\work\£t90£001 input data direct access bl
*h % *hk %

LA R A a s R R AR iR a el Rl R s s e s R R R R R R R R R R R Ry R R R R R R R R R R R R R R R R U PR g
LA R ARt St Rl R At s R ARttt A X R R R R L LR R R R R R R R R R R R SRR R g gty
*kx

LE &3
*h kK
halkad standard composition library data wxx
ke e ——————— o = . *h%
* Kk * kx
bkl unit number : 89 bl
* Kk * Wk
bl dataset name : c:\scale43\datalib\ft89£001 fallal
* %k *hrk
*EX library title: scale-4 standard composition library ol
halaldd 637 standard compositions, 490 nuclides ek
il 90 elements with variable isotopic distrbutions. bl
% % % o ek
falahd creation date: 6/30/9S folald
*kk . * * ok
J kb * Ik
Ex 3 4 * Wk
halald cross section library data bl
RR e o e o v o i e o e o e *RhK
L2 2] * kK
ol unit number : 88 bl
KK kK
el dataset name : c:\scaled43\datalib\ft88£001 ol
* k* *kk
falld library title: scaled4 - 27 neutron 18 gamma group shielding library bl
bl based on endf-b version 4 data fafalel
bl compiled for nrc 1/27/89 ol
*Ex last update 08/12/94 ol
*kk 1l.m.petrie ornl bl
* %k * *k
*k* * %%
* kK LAk
*h K *hk

(S AR SR AR RS R s AR 2Rl il bR sttt Sttt s s X TR RS R XSS AR R R 2 R T
e 2R sai st sl it iRt l st st ettt sl 2 X SR SRR SRR R R 2 R R R T YL L T

***x ysdrn mesh intervals *»*x*

6 mesh intervals in zone 1
4 mesh intervals in zone 2
4 mesh intervals in zone 3
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Table S1.5.11 (continued)

mixing table from standard compositions data

mixture
no.
1

VAWWWIPWIDWIRWIbWNONARPUOUERERWOPRE

nuclide
no.
1092234
1092235
5092235
1092236
1092238
5092238
1008016
6008016
2040302
3024304
4024304
7024304
3025055
4025055
7025055
3026304
4026304
7026304
3028304
4028304
7028304
3005010
3005011
3006012
6001001
8007014

**rx* gdditional data ****

atom
density
6.50089%e-06
7.14277e-04
1.31783e-04
3.55623e-06
2.13240e-02
4.80620e-02
4.40967e-02
3.15151e-02
4.33078e-02
3.78409e-04
1.74286e-02
2.07034e-03
3.76992e-05
1.73633e-03
2.06259%e-04
1.28878e-03
5.9357%e-02
7.05113e-03
1.67632e-04
7.72070e-03
9.17142e-04
1.69854e-03
6.83682e-03
2.13384e-03
6.30301e~02
5.24670e~05

complete mixing table

mixture
no.

B WA R WIRWONAYRVOURPOVREUVIWYER WY

nuclide
no.
1092234
1092234
1092235
1092235
5092235
1092236
1092236
1092238
1092238
5092238
1008016
1008016
6008016
2040302
2040302
3024304
4024304
7024304
3025055
4025055
7025055
3026304
4026304
7026304

atom
density
6.5008%e-06
2.24678e-06
7.14277e-04
2.46862e-04
1.31783e-04
3.55623e-06
1.22907e-06
2.13240e-02
7.36982e-03
4.80620e~02
4.40967e-02
1.52403e~02
3.15151e~02
4.33078e-02
4.37266e~03
3.78409%e-04
1.74286e-02
2.07034e-03
3.76992e-05
1.73633e-03
2.0625%e-04
1.28878e-03
5.9357%e-02
7.05113e-03

n.i.t.
pointer
454
455
455
456
458
458
33
33
179
96
96
96
98
98
98
106+
106
106
117
117
117
23
24
26
6
30

S1.5.43
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Table S1.5.11 (continued)

1.67632e-04 ;\[//

3 3028304

4 4028304 7.72070e-03

7 7028304 9.17142e-04

3 3005010 1.69854e-03

3 3005011 6.83682e-03

3 3006012 2.13384e-03

6 6001001 6.30301e-02

8 8007014 5.24670e-05

9 8007014 2.90364e-05
mmt 26 nuclides from cross section library

ires 10 resonance nuclides

ibl 1 left bdy condition 0/1/2/3 vacuum/reflected/periodic/white
ibr 3 right bdy condition 0/1/2/3 vacuum/reflected/periodic/white
ms 26 entries in the mixing table

isct 3 order of scattering

dy 0.0000 first transverse buckling dimension

dz 0.0000 second transverse buckling dimension
vse 0.0000 void streaming

NUREG/CR-0200,
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Table S$1.5.11 (continued)

SY'SIS

‘0020~ dO/OTIANN

9 °A9Y ‘1 TOA

resonance data (3* array)

id temp geom abar dancoff inner rad. nsub0 ita ml sigmal itl m2 sigma2 it2 lump vol
1092234 560.00 2 4.17850e-01 9.59610e-01 0.00000e+00 6.50089e-06 1 15.991 2.63660e+04 1 237.955 4.17470e+04 1 1.0000
1092235 560.00 2 4.17850e-01 9.59610e-01 0.00000e+00 7.14277e-04 1 15.991 2.39966e+02 1 238.049 3.68163e+02 1 1.0000
5092235 293.00 0 0.00000e+00 0.00000e+00 0.00000e+00 1.31783e-04 1 238.051 4.49548e+03 1 0.000 0.00000e+00 0O 1.0000
1092236 560.00 2 4.17850e-01 9.59610e-01 0.00000e+00 3.55623e-06 1 15.991 4.81978e+04 1 237.954 7.63248e+04 1 1.0000
1092238 560.00 2 4.17850e-01 9.59610e-01 0.00000e+00 2.13240e-02 1 15.991 8.03798e+00 1 235.040 4.04452e-01 1 1.0000
5092238 293.00 0 0.00000e+00 0.00000e+00 0.00000e+00 4.80620e~02 1 235.044 3.26360e-02 1 0.000 0.00000e+00 O 1.0000
2040302 560,00 2 4.74980e-01 8.43998e-01 4.17850e-01 4.33078e-02 1 0.000 0.00000e+00 O 0.000 0.00000e+00 O 1.0000
3025055 293.00 0 0.00000e+00 0.00000e+00 0.00000e+00 3.76992e-05 1 11.009 9.12983e+02 1 21.192 8.31474e+02 1 1.0000
4025055 293.00 0 0.00000e+00 0.00000e+00 0.00000e+00 1.73633e-03 1 55.845 3.46630e+02 1 55.925 1.25576e+02 1 1.0000
7025055 560,00 0 0.00000e+00 0.00000e+00 0.00000e+00 2.06259e-04 1 55.845 3.46630e+02 1 55.925 1,25576e+02 1 1.0000




Table S1.5.11 (continued)

wodoaunbdWNHH

nitawl data

nuclide
identifier
1092234
1092235
5092235
1092236
1092238
5092238
1008016
6008016
2040302
3024304
4024304
7024304
3025055
4025055
7025055
3026304
4026304
7026304
3028304
4028304
7028304
3005010
3005011
3006012
6001001
8007014

NUREG/CR-0200,
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thermal
scatter temp.
5.60000e+02
5.60000e+02
2.93000e+02
5.60000e+02
5.60000e+02
2.93000e+02
5.60000e+02
2.93000e+02
5.60000e+02
2.93000e+02
2.93000e+02
5.60000e+02
2.93000e+02
2.93000e+02
5.60000e+02
2.93000e+02
.93000e+02
.60000e+02
.93000e+02
.93000e+02
. 60000e+02
.93000e+02
2.93000e+02
2.93000e+02
2.93000e+02
5.60000e+02

LSV ISR SV, V)

csas (xsdrn) data

zone
boundaries
0

4.17850e-01
4.74980e-01
7.10766e-01

mixture
numbers
-1
2
8

S1.5.46

scatter
by zone
3
3
3

bonami data

sigma h

by mixture
4.90122e-02
1.44256e+00

(=N~

temperature
by mixture

[= = = v R N e = I =)
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Table S1.5.11 (continued)

.

**** gystem geometry ****

case 3 -- latticecell x-sect proc, collapse=yes, source spec entered below

cs cylindrical

zone number

mxz 50
rz 12.7
imz 2
isz -
mixc

vic 0.178

xnn 6.0200e+0

9
2

xng 2.6500e+10

zone number 2
mxz 3
rz 21.72
imz 8
zone number 3
mx<z 500
rz 38.05
imz 30
isz -2
mixc 7
vic 0.1799

xnn 6.0200e+02

xng 2.6500e+10
zone number 4
mxz 0
rz 47.63
imz ]
zone number S
mxz 4
rz 48.90
imz 2
zone number 6
nXZ 5
rz 57.40
imz 30
zone number 7
nxz 4
rz 61.35
imz 6
zone number 8
m<z 6
rz 72.78
imz 16
zone number 9
mx2z 4
rz 73.22
imz 1

source for zone 1

coordinate system

mixture no.

cm right boundary location

mesh intervals
source spectrum no.

mixture number for homogenized core
volume fraction for mixc material

neutron source normalization
gamma source normalization

mixture no.

cm right boundary location

mesh intervals

mixture no.

cm right boundary location

mesh intervals
source spectrum no.

mixture number for homogenized core
volume fraction for mixc material

neutron source normalization
gamma source normalization

mixture no.

cm xight boundary location

mesh intervals

nmixture no.

cm right boundary location -

mesh intervals

mixture no.

cm right boundary location

mesh intervals

mixture no.

cm right boundary location

mesh intervals

mixture no.

cem right boundary location

mesh intervals

mixture no.

cm right boundary location

mesh intervals

S1.5.47
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Table S1.5.11 (continued)

source spectrum no. ~1 from cards
* source for zone 2

source spectrum no. -2 from cards

**** xsdose data ****

ndetec 0 number of detectors

(0 indicates default detector locations)
nfactr 0 number of dose factor id numbers

(0 indicates default id for ansi standard)
dimenl 73.22 primary dimension, cm
dimen2 595.64 secondary dimension,cm

dose factor id numbers 9029. 9504.

detector no. 1
r= 7.3220e+01 z= 2.9782e+02

detector no. 2
r= 1.7322e+02 z= 2.9782e+02

detector no. 3
r= 2.7322e+02 2= 2.9782e+02
detector no. 4

r= 4.7322e+02 z= 2.9782e+02

**** gystem geometry ****
case 4 - latticecell x-sect proc, collapse=yes, source spec from origen-s file

cs cylindrical coordinate system

zone number 1

nxz 500 mixture no.

rz 12.75 cm right boundary location

imz 20 mesh intervals

isz : 1 source spectrum no.

mixc 7 mixture number for homogenized core
vic 0.1799 volume fraction for mixc material
nsou 60 origen-s source unit no.

npos 2 origen-s source position

zvol 1.8679e+05 zone volume

nass 1 no of fuel assemblies in zone
zone number 2

mxz 3 mixture no.

rz 21.72 cm right boundary location

imz 8 mesh intervals

zone number 3

mxz 500 mixture no.

rz 38.05 cm right boundary location

imz 30 mesh intervals

isz 2 source spectrum no.

mixc 7 mixture number for homogenized core
vie 0.1799 volume fraction for mixc material
nsou 60 origen-s source unit no.

npos 2 origen-s source position

zvol 1.1215Se+06 zone volume

NUREG/CR-0200,
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Table S1.5.11 (continued)

nass 6 no of fuel assemblies in zone
zone number 4

mxz 0 mixture no.

rz 47.63 cm right boundary location
imz S mesh intervals

zone number 5

mxz 4 mixture no.

rz 48.90 cm right boundary location
imz 2 mesh intervals

zone number

mxz 5 mixture no.

rz 57.40 cm right boundary location
imz 30 mesh intervals

zone number 7

mXZ 4 mixture no.

rz 61.35 om right boundary location
imz 6 mesh intervals

zone number 8

mxz 6 mixture no. .

rz 72.78 cm right boundary location
imz 16 mesh intervals

zone number 9

mxz 4 mixture no.

rz 73.22 cm right boundary location
imz 1 mesh intervals

source spectrum ne. 1 from origen-s
position 2 for 1826.3 days

source spectrum no. 2 from origen-s
position 2 for 1826.3 days

***x* yxsdose data

ndetec 0
nfactr 0
dimenl 73.22

dimen2 595.64

* & n

number of detectors

(0 indicates default detector locations)
number of dose factor id numbers

(0 indicates default id for ansi standard)
primary dimension, cm

secondary dimension,cm

dose factor id numbers 9029. 9504.

detector no. 1

r= 7.3220e+01 2z= 2.9782e+02

detector no. 2

r= 1.7322e+02 2= 2.9782e+02

detector no. 3

r= 2.7322e+02 z= 2.9782e+02

detector no. 4
r= 4.7322e+02 z

= 2.9782e+02

$1.5.49
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Table S1.5.12 SAS1 output for cases 9-14 with PARM=CHK

primary module access and input record ( scale driver - 95/03/2%9 - 09:06:37 ) \{//
module sasl will be called .
cases 9-14 (prep) -- infhommedium used for x-sect processing, collapse=yes

27n-18couple infhommedium

uo2 1 0.25553 560 92234 0.029 92235 3.2 92236 0.016 92238 96.755 end
zircalloy 1 0.08282 560 end
ss304 1 2.1375e-2 560 end
ss304 2 2.1712e-2 end

bédc 2 7.7066e~2 end

he end

ss304 end

u(.27)metal end

h2o 0.944 end

end comp

more data collapse end

o W

case 9 -- infhommedium x-sects; collapse=y; n~shield present; isn,icm=defaults
cylindrical
12.7% 20 +1 0 0.0 60 2 1.8679%e+5 1
21.72 8 0
38.05 30 +1 0 0.0 60 2 1.1215e+6 6
47.63 5
48.90 2
57.40 30
61.35 6
72.78 16
73.22 1
nd zone
read xsdose
595.64

BB OR D

cCOOCODOO

case 10 - infhommedium x-sects; collapse=y; n-shield present; isn=8, icm=default
cylindrical
12.75 20 41 0 0.0 60 2 1.867%e+5 1

47.63
48.90 2
57.40 30
61.35 [
72.78 16
73.22 1
end zone
isn=8
read xsdose
595.64

21.72 8 0
38.05 30 +1 0 0.0 60 2 1.1215e+6 6
5 L

BbAbBNOHNKH
(=R = Y T )

case 11 - same as case 10, with axial buckling of 595.64 cm used in xsdrn calc
cylindrical

12.75 20 +1 0 0.0 60 2 1.867%e+5 1

21.72 8 0

38.05 30 +1 0 0.0 60 2- 1.1215e+6 &

47.63 )

48.90 2

57.40 30

61.35 6

72.78 16

73.22 1
end zone
isn=8 dy=595.64
read xsdose
595.64

BV BOKNR
OO0OO0O00C0C
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Table S$1.5.12 (continued)

R

case 12 - same as case 10, with outer fuel zone smeared with adjacent void
cylindrical

1 12.75 20 +1 0 0.0 60 2 1.867%e+5 1
2 21.72 8 0

1 47.63 30 +1 0 0.4568 60 2 2.0647e+6 6
4 48.90 2 0

S 57.40 30 0

4 61.35 6 0

6 72.78 16 O

4 73.22 1 0

end zone

isn=8

read xsdose

595.64

case 13 - infhommedium x-sects; collapse=y; no n-shield used; isn, icm=defaults
cylindrical

1 12.75 20 +1 0 0.0 . 60 2 1.867%e+S 1
2 21.72 8 0
1 38.05 30 +1 0 0.0 60 2 1.1215e+6 6
0 47.63 5 0
4 48.90 2 ¢
S 57.40 30 O
4 61.35 6 0
0 72.78 16 O
4 73.22 1 0
end zone
read xsdose
595.64

case 14 - infhommedium x-sects; collapse=y; no n-shield used; isn=8,icm=default
cylindrical

1 12.75 20 +1 0 0.0 60 2 1.8679%e+5 1

2 21.72 8 0

1 38.05 30 +1 0 0.0 60 2 1.1215e+6 6

0 47.63 S 0

4 48.%0 2 0

5 57.40 30 ©

4 61.35 6 0

0 72.78 16 O

4 73.22 1 0

end zone

isn=8

read xsdose

595.64

module sasl is finished. completion code 0. cpu time used 16.20 (seconds).
NUREG/CR-0200,
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Table S1.5.12 (continued)

cases 9-14 (prep) -- infhommedium used for x-sect processing, collapse=yes
**** problem parameters **¥*

1ib 27n-18couple library

X 6 mixtures

msc 9 composition specifications

izm 1 material zones

ge infhommedium geometry

more 1l 0/1 do not read/read optional parameter data
msln 0 fuel solutions

**** problem composition description ****

sc  uo2 standard composition
mx 1 mixture no.
vE 0.2555 volume fraction
roth 10.9600 theoretical density
nel 2 no. elements
icp 1 0/1 mixture/compound
temp S60.0 deg kelvin
92000 1.00 atom/molecule
92234 0.029 wt%
92235 3.200 wt%
92236 0.016 wt%
92238 96.755 wt%
8016 2.00 atoms/molecule
end
sc zircalloy standard composition
mx 1 mixture no.
v 0.0828 volume fraction
roth 6.5600 theoretical density
nel 1 no. elements
icp 1 0/1 mixture/compound
temp 560.0 deg kelvin
40302 1.00 atom/molecule
end
sc ss304 standard composition
mx 1 mixture no.
vE 0.0214 volume fraction
roth 7.9200 theoretical density
nel 4 no. elements
icp 0 0/1 mixture/compound
temp 560.0 deg kelvin
24304 19.000 wt$
25055 2.000 wt$s
26304 69.500 wt%
28304 9.500 wt%
end
sc ss304 standard composition
mx 2 mixture no.
v 0.0217 volume fraction
roth 7.9200 theoretical density
nel 4 no. elements
icp 0 0/1 mixture/compound
24304 19.000 wt%
25055 2.000 wt%
26304 69.500 wt%
28304 9.500 wt%
end
NUREG/CR-0200,
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Table $1.5.12 (continued)

sc bdc
mx 2
vE 0.0771
roth 2.5400
nel 2
icp 1
5000
6012
end
sc¢ he
mx 3
v 1.0000
roth 1.0000
nel 1
icp 1
2004
end
sc ss304
mx 4
vE 1.0000
roth 7.9200
nel 4
icp 0
24304
25055
26304
28304
end

sc u(.27)metal

mx 5

v 1.0000

roth 19.0500

nel 2

icp 0
92235
92238

end

sc h2o

mx 6

vE 0.9440
roth 0.9982
nel 2
icp 1
1001
8016
end

standard composition
mixture no.

volume fraction
theoretical density
no. elements

0/1 mixture/compound

4.00 atoms/molecule

5010 18.431 wt%

5011

standard composition
mixture no.

volume fraction
theoretical density
no. elements

0/1 mixture/compound

1.00 atom/molecule

standard composition
mixture no.
volume fraction
theoretical density
no. elements
0/1 mixture/compound

19.000 wt%

2.000 wt$

69.500 wt%

9.500 wt%

standard composition
mixture no.
volume fraction
theoretical density
no. elements
0/1 mixture/compound
0.270 wt%
99.730 wt%

standard composition
mixture no.

volume fraction
theoretical density
no. elements

0/1 mixture/compound

2.00 atoms/molecule
1.00 atom/molecule

**** nroblem geometry ****

**** jnfinite homogeneous medium ****

mfuel 1 mixture no. of the infinite homogeneous medium

**** gpecial parameters ****

81.569 wt%
. 1.00 atom/molecule

isn 8 order of angular guadrature

iim 20 inner iteration maximum

S1.5.53
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Table S1.5.12 (continued)

icm 25 outer iteration maximum

szf 1.00000e+00 size factor for spatial mesh
eps 1.00000e-04 overall problem convergence
ptc 1.00000e-04 scalar flux convergence

bkl 1.4208%e+00 buckling factor

ius 0 thermal upscatter scaling
bal fine balance table print flag

dy 0.00000e+00 buckling height

dz 0.00000e+00 buckling depth

ipn 0 diffusion coefficient option

frd 0 logical unit number to read flux guess

fwr -1 logical unit number to write flux guess

nsh 2001 number of intervals for res. intgrtns

mlv 2 max lvalue for res. intgrtns

axs 0 logical unit number to write anisn lib

coll collapse all thermal neutron groups to one group
NUREG/CR-0200,
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Table S1.5.12 (continued)

P I I I I I I I I 2 X sy YR a2 222 2 2 2 2 2 A 2 2 A 2 R 2 2 S A R A A s 2t bttt
* k%

kX
bkl cases 9-14 (prep) -- infhommedium used for x-sect processing, collapse=yes *k¥
* ¥k * Wk

J e S R R R A T T P T R L 2 PR I RS2 3 22222 222 22 2 S22 R A R A2 s ARttt bl
T L S R R L R R L R g R I P S I E I RS2 2 2222222222222 22 a2t d s ittt lith s
*xk

*x¥x
*xk (2222 222 22 data 1ibrary infonuatiOn ta 2 22 0 4 & & & 3 L & = ]
*hkX *k*x
i unit volume ’ bl
el number data set name name unit function ol
*HEX | mmmm—— e ————————————— ———rr m e ———————— —— x kK
*xx * ¥k
wxx 89 c:\scaled3\datalib\£t89£001 standard composition library *xx
L2 X * %K
el 88 c:\scale43\datalib\ft88£001 cross section library *xx
x KK *hk
kx| 11 c:\scaled43\work\£t£11£001 short cross section library bl
*xK* *hkx
bl 90 c:\scaled3\work\ft90£001 input data direct access *E*
** % %k

*‘l'l**'k*************************'k*'**************************t*********'k**********************t******
*******t**********'k*******t*********t***************************************************************

* kR kXK
HxE * %%
*E* standard composition library data el
* k% e e e e ———————— e e o e * k%
*kk * k%
*xx unit number : 89 ol
L & * kK
bl dataset name : c:\scale43\datalib\£ft89£001 bl
*h % rh%h
*xx library title: scale-4 standard composition library falald
*EE 637 standard compositions, 490 nuclides falaled
kel 90 elements with variable isotopic distrbutions. *EX
L2 2 k%
*xx creation date: 6/30/95 bl
* Kk W dek
L2 2 g . *hk
* k% *hek
wrk cross section library data ool
kX O e e e e e e —— o e e o —— * Ak
xR * %Kk
wEE unit number : 88 *EE
*xk * kK
falelel dataset name : c:\scale43\datalib\ft88£001 ballaled
*hKk %k
ol library title: scale4 - 27 neutron 18 gamma group shielding library Hkex
folald based on endf-b version 4 data *kk
*EE . compiled for nre 1/27/839 bl
wwx last updated 08/12/94 **x
ol l.m.petrie ornl ool
* ko Tk x
*dex kK
XX * kg
e *xE

T L R 2 2 2R PR S L Y IS RSS2 22222 222 22 A2 a2 a2 it sttt bty
B 2 2 2 2 R R R 2R 2 2R 22 X P T R I R 2 S 222 S22 A R 22 sttt ns
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Table $1.5.12 (continued)

**x* additional data **x**

mixing table from standard compositions data

mixture nuclide
no. no.
1092234
1092235
5092235
1092236
1092238
5092238
1008016
6008016
1040302
1024304
2024304
4024304
1025055
2025055
4025055
1026304
2026304
4026304
1028304
2028304
4028304
2005010
2005011
2006012
3002004
6001001

AWNNNNBRNREBARNBPANRBAMNOHRREFOAHFROPROMERF

atom
density
1.84223e-06
2.02412e-04
1.31783e~04
1.00777e-06
6.04282e-03
4.80620e-02
1.24962e-02
3.15151e-02
3.58675e~03
3.72536e-04
3.7840%e-04
1.74286e-02
3.71140e-~-05
3.76992e-05
1.73633e-03
1.26878e-03
1.28878e-03
5.9357%9e-02
1.65030e-04
1.67632e-04
7.72070e-03
1.69854e-03
6.83682e-03
2.13384e-03
1.50456e-01
6.30301e-02

complete mixing table

mixture nuclide
no. no.
1 1092234
1092235
5092235
1092236
1092238
5092238
1008016
6008016
1040302
1024304
2024304
4024304
1025055
2025055
4025055
1026304
2026304
4026304
1028304
2028304
4028304
2005010
2005011
2006012

NN BNNRERVRPRBNRBRNDREPRPOARBURRVR

NUREG/CR-0200,
Vol. 1, Rev. 6

atom
density
1.84223e-06
2.02412e-04
1.31783e-04
1.00777e-06
6.04282e-~03
4.80620e-02
1.24962e-02
3.15151e-02
3.58675e-03
3.72536e~04
3.78409e-04

 1.74286e-02

3.71140e-05
3.76992e-05
1.73633e-03
1.26878e-03
1.28878e-03
5.93579%e-02
1.65030e-04
1.67632e-04
7.72070e-03
1.69854e-03
6.83682e-03
2.13384e-03

n.i.t.
pointer

454
455
455
456
458
458

33

33
179

96

96

86

98

98

98
106
106
106

S1.5.56
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Table S1.5.12 (continued)

3 3002004 1.50456e-01
3 6001001 6.30301le-02
mmt 26 nuclides from cross section library
ires 10 resonance nuclides
ibl 1 left bdy condition 0/1/2/3 vacuum/reflected/periodic/white
ibr 1 right bdy condition 0/1/2/3 vacuum/reflected/periodic/white
ms 26 entries in the mixing table
isct 3 order of scattering
dy 0.0000 first transverse buckling dimension
dz 0.0000 second transverse buckling dimension
vsc 0.0000 void streaming

S1.5.57
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Table $1.5.12 (continued)

resonance data (3*

id
1092234
1092235
5092235
1092236
1092238
5092238
1040302
1025055
2025055
4025055

temp geom

560..
560.
293.
560.
560.
293.
560.
560.
293,
293,

00
00
00

CooooOo0CQCoOoOoQ o
CO0O0OOOCOO0OOOQO

array)

abar

.00000e+00
.00000e+00
.00000e+00
.00000e+00
.00000e+00
.00000e+00
.00000e+00
.00000e+00
.00000e+00
.00000e+00 0.00000e+00 0.00000e+00 1.73633e-03

dancoff

0.00000e+00
0.00000e+00
0.00000e+00
0.
0
0
0

00000e+00

.00000e+00
.00000e+00
.00000e+00
0.
0.

00000e+00
00000e+00

inner rad.
0.00000e+00
0.00000e+00
0.00000e+00
0.00000e+00
0.00000e+00
0.00000e+00
0.00000e+00
0.00000e+00
0.00000e+00

nsub0
1.84223e-06
2.02412e-04
1.31783e-04
1.00777e-06
6.04282e-03
4.80620e-02
3.58675e-03
3.71140e-05
3.76992e-05

ita ml

1
1
1
1
1

[y

15.991
15.991
238.051
15.991
15.991
235.044
15.991
15.991
11,009
55,845

sigmal
.63660e+04
.39966e+02
.49548e+03
.81978e+04
.03798e+00
.26360e-02
.35421e+01
.30873e+03
9.12983e+02
3.46630e+02

O Woad NN

itl m2
1 131.863
130.677
0.000
131.868
74.712
0.000
148.290
1 132,112
1 21.192
1 55.925

[ N T

6.
5.
0.00000e+00
1.17252e+05
7.
0
2
3

8.
1.

sigma2
41355e+04
71928e+02

22985e+00

.00000e+00
.63771e+01
.17998e+03

31474e+02
25576e+02

HMRERMORROR M

L I R S S S T

it2 lump vol
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
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Table $1.5.12 (continued)

WoanesWwoe

nitawl data

nuclide
identifier
1092234
1092235
5092235
1092236
1092238
5092238
1008016
6008016
1040302
1024304
2024304
4024304
1025055
2025055
4025055
1026304
2026304
4026304
1028304
2028304
4028304
2005010
2005011
- 2006012
3002004
6001001

thermal

scatter temp. boundaries

5.60000e+02

5.60000e+02 1.00000e+00

2.93000e+02
5.60000e+02
5.60000e+02
2.93000e+02
5.60000e+02
2.93000e+02
5.60000e+02
5.60000e+02
2.93000e+02
2.93000e+02
5.60000e+02
2.93000e+02
2.93000e+02
5.60000e+02
2.93000e+02
2.93000e+02
5.60000e+02
2.93000e+02
2.93000e+02
2.93000e+02
2.93000e+02
2.93000e+02
2.93000e+02
2.93000e+02

zone

0

csas (xsdrn) data

mixture
numbers
1

S1.5.59

scatter
by zone
3

bonami data

sigma h temperature
by mixture by mixture
0 0
0 0
0 0
0 0
0 0
4] 0
NUREG/CR-0200,
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Table S1.5.12 (continued)

*Ex* system geometry *rF*

case 2 -- infhommedium x-sects; collapse=y; n-shield present; isn,icm=defaults

cs cylindrical coordinate system

zone number 1

mxz 1 mixture no.

rz 12.75 cm right boundary location

imz 20 mesh intervals

isz 1 source spectrum no.

mixc 0 mixture number for homogenized core

vic 0.0000 volume fraction for mixc material

nsou 60 origen-s source unit no.

npos 2 origen-s source position

zvol 1.8679%e+0S5 zone volume

nass 1 no of fuel assemblies in zone

zone number 2

mnxz 2 mixture no.

rz 21.72 cm right boundary location

imz 8 mesh intervals

zone number 3

mxz 1 mixture no.

rz 38.05 cm right boundary location

imz 30 mesh intervals

isz 2 source spectrum no.

mixc 0 mixture number for homogenized core

vic 0.0000 volume fraction for mixc material

nsou 60 origen-s source unit no.

npos 2 origen-s source position

zvol 1.1215e+06 zone volume

nass 6 no of fuel assemblies in zone

.

zone number 4

mxz 0 mixture no.

rz 47.63 cm right boundary location

imz S mesh intervals

zone number 5

mxz 4 mixture no.

rz 48.90 cm right boundary location

imz 2 mesh intervals

zone number 6

Xz 5 mixture no.

rz 57.40 cm right boundary location

imz 30 mesh intexvals

zone number 7

mxz 4 mixture no.

rz 61.35 cm right boundary location

imz 6 mesh intervals

zone number 8

mxz 6 mixture no.

rz 72.78 cm right boundary location

imz 16 mesh intervals

zone number 9

mxz 4 mixture no.

rz 73.22 cm right boundary location
NUREG/CR-0200,
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Table S1.5.12 (continued)

imz

source spectrum
position 2 for

source spectrum
position 2 for

1 mesh intervals

no. 1 from origen-s

1826.3 days

no. 2 from origen-s

1826.3 days

**x* ysdose data ****

(0 indicates default detector locations)

(0 indicates default id for ansi standard)

ndetec 0 number of detectors
nfactr 0 number of dose factor id numbers
dimenl 73.22 primary dimension, cm

dimen2 595.6

4

secondary dimension,cm

dose factor id numbers 9029. 2504.

detector no. 1
r= 7.3220e+01

detector no. 2
r= 1.7322e+02

detector no. 3
r= 2.7322e+02

detector no. 4
r= 4.7322e+02

z= 2.9782e+02

z= 2.9782e+02

z= 2.9782e+02

z= 2.9782e+02

*kE* oygtem geometry **r*

case 10 - infhommedium x-sects; collapse=y; n-shield present;

cs cylindrical coordinate system

zone number
mxz

rz 12.
imz

isz

mixec

vfc 0.00
nsou

npos

Zzvol 1.8679%e
nass

zone number
mxz

rz 23.
imz

zone number
mxz

Xz 38.
imz

isz

mixc

vic 0.00
nsou

1

1 mixture no.
75
20 mesh intervals

cm right boundary location

1 source spectrum no.

0 mixture number for homogenized core
00 volume fraction for mixc material
60 origen-s source unit no.

2 origen-s source position

+05 zone volume

1 no of fuel assemblies in zone

2
2 mixture no.

72 cm right boundary location

8 mesh intervals

3
1 mixture no.

05 cm right boundary location

30 mesh intervals

2 source spectrum no.

0 mixture number for homogenized core
00 volume fraction for mixc material
60 origen-s source unit no.

S1.5.61
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Table §1.5.12 (continued)

npos

2 origen-s source position

zvol 1.1215e+06 zone volume

nass

zone number

6 no of fuel assemblies in zone

mxz 0 mixture no.
rz 47.63 cm right boundary location
imz 5 mesh intervals

zone number 5

nxz 4 mixture no.

rz 48.90 cm right boundary location
imz 2 mesh intervals

zone number [

mxz S mixture no.

rz 57.40 cm right boundary location
imz 30 mesh intervals

zone number

mxz 4 mixture no.
rz 61.35 cm right boundary location
imz 6 mesh intervals

zone numbex 8

mxz 6 mixture no.

rz 72.78 cm right boundary location
imz 16 mesh intervals

zone numbexr 9

mxz 4 mixture no.

rz 73.22 cm right boundary location
imz 1 mesh intervals

source spectrum no. 1 from origen-s
position 2 for 1826.3 days

source spectrum no. 2 from origen-s
position 2 for 1826.3 days

optional parameters

isn

8 order of angular quadrature

**** ysdose data ****

ndetec 0 number of detectors

(0 indicates default detector locations)
nfactr 0 number of dose factor id numbers.

(0 indicates default id for ansi standard)
dimenl 73.22 primary dimension, cm
dimen2 595.64 secondary dimension,cm

dose factor id numbers 9029. 9504.

detector no.
r= 7.3220e+01

detector no.
r= 1.7322e+02

detector no.
r= 2.7322e+02

NUREG/CR-0200,
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Table $1.5.12 (continued)

detector no. 4
r= 4.7322e+02 2=

2.9782e+02

*xx* gystem geometry *EF¥

case 11 -~ same as

cs

zone
mxz
rz
imz
isz
mixc
vic
nsou
npos
zvol
nass

zone
mxz
rz
imz

zone
mxz
rz
imz
isz
mixc
vic
nsou
npos
zvol
nass

zone
mXz
rz
imz

zone

rz
imz

zone
Xz
rz
imz

zone
mxz
rz
imz

zone

rz
imz

cylind
number

1.86

number

number

1.12

numbexr

number

number

numbex

number

rical

1

2
79e+05
1

2
2
21.72
8

3

1
38.05
30

2

0
0.0000
60

2
15e+06
6

4
0
47.63

case 10, with axial buckling of 595.64 cm used in xsdrn calc

coordinate system

mixture no.

cm right boundary location
mesh intervals

source spectrum no.

mixture number for homogenized core
volume fraction for mixc material

origen-s source unit no.
origen-s source position
zone volume

no of fuel assemblies in zone

mixture no.
cm right boundary location
mesh intervals

mixture no.

cm right boundary location
mesh intervals

source spectrum no.

mixture number for homogenized core
volume fraction for mixc material

origen~-s source unit no.
origen-s source position
zone volume

no of fuel assemblies in zone

mixture no.
cm right boundary location
mesh intervals

mixture no.
em right boundary location
mesh intervals

mixture no.
cm right boundary location
mesh intervals

mixture no.
cm right boundary location
mesh intervals

mixture no.
cm right boundary location
mesh intervals
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Table S1.5.12 (continued)

zone number 9

mxz 4 mixture no.

rz 73.22 cm right boundary location
imz 1 mesh intervals

source spectrum no. 1 from origen-s
position 2 for 1826.3 days

sourxce spectrum no. 2 from origen-s
position 2 for 1826.3 days

optional parameters

isn 8 order of angular quadrature
dy 5.95640e+02 buckling height of slab or cylinder

*xx*x xsdose data *w**

ndetec 0 number of detectors

{0 indicates default detector locations)
nfactr 0 number of dose factor id numbers

(0 indicates default id for ansi standard)
dimenl 73.22 primary dimension, cm
dimen2 595.64 secondary dimension,cm

dose factor id numbers 9029. 9504.

detector no. 1
r= 7.3220e+01 z= 2.9782e+02

detector no. 2
r= 1.7322e+02 z= 2.9782e+02

detector no. 3
r= 2.7322e+02 z= 2.9782e+02

detector no. 4
r= 4.7322e+02 z= 2.9782e+02

***k* system geometry ****
case 12 - same as case 10, with outer fuel zone smeared with adjacent void

cs cylindrical coordinate system

zone number 1
mxz 1 mixture no.
rz 12.75 cm right boundary location
imz 20 mesh intervals
isz 1 source spectrum no.
mixc 0 mixture number for homogenized core
vic 0.0000 volume fraction for mixc material
nsou 60 origen-s source unit no.
npos 2 origen-s source position
zvol 1.8679%e+05 zone volume
nass 1 no of fuel assemblies in zone
zone number 2
nxz 2 mixture no.
rz 21.72 cm right boundary location
imz 8 mesh intervals
NUREG/CR-0200,
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Table S$1.5.12 (continued)

zone number 3

mxz 1 mixture no.

rz 47.63 cm right boundary location
imz 30 mesh intervals

isz 2 source spectrum no.

mixc 0 mixture number for homogenized core
vie 0.4568 volume fraction for mixc material
nsou 60 origen-s source unit no.
npos 2 origen-s source position
zvol 2.0647e+06 zone volume

nass 6 no of fuel assemblies in zone
zone number 4

mxz 4 mixture no.

rz 48.90 cm right boundary location
imz 2 mesh intervals

zone number 5

mxz S mixture no.

rz 57.40 cm right boundary location
imz 30 mesh intervals

zone number 6

mxz 4 mixture no.

rz 61.35 cm right boundary location
imz 6 mesh intervals

zone number 7

mXz 6 mixture no.

rz 72.78 cm right boundary location
imz 16 mesh intervals

‘zone number 8

mXZ 4 mixture no.

rz 73.22 cm right boundary location
imz 1 mesh intervals

source spectrum no. 1 from origen-s
position 2 for 1826.3 days

source spectrum no. 2 from origen-s
position 2 for 1826.3 days

optional parameters

isn 8 order of angular quadrature

**x*x* yxsdose data ***¥

ndetec 0 number of detectors

(0 indicates default detector locations)
nfactr 0 number of dose factor id numbers

(0 indicates default id for ansi standard)
dimenl 73.22 primary dimension, cm
dimen2 595.64 secondary dimension,cm

dose factor id numbers 9029. 9504.

detector no. 1
r= 7.3220e+01 z= 2.9782e+02

detector no. 2
r= 1.7322e+02 z= 2.9782e+02
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Table §1.5.12 (continued)

detector no. 3

r= 2,

7322e+02 z=

detector no. 4,

r= 4.

7322e+02 z=

2.9782e+02

2.9782e+02

**xx*x system geometry ****

case 13 - infhommedium x-sects; collapse=y; no n-shield used; isn, icm=defaults

cs cylindrical

zone number 1
Xz 1
rz 12.75
imz 20
isz 1
mixc 0
vic 0.0000
nsou 60
npos 2
2zvol 1.867%e+05
nass 1
zone number 2
mxz 2
rz 21.72
imz 8
zone number 3
mXzZ 1
rz 38.05
imz 30
isz 2
mixc 0
vic 0.0000
nsou 60
npos 2
zvol 1.1215e+06
nass 6
zone number 4
nxz 0
rz 47.63
imz S
zone number S
mxz 4
rz 48.90
imz 2
zone number [
mxz S
rz 57.40
imz 30
zone number 7
mxz 4
rz 61.35
imz 6

NUREG/CR-0200,
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coordinate system

mixture no.

cm right boundary location

mesh intervals

source spectrum no.

mixture number for homogenized core
volume fraction for mixc material
origen~s source unit no.

origen-s source position

zone volume

no of fuel assemblies in zone

mixture no.
cm right boundary location
mesh intervals

mixture no.

cm right boundary location

mesh intervals

source spectrum no.

mixture number for homogenized core
volume fraction for mixc material
origen-s source unit no.

origen-s source position

zone volume

no of fuel assemblies in zone

mixture no.
cm right boundary location
mesh intervals

mixture no.
cm right boundary location
mesh intervals

mixture no.
cm right boundary location
mesh intervals

mixture no.
cm right boundary location
mesh intervals
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Table S1.5.12 (continued)

zone number 8

mxz 0 mixture no.

rz 72.78 cm right boundary location
imz 16 mesh intervals

zone number 9

Xz 4 mixture no.

rz 73.22 cm right boundary location
imz 1 mesh intervals

source spectrum no. 1 from origen-s
position 2 for 1826.3 days

source spectrum no. 2 from origen-s
position 2 for 1826.3 days

*x*x yxsdose data ****

ndetec 0 number of detectors

(0 indicates default detector locations)
nfactr 0 number of dose factor id numbers

(0 indicates default id for ansi standard)
dimenl 73.22 primary dimension, cm
dimen2 595.64 secondary dimension,cm

dose factdr id numbers 9029. 9504.

detector no. 1
r= 7.3220e+01 z= 2.9782e+02

detector no. 2
r= 1.7322e+02 2= 2.9782e+02

detector no. 3
r= 2.7322e+02 z= 2.9782e+02

detector no. 4
r= 4.7322e+02 z= 2.9782e+02

***% custem geometry **¥¥
case 14 - infhommedium x-sects; collapse=y; no n-shield used;

cs cylindrical coordinate system

zone number 1

mxz 1 mixture no.

rz 12.75 cm right boundary location

imz 20 mesh intervals

isz 1 source spectrum no.

mixc 0 mixture number for homogenized core
vic 0.0000 volume fraction for mixc material
nsou 60 origen-s source unit no.

npos 2 origen-s source position

zvol 1.8679e+05 zone wvolume

nass 1 no of fuel assemblies in zone
zone number 2

mxz 2 mixture no.

rz 21.72 cm right boundary location

imz 8 mesh intervals
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Table S$1.5.12 (continued)

zone number 3

mxz 1 mixture no.

rz 38.05 cm right boundary location
imz 30 mesh intervals

isz 2 source spectrum 1no.

mixc 0 mixture number for homogenized core
vie 0.0000 volume fraction for mixc material
nsou 60 origen-s source unit no.
npos 2 origen-s source position
zvol 1.1215e+06 zone volume

nass 6 no of fuel assemblies in zone
zone number 4

mxz 0 mixture no.

rz 47.63 cm right boundary location
imz S mesh intervals

zone number S

mxz 4 mixture no.

rz 48.90 cm right boundary location
imz 2 mesh intervals

zone number 6

mxz 5 mixture no.

rz 57.40 cm right boundary location
imz 30 mesh intervals

zone number 7

mxz 4 mixture no.

rz 61.35 cm right boundary location
imz 6 mesh intervals

zone number 8

mXz 0 mixture no.

rz 72.78 cm right boundary location
imz 16 mesh intervals

zone number 9

mxz 4 mixture no.

rz 73.22 cm right boundary location
imz 1 mesh intervals

source spectrum no. 1 from origen-s
position 2 for 1826.3 days

source spectrum no. 2 from origen-s
position 2 for 1826.3 days

optional parameters

isn 8 order of angular quadrature

**** xsdose data ****

ndetec 0 number of detectors

(0-indicates default detector locations)
nfactr 0 number of dose factor id numbers

(0 indicates default id for ansi standard)
dimenl 73.22 primary dimension, cm
dimen2 595.64 secondary dimension,cm

dose factor id numbers 9029. 9504.

NUREG/CR-0200,
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Table S1.5.12 (continued)

detector no. 1
r= 7.3220e+01 z= 2.9782e+02

detector no. 2
r= 1.7322e+02 2z= 2.9782e+02

detector no. 3
r= 2.7322e+02 2= 2.9782e+02

detector no. 4
r= 4.7322e+02 2= 2,9782e+02
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ABSTRACT

The SAS2 control module was originally developed for SCALE to provide a sequence that generated
radiation source terms for spent fuel and subsequently utilized these sources within a one-dimensional (1-D)
radial shielding analysis of a shipping cask. One of the principal uses of SAS2 over its history has been fuel
depletion analyses to obtain radiation and heat generation sources and spent fuel isotopics to be used in
subsequent analyses. This document describes the new, significantly enhanced version of the SAS2 control
module which is denoted as SAS2H. For each time-dependent fuel composition, SAS2H performs 1-D neutron
transport analyses (via XSDRNPM) of the reactor fuel assembly using a two-part procedure with two separate
lattice-cell models. The first model is a unit fuel-pin cell from which cell-weighted cross sections are obtained.
The second model represents a larger unit cell (e.g., an assembly) within an infinite lattice. The larger unit-cell
zones can be structured for different types of BWR or PWR assemblies containing water holes, burnable
poison rods, gadolinium fuel rods, etc. The fuel neutron flux spectrum obtained from the second (large) unit-
cell model is used to determine the appropriate nuclide cross sections for the specified burnup-dependent fuel
composition. The cross sections derived from a transport analysis at each time step are used in a point-
depletion computation (via ORIGEN-S) that produces the burnup-dependent fuel composition to be used in the
next spectrum calculation. This sequence is repeated over the operating history of the reactor. Optionally, a
1-D cask shielding analysis is performed after the depletion portion of the sequence is completed. This
document presents input requirements, computational procedures, applications and uncertainties, subroutine
descriptions, and sample problems for the SAS2H sequence.
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S2.1 INTRODUCTION

The Shielding Analysis Sequence No. 2 (SAS2) control module was originally developed for the
SCALE code system to provide a sequence that generated radiation source terms for spent fuel and
subsequently utilized these sources within a one-dimensional (1-D) shielding analysis of a shipping cask.
Although the shielding portion of the sequence can still be optionally accessed, the principal use of SAS2 over
its history has been fuel depletion analysis to obtain radiation sources, decay heat, and spent fuel isotopics.
The sequence can be halted after the depletion/decay portion is complete. When calculation of radiation
sources was the prime objective, a unit fuel-pin cell could be used to obtain the burnup-dependent flux
spectrum necessary to prepare burnup-dependent cross sections during the reactor depletion analysis. This
simple procedure has been shown to produce conservative actinide inventories for pressurized-water reactor
(PWR) spent fuel and does not provide the flexibility required for depletion of boiling-water reactor (BWR)
fuel. Thus, the original SAS2 sequence was considerably enhanced to produce the SCALE-4 version which
is denoted SAS2H.

The criteria applied in developing SAS2 were the following:

1. to predict spent fuel characteristics for spent fuel assemblies having a specified reactor history;

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

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

4. toapply standard analytical models that represent the physics of the system being analyzed (within

the 1-D transport limits of the problem);

to apply acceptable and documented data bases that can be updated in the future; and

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

b

Using a prescribed reactor history and cooling time, the SAS2H module is able to determine the spent
fuel characteristics (isotopics, heat generation, and radiation sources) and then subsequently compute the
neutron and gamma dose rates at various distances from a specified shipping cask. The fuel region in the cask
may be either dry or filled with water. A 1-D transport treatment is applied in the burnup-dependent flux
calculation of the fuel assembly and the shielding analysis of the shipping cask. A matrix exponential
expansion model is used to solve the nuclide generation and depletion rate equations.

The neutron transport analysis of the reactor fuel assembly for each time-dependent fuel composition
is basically a two-part procedure in which two separate lattice-cell calculations are performed, determining the
neutron spectrum and, subsequently, the nuclide cross sections. At specified times during the burnup, the cross
sections are updated using resonance processing codes and 1-D transport analyses. These updated cross
sections are used in the depletion computation that produces the time-dependent fuel composition to be used
for the next cross-section update. This sequence is repeated over the operating history of the reactor.

Even though the flux in the axial direction of the assembly is assumed to be constant, the two-part
procedure more nearly characterizes the major two-dimensional (2-D) effects than the one-step procedure
applied in the SCALE-3 version of SAS2. For example, in addition to simulating the fuel pins in the method
used in earlier versions, the model may include either the guide tubes or burnable poison pins that may be a
part of various types of assemblies. Also, the model description may contain the fuel-element casing and the
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channel moderator, which may significantly affect the flux, particularly in a BWR. Nuclide compositions are
computed for a specified reactor assembly, which is allowed to decay for a given cooling time after discharge.
The subsequent gamma source includes radiation from fission products, activation products of both the fuel
and structural materials, and (n,Y) reactions resulting from neutrons produced by some of the heavy isotopes.
The neutron source includes neutrons from spontaneous fission and (¢,n) reactions with oxygen isotopes. The
final dose rates are calculated in the shielding analysis by applying these sources in a specific radial model of
a shipping cask.

Only basic data are required to perform the SAS2 evaluation of a shipping cask. These data, briefly,
include:

1. the material zone dimensions of the shipping cask, the fuel-pin cell, and the larger unit-cell
representation of the fuel assembly;

2. the material densities of the fresh-fuel assembly and the shipping cask;

3. the material temperatures;

4. the specific power, exposure time and shutdown time of the fuel assembly in each appropriate
cycle of the reactor history; :

S. various control parameters used to select libraries, optional parameters preferred over the defaults,
the level of printout, and modifications to the transport computations (e.g., the fineness of mesh
intervals or the problem convergence criteria);

6. other optional data such as dose detector distances that differ from defauit values or light-element
weights per assembly; and

7. an optional input method, where the shorter and easier input description of the larger unit cell
normally supplied to SAS2H is replaced by user input of the actual data used by the codes (e.g.,
the 1$ or the 35* arrays in XSDRNPM, Sect. F3) in performing the second cell computation.

The SAS?2 control module converts the user input to data required by the functional modules, which
are used in the execution of the case. The SCALE system driver (reported in Sect. M1) invokes the execution
of the various codes requested by SAS2 and then returns control to SAS2. Pertinent results computed by one
functional module are used in generating input data for subsequent modules. Passes through the functional
modules are repeated until the case is completed. .

The model and the methods or techniques involved in the SAS2 control module are discussed in the
following section. Then, the general structure and subroutine descriptions are presented. Finally, the input
requirements are described, and sample cases are presented.
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S2.2 METHOD AND TECHNIQUES

The method followed by SAS2 in performing the fuel depletion and analysis of a spent fuel shipping
cask is presented here. The procedure, basically, is a combination of techniques by which data are prepared
for the execution of the various SCALE functional modules required for the problem.

S2.2.1 OVERVIEW OF MODULES AND LIBRARIES

Six different codes plus several routines in the SCALE subroutine library are utilized by the SAS2
control module. The basic functions of the six functional modules, as applied by SAS2, are described below.
References are given to sections in the SCALE manual or other reports that describe the codes in detail.

BONAMI applies the Bondarenko method of resonance self-shielding for nuclides that have
Bondarenko data included with their cross sections. BONAMI is described in Sect. F1, and the Bondarenko
methods and applicability are discussed in Sects. M7.2 and M7.A.

NITAWL-II performs the Nordheim resonance self-shielding corrections for nuclides that have
resonance parameters included with their cross sections. NITAWL-II is described in Sect. F2, and the

" Nordheim Integral Treatment is also discussed in Sects. M7.2 and M7.A.

XSDRNPM performs a 1-D discrete-ordinates transport calculation based on various specified

geometries requested in the data supplied by SAS2H. The code, as applied by SAS2H, has three particular
functions:

1. to produce cell-weighted cross sections for fuel depletion calculations;

2. to determine cell-weighted cross sections for spent fuel assemblies in a specified shipping cask;
and

3. to compute the angular flux data for the specified shipping cask, which are then applied by
XSDOSE in computing dose rates.

XSDRNPM is described in Sect. F3 and Ref. 1. Also, the automatic quadrature generator, the unit-cell mesh
generator, and convergence criteria applied by the code are presented in Sect. M7.2.5.

COUPLE updates the cross-section constants included on an ORIGEN-S nuclear data library with data
from the cell-weighted cross-section library produced by XSDRNPM. Also, the weighting spectrum computed
by XSDRNPM is applied to update all nuclides in the ORIGEN-S library that were not specified in the
XSDRNPM analysis. COUPLE is described in Sect. F6.

ORIGEN-S performs both nuclide generation and depletion calculations for the specified reactor fuel
history. Also, the code computes the neutron and gamma sources generated by the fuel assembly. ORIGEN-S
is described in Sect. F7.

XSDOSE applies the angular flux at the surface of a shipping cask, as produced by XSDRNPM, to
compute dose rates at specified detector positions outside the shipping cask. XSDOSE is described in Sect. F4.

Other subroutine packages applied by SAS2 are

1. the SCALE Free-Form Reading Routines (Sect. M3);

2. the Material Information Processor of the SCALE system (Sect. M7); and

3. the SRCALC subroutine package for computing neutron sources. SRCALC is a separate utility
code that has also been incorporated into ORIGEN-S. The routine was originally written for
SAS?2 (Sect. $2.2.7).
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Data libraries that are utilized by SAS2 include:

SCALE Cross-Section Libraries (Sect. M4);

the SCALE Standard Composition Library (Sect. M3);

an ORIGEN-S Binary Working Library (Sects. M6.1.2 and M6.7); and
an ORIGEN-S Master Photon Binary Data Base (Sect. M6).

Calh ol

S2.2.2 GENERAL DESCRIPTION OF METHOD

Three areas require the knowledge and attention of cask shielding analysts—radiation source
generation, radiation transport and dose evaluation, and proper utilization of cross-section data. Several
different codes may be required to determine an adequate radiation source and, subsequently, to calculate the
required dose. The complexity of the radiation transport analysis that is applied can vary widely depending
on the desired accuracy, the level of geometry detail to be included, and the computer time limitations. The
SAS2 control module provides an automated sequence to generate the radiation source, performs a 1-D
radiation transport analysis through the side of a cask, and evaluates the dose at selected points away from the
cask. The complete shielding analysis is performed with a single set of input specifications.

The method applied by SAS?2 starts with the data describing a fuel assembly as it is initially loaded
into a particular reactor. The composition, temperatures, geometry, and time-dependent specific power of the
fuel assembly are required. For each time-dependent fuel composition, the new SAS2H sequence performs 1-D
neutron transport analysis (via XSDRNPM) of the reactor fuel assembly using a two-part procedure with two
separate unit-cell-lattice models. The first model is a unit fuel-pin cell from which cell-weighted cross sections
are obtained. The second model represents a larger unit cell (e.g., an assembly) within an infinite lattice. The
larger unit-cell zones can be structured for different types of BWR or PWR assemblies containing water holes,
burnable poison rods, gadolinium fuel rods, etc. Problem-dependent resonance self-shielding of the cross
sections is performed using the BONAMI and NITAWL modules.

The neutron flux spectrum obtained from the second (large) unit-cell model is used to determine the
appropriate nuclide cross sections for the specified burnup-dependent fuel composition. The cross sections
derived from a transport analysis at each time step are used in a point-depletion computation (via ORIGEN-S)
that produces the burnup-dependent fuel compositions to be used in the next spectrum calculation. This
sequence is repeated over the operating history of the reactor. Ultimately, the nuclide inventory (actinides,
fission products, and light elements) is computed at the burnup corresponding to the discharge of the assembly
from the reactor. ‘

The buildup and decay of the nuclides in the fuel assemblies are subsequently computed by ORIGEN-S
for the cooling time (from discharge) of interest for the assemblies. The gamma source spectrum, in the
required energy group structure, is computed from photon-intensity data for nuclides present in the final
compositions of the fuel, its activation products, the fission products, and the activation products of the clad
and structural materials. Also, the neutron source spectrum, in the appropriate energy group structure, is
derived from actinide nuclide data for neutron emission during spontaneous fission and neutron production by
the interaction of alpha particles with the 'O and O atoms in the fuel. The heat generation rate (total and by
nuclide) is also computed in the final ORIGEN-S case.

The shielding analysis of the shipping cask is performed in three parts: First, cell-weighted cross
sections are computed for the fuel-pin lattice representation of the given assemblies, either moderated or dry,
within the specified shipping cask. For a dry cask calculation, cell-weighting of the fuel cross sections is
usually not necessary and can be optionally skipped in order to reduce the overall computing time requirements.
Second, applying processed cross-section data of other zone materials in the shipping cask, together with the
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cell-weighted fuel cross sections and zone-averaged fixed sources of the fuel zone, angular neutron and photon
fluxes are computed for the system. The use of coupled neutron-photon cross sections in the fixed-source
transport calculation accounts for secondary gamma production during the radiation transport. Third, a
multidimensional treatment is applied to the angular leakage fluxes to compute gamma and neutron dose rates
at specified detector locations outside of the shipping cask.

The SAS2 module allows the following data sets to be saved: ORIGEN-S reactor cross-section
libraries, unformatted nuclide concentrations and radiation sources, formatted nuclide atom densities and
assembly sources, and case restart data. These data sets are used as interfaces to ORIGEN-S (Sect. F7),
PLORIGEN (Sect. F15), SAS1 (Sect. S1), SAS4 (Sect. S4), restarts of SAS2, and other codes. The data sets
are described further in the input/output requirements of Sect. S2.5.5.

The above description is a brief summary of the entire SAS2H procedure. The following subsections
$2.2.3 through S2.2.9 discuss the various parts of the procedure in more detail.

S2.2.3 PREPARATION OF FUEL CROSS SECTIONS

The previous section provided a brief description of the entire SAS2H procedure. A diagram of the
basic flow path invoked by SAS2H and the SCALE driver is shown in Fig. $2.2.1. Appropriate parameters are
returned to the SCALE driver to properly invoke the functional modules in the SAS2H method. The upper part
of Fig. $2.2.1 shows the basic flow for the neutronics-depletion analysis "passes” that create a cross-section
library at specified burnup intervals. First, in path A, BONAMI, NITAWL-II, and XSDRNPM are invoked
to produce the cell-weighted cross sections of the fuel zone. The second return to the driver for path B of the
reactor pass invokes all five functional modules.- The compositions for the first reactor library pass are simply
the nuclide mixtures of the new, or freshly loaded, fuel assembly. After completing the neutronics code

computations, execution continues with COUPLE updating an ORIGEN-S working library with data on the '

XSDRNPM weighted working library. The ORIGEN-S execution is invoked to compute the time-dependent
densities of the nuclides in the fuel and burnable poison, if present, for the specified power and exposure times.
Finally, SAS2 is invoked for the next control function in the procedure.

The neutronics models used in path A and path B of the computational flow are discussed below in
Sect. $2.2.3.1. Then Sect. $2.2.3.2 provides more information on the procedures used to process data for the
neutronics-depletion analysis.

S$2.2.3.1 Description of the Neutronics Models

The flow chart of Fig. $2.2.1 indicates two computational paths (path A and path B) for the neutronics
portion of the depletion analysis. Although the neutronics modules used in these sequential flow paths are
similar (both access BONAMI/NITAWL/XSDRNPM), the models analyzed are quite different. The model
used in path A is similar to that used in earlier SAS2 versions, through SCALE-3, inclusively. The addition
of flow-path B and its model produces the new version of SAS2 that is denoted SAS2H.

Basically, the model used in path A represents the fuel by an infinite lattice of fuel pins. Cross sections
are processed using a resonance self-shielding calculation followed by a discrete-ordinates 1-D 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 region of the path-B model. The model used in path
B is a larger unit-cell model used to represent part or all of an assembly. The concept of using cell-weighted

“data in the 1-D XSDRNPM analysis of path B is an approximate method for evaluating 2-D effects found in
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fuel-pin lattices containing different types of rods or water "holes.” The path-B model is used by SAS2H to
calculate an "assembly-averaged” fuel region flux that considers the effects due to the path-A model and
channel moderation, if present.

The path-B model represents a larger unit cell within an infinite lattice. Two examples of the larger
unit cells are depicted in Fig. S$2.2.2, where diagram (a) applies to a PWR control rod assembly and diagram
(b) applies to a BWR burnable poison assembly. Variations to diagram (b) (e.g., omitting the casing and
channel moderator) would apply to different types of BWR or PWR assemblies. The essential rule in deriving
the zone radii is to maintain the relative volumes for all zones in the actual assembly. The control region of
the larger cell can be modeled as an assembly guide tube, a burnable poison rod 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. The
moderator of the path-A model is included with an outer radius equal to the unit-cell radius. Then a fuel region
surrounds the moderator with a radius that maintains volume conservation of fuel and moderator for the entire
assembly (see Sect. $2.6.7 for an example). Also, the fuel assembly housing material, or casing, and channel
moderator between assemblies may be added by conserving volumes. A fuel assembly in which only part of
the guide tubes contain burnable poison rods during a specified operating cycle is analyzed by an approximate
effective mock-up, conserving material mass. 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. Reactor types, other than PWRs and BWRs, in which the path-B models require
more than one fuel zone may also be represented within certain conditions or limitations.

Although there is a distinct improvement in the geometry applied by SAS2H over that of earlier
versions, there still remain geometrical approximations. In designing assemblies there appears to be an attermnpt
to have control rods or burnable poison pins separated at equal distances. But, in practice, these distances are
not exactly equal, as assurmed in the model. Also, when there is a channel moderator, the simulation places part
of it as the outer zone of each larger unit cell (which may only represent a portion of the assembly) instead of
placing all of it around the whole assembly. However, in either of these cases, the approximations in the
placement of the moderator, burnable poison, or assembly casing appear to be significantly less than in models
depicting those materials (with volume conservation) in an extra zone around each fuel-pincell. In these cases,
a neutron leaving a fuel pin may be scattered by the extra moderator before entering the adjacent cell, whereas
in the SAS2H model and in actual assemblies the neutron would normally cross at least two fuel-pin cells
before interacting with the extra moderator or poison.

S$2.2.3.2 Data Processing Procedures

To prepare the fuel cross-section library for ORIGEN-S, the SAS2H sequence uses several SCALE
functional modules. Fundamentally, the chief function of the SAS2 control module is to convert user mput
data, plus data available within the SCALE system into the input required by these functional modules and
subsequently write the input on the interface units read by the codes. To assist in this process, SAS2H uses
the Material Information Processor (see Sect. M7) and another neutronics data processor similar to the
Material Information Processor.

Isotopic and other material densities, required by the codes, are prepared by the Material Information
Processor from both the user input (e.g., volume fractions) and the contents of the Standard Composition
Library. The mixture compositions of the reactor-loaded fuel assembly (i.e., fresh-fuel isotopics) and the
shipping cask materials are specified in the user input, representing a "total problem" composition description.
The spent fuel composition is excluded, since it is computed in the SAS2H procedure. The first three input
mixtures are used to describe the fuel-pin unit-cell of the path-A model; all other mixtures apply to either the
larger unit cell of the path-B model or the shipping cask. This method produces a single “input mixing table."
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The term "mixing table" pertains to the grouping of composition data for nuclides into three corresponding sets
that define the nuclide identification (ID) number, the mixture number, and the number density of the nuclide
in the mixture. A "master mixing table" for the problem is derived from the input mixing table plus trace
densities (1 x 10? atoms/b-cm) of those actinides that are both on the specified neutron cross-section library
and in the Block Data list for the COMMON/FUELID/ (listed in Table S2.2.1). Trace amounts of these
selected nuclides are automatically included by SAS2 to ensure appropriate cross sections are available for
important nuclides that build up in the fuel during depletion. Additional trace nuclides can be input by the user.

Table S2.2.1 List of fuel nuclides automatically
included by SAS2 for inclusion in neutronics
processing” when on SCALE library

Xe-135 Pu-240
Cs-133 Pu-241
U-234 Pu-242
U-235 Am-241
U-236 Am-242m
U-238 Am-243
Np-237 Cm-242
Pu-238 Cm-243
Pu-239 Cm-244
1/v-absorber”

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

®Used to calculate the THERM parameter applied
in ORIGEN-S (see Sect. F7.6.12).

For the fuel-pin-cell model (path A of Fig. S2.2.1), the input data files for BONAMI, NITAWL-II,
and XSDRNPM are prepared as described in Sect. M7. The cell-weighting option is used with the fuel-pin-cell
model to produce cross sections appropriate for the region denoted as the fuel zone in the larger unit cell of the
path-B model. The interface data sets for the three neutronics codes pertaining to the path-B model are then
developed by techniques that are either similar to those used for the fuel pin cell or, at least, reasonably
appropriate for this type of analysis.

Two geometry-dependent parameters are computed by the Material Information Processor for the fuel-
pin model of path A that are prepared differently by SAS2 for the larger unit-cell model of path B. The first
parameter is the effective escape cross-section input to account for heterogeneous effects in BONAMI (see
Sect. F1.2.1). If the zone contains fuel and is the most central zone, the value is taken from the fuel zone of
path A. If this is not true, the effective escape cross section is taken to be the reciprocal of the mean chord
length for the zone or 0.5/(r; - t;,,) for the ith zone, where r; are zone radii and r, = 0. The second parameter
computed differently in the path-B procedure is the Dancoff factor (see Sect. M7.2.5.3 for a definition) used
in NITAWL-II for the resonance nuclides not in the fuel zone. If the zone is interior to the fuel zone, the
contribution to the Dancoff correction from neutrons escaping outward from the zone is neglected since their
probability of colliding or interacting with the large fuel zone is rather high. Thus, the Dancoff factor for

NUREG/CR-0200,
S22.7 Vol. 1, Rev. 6



resonance nuclides in a zone interior to the fuel zone is computed based on the volume-weighted nuclide
densities in zones interior to the zone containing the resonance nuclide. For nuclides in zones exterior to the
fuel zone, the Dancoff factor is not likely to affect final results and is set to zero. The path-B model also uses
the cell-weighted cross-section option and collapses the cross sections as required in updating an ORIGEN-S
library. < ‘
After the neutronics code interfaces are completed, SAS2 generates interface files for codes that couple
burnup-dependent densities into the model for producing time-dependent cross sections. First, an interface data
set is produced for COUPLE, which updates cross-section constants on libraries input to ORIGEN-S. Finally,
an input data set for ORIGEN-S is developed to execute a depletion case in which computed densities of the
fuel are saved in a data set at prescribed time intervals. More about the meaning of these intervals will be
discussed in the next section.

S2.2.4 FUEL IRRADIATION ANALYSIS TO PRODUCE TIME-DEPENDENT
CROSS SECTIONS

The 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. S2.2.1, as discussed in Sect. $2.2.3, is applied repeatedly by SAS2H to produce cross-section libraries
for the irradiation intervals requested in the input. This subsection discusses the "bootstrapping” method by
which SAS2H repeatedly "passes” through the neutronics-depletion procedure. The major data differences for
the sequential "passes” are in the nuclide densities and reactor history parameters. Note that each "pass”
through the procedure involves (1) preparation of new data interfaces by SAS2, (2) return of control to the
SCALE driver for execution of the three codes in the path-A model, (3) SAS2 preparation of the code
interfaces for the path-B model, (4) another return to the SCALE driver for execution of the five codes in the
path-B model, and (5) return to SAS2.

The user input specifies the number of cycles (e.g., the number of years the assembly resides in the
reactor), 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. Thus, the irradiation-time interval associated with each library
is derived fromthe 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.

The procedure is illustrated schematically in Fig. S2.2.3 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. The "Pass 0" (fresh fuel cross sections) library is only used for this purpose. It is not
saved for the final ORIGEN-S case. Next, the SAS2 module (1) computes density-dependent parameters for
the resonance calculations, (2) increments the required data set unit numbers, (3) adds "PASS 1" to the
ORIGEN-S library title, (4) updates the ORIGEN-S input for the second case to deplete from the beginning
of the first irradiation interval and to save number densities for the starting point and the midpoint of the second
irradiation interval, and (5) rewrites all code interfaces using the new data. Then, the "PASS 1" library is
produced by invoking execution of the codes in both path A and path B of Fig. $2.2.1 a second time with the
new input interfaces. Each additional pass applies the same procedure as used for "PASS 1." The irradiation
interval midpoint densities are applied to the neutronics analysis to produce a new library for that interval. The
depletion computation applies this library and the densities calculated for the start of the pass. A decay
computation with zero power is applied for reactor downtime, if specified for the end of a cycle, before deriving
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densities for the next pass. All ORIGEN-S libraries are saved, starting with the "PASS 1" library. The Jast
pass is the only one in which there is a major difference in the procedure. After the completion of COUPLE
in the final pass, the required libraries have been produced. The final ORIGEN-S case corresponding to the
last pass uses all the libraries and runs through the entire reactor history input the SAS2 module. This final
case is described in detail in Sect. $2.2.5. Starting with SCALE 4.2, all the cross-section data libraries
produced during all passes are combined into the final multiburnup-dependent ORIGEN-S binary library made
by the case.

The time-dependent number densities applied in the neutronics analysis are obtained by different
methods. 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 most
light elements, including the burnable poisons boron, gadolinium, and cadmium, and most isotopes of the
specified structural materials. However, the densities of alloys or elements in the clad, moderator, or structural

" materials, and oxygen in the fuel remain constant. The use of time-dependent densities for structural materials

or clad light elements in place of constant densities is probably not very significant in the neutronics analysis
of light-water reactors (LWRs), except for the isotopes of burnable poisons. In general, within a single subcase
to ORIGEN-S, a depleted density may be computed for only one initial density of each nuclide. Thus, light-
element nuclide depletion (typically of a burnable poison) is restricted to either those nuclides in mixtures
outside of the fuel zone of the larger unit cell or those in the fuel and clad. Detailed selection conditions are
presented in Data Note A of Sect. S2.5.4. Note two exceptions to the point-depletion limitation of ORIGEN-S
within SAS2H concerning light-element (LE) nuclides. Some of the fission-product (FP) nuclides are on both
the FP library and the LE library. Such a nuclide input as a trace in the fuel mixture is computed as being
produced from fissioning in the fuel. In the case where the fission-product nuclide is input in both the clad and
the fuel, the computation for production and depletion in the fuel is calculated for the nuclide as an FP isotope,
and the depletion and activation product calculation in the clad is treated for the nuclide as an LE isotope. The
same nuclide (the FP in the fuel) input in a nonmoderator zone outside of the fuel zone of the path-B model (see
Fig. S2.2.2) may also undergo a LE depletion calculation. The other exception to the single depletion
restriction concerns a LE nuclide (not in the FP library) contained in both the fuel and the clad. A single
depletion of a properly combined density for the nuclide is applied by SAS2H to subsequently derive the
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individual depleted densities in both of the materials. Many of the LE depletion capabilities of SAS2H have
a more significant value in certain product or research reactor designs rather than in the usual LWR designs.

The moderator (water) 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. Also, the moderator boron concentration is automatically changed
during the passes of a cycle, if more than one library per cycle is requested. The boron density is assumed to
vary linearly from 1.9 to 0.1 times its average (input) density during the time interval of the cycle. The value
applied is determined from linear interpolation to the midpoints of each library time interval. This method is
applied to somewhat approximate a typical decrease in the boron as a function of time for each cycle. Thus,
if multiple libraries are requested per cycle, the user should ensure that the linear fit is appropriate for the cycle
history. Alternatively, a user can increase the number of cycles requested, request only one library per cycle,
and input a boron fraction that best models the actual amount of soluble boron in the reactor.

SAS2 always performs a "Pass 0" depletion with fresh fuel nuclide concentrations and cross sections
to the midpoint of the first irradiation-time interval to get cross sections based on the midpoint number
densities. The purpose of the Pass 0 depletion is only to obtain cross sections based on midpoint number
densities to use in generating the "Pass 1" library (see Figure S2.2.3). SAS2 then depletes Pass 1 starting with
fresh fuel nuclide concentrations and using the "Pass 1" cross-section library based on the midpoint number
densities.

For one library per cycle, the midpoint for Pass 1 (endpoint for Pass 0) is the midpoint of cycle 1 (see
Figure S2.2.4). The midpoint for Pass 0 is 25% of cycle 1. The average boron for each pass is the boron at
the midpoint of the pass. Thus, for Pass O the average boron is 1.45 times the input value (halfway between
1.9 times the input value at zero burnup and 1.0 times the value at mid-cycle). Pass 1 will use the average
boron for the cycle (1.0 times the input value). The boron concentration used in the cross-section library
generation is adjusted to be consistent with that point in the cycle depletion. For example, the boron
concentration used to generate the Pass 1 cross-section library is the average boron for the first cycle (1.0 times
the input value). Thus, for one library per cycle the average boron concentration, as specified by the user, is
always used.

The pin-cell zone temperatures also may be changed at different cycles. Note that all temperatures are
changed to the same value, which is input to BONAMI and NITAWL-II. This feature is not applicable to
periods during normal reactor exposure operations. Usually the fuel temperature change is either small or none
between cycles. However, SAS2 has been used to compute (via XSDRNPM) the infinite multiplication factor
(k.) for cold spent fuel at various burnup or decay times by applying an irradiation pulse and reducing the
system temperature. ,

The three Path-A pin-cell zone temperatures also may be changed at different cycles. If the
temperatures of the Path-B nonfuel zones (Sect. S2.2.3.1) are to be changed, this may be done by simply
changing the mixture number for the zone. Note, that the temperature may be specified for the material of each
mixture.

NUREG/CR-0200,
Vol. 1, Rev. 6 $2.2.10



Iees

‘0020~ 90/OFANN

9 °'A9Y ‘T 'OA

Boron adjustment factor

18

16 §---

14

12

0.8
0.6
04

0.2

Boron Concentration vs Cycle Length

/_\\

o~

Pass 0

0.25

Pass 1

0.5

>

Fraction of Cycle Length

0.75

Figure S2.2.4 SAS2H boron letdown example.




11

S2.2.5 FINAL DEPLETION AND DECAY ANALYSES

The ORIGEN-S case in the final pass of the reactor irradiation period has a different function than that
of previous passes. Prior to the final pass, the purpose of the neutronics depletion method was to produce a
set of time-dependent, cross-section ORIGEN-S working libraries that apply to the specified fuel assembly at
various points during its irradiation history. Now, these libraries, which are ultimately combined into a
multiburnup-dependent ORIGEN-S binary library, and the initial nuclide densities form the input to the final
ORIGEN-S depletion case. The user may observe from the SAS2 printout that densities in the previous
ORIGEN-S cases are in atoms/b-cm, while the quantities input in the final case are given in total grams per
assembly. A short (zero-time)-decay subcase is applied, in order to list input grams, simply to aid as a problem
definition check. During depletion calculations, ORIGEN-S prints results only in units of gram-atoms per fuel
input (e.g., gram-atoms/assembly for the final SAS2 application).

A separate depletion subcase is performed, in turn, for each of the input ORIGEN-S workmg libraries.
All the nuclides in the library on unit number 21 (the large ORIGEN-S binary library) are available in the
analysis. These include over 1600 nuclides (for details see Sects. M6, F6.5, and F7.6.3). All chains are
automatically provided in the library processing by ORIGEN-S and COUPLE. Cross-section constants are
either updated directly from XSDRNPM output, or for those nuclides not included in the pin-cell analysis, from
broad-group flux weight factors (Sects. F6.2.1 and F6.4.2).

First, in the procedure given here, the nuclide generation and depletion computation using the "PASS 1"
library is performed. 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 was 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 discharge
composition of the fuel assembly is determined. Finally, a decay-only subcase (six equal-size time steps) is

computed for the requested spent fuel cooling time. These calculated compositions are applied in both the final |

shipping cask analysis and the determination of neutron and gamma sources.

The user may note that while light-element inventory in kilograms/assembly may be specified in the
input description, there is no corresponding input for the fuel. In addition to standard composition and unit-cell
specification data, the number of fuel pins per assembly and the fuel length of the pins are the only fuel data
required by SAS2. The code simply computes fresh-fuel nuclide inventories from this density and geometry
data. The assembly light elements, converted to proper units, are applied in both the cross-section processing
and the final ORIGEN-S cases. Their composition has a small effect upon the conversion of input power to
the flux applied in the computation because ORIGEN-S uses a recoverable energy per fission that includes
energy from the (n,y) reactions for all specified nuclides. Also, the contribution to the gamma source by the
light elements (e.g., cobalt) may be significant and is computed by ORIGEN-S. When an element or nuclide
is input both as a standard composition specification and a light element in kilograms/assembly, the standard
composition density is used only in the ORIGEN-S cases for cross-section processing, and the light-element
data are used in the final ORIGEN-S case to derive final spent fuel results.

S2.2.6 THE GAMMA SOURCE SPECTRUM

The last subcase (decay portion) of the ORIGEN-S case described in Sect. $2.2.5 invokes the option
for computing the gamma source spectrum of the spent fuel assembly. The spectrum is calculated for the
photon energy group structure present on the cross-section library specified for use in the shipping cask
smeldmg analysis.

- “The code first converts inventories of all nuclides of the cooled fuel assembly to disintegrations per
second. Then, applying the ORNL Master Photon Data Base,? it sums individual nuclide photon spectra to
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determine the total gamma source spectrum. The intensity of a line at energy E, from the data base, is
normalized to E,. , the average energy of the group, using direct multiplication by the factor E/E,,., with one
exception. In cases where E - E, or E, ~ E is less than 0.03 (E, - E,), where E, and E, are the boundaries of
a group, one-half the initial intensity is applied to each of the two groups having the boundary near the line.
These procedures maintain the conservation of energy rather than photon intensity, which should give a more
correct computation of dose rates in the shielding analysis. As a final correction, the ratio of total nuclide
gamma energy (from data in the ORIGEN-S working library) to the gamma energy of only those nuclides
having line data, is multiplied times the spectrum computed from the data base. Later, the spectrum is
converted to a uniform volumetric photon source for the shielding analysis.

. The ORNL Master Photon Data Base? includes photon intensity and energy data for the following
physical processes: X rays and gamma rays emitted during radioactive decay of 427 nuclides, or more, taken
from the Evaluated Nuclear Structure Data File (ENSDF);>* prompt fission gamma rays from spontaneous
fission of heavy nuclides; gamma rays from the fission products produced in spontaneous fission; gamma rays
from (c,n) reactions for heavy-metal dioxides; and bremsstrahlung production from beta and positron
deceleration in UO, and water using beta energy data from ENSDF (see Sect. M6).

S2.2.7 THE NEUTRON SOURCE SPECTRUM

An energy-dependent neutron source is required for computing neutron dose rates in the shielding
analysis. Since ORIGEN-S did not calculate neutron source spectra at the time SAS2 was written, the
procedure for computing neutron spectra described here was developed for SAS2. Also, substantially improved
spontaneous fission and (c,n) reaction yield data were applied. The data and method originally used in
ORIGENS overpredicted the (,n) yields by a factor of approximately 2. Presently, the model described here
is used in ORIGEN-S and supplied to SAS2, in place of making the calculation in SAS2.

The major part of the neutron source is produced from spontaneous fission of the heavy nuclides. Data
required to compute the neutron production rate from this process include the spontaneous fission half-life, the
average neutron yield per spontaneous fission, v, and the concentration for each contributing nuclide.
Spontaneous fission half-lives for the more significant nuclides are those from the ORIGEN-S card-image
actinide decay data library’ (see ORIGEN-S Data Libraries, Sect. M6). For several less-important nuclides,
unmeasured half-lives are taken from Ref. 8. These data were estimated with a correlation between measured

* data and so-called fissility parameters.® The v, data are taken from Ref. 8. Measured values are available for

21 nuclides, including the most significant. An equation, derived® to compute v, produces values that are
within two experimental standard deviations for all except three nuclides. This equation is applied by the model
for nuclides that do not have measured data.

A significant neutron source is produced from ?O(e,n) and *O(«r,n) reactions in the UO, and other
oxygen compounds of the spent fuel. Thin target cross sections'? for these reactions and alpha stopping power
data were applied to compute neutron yields of the fuel material. Measurements!® of thin target cross sections
for the "O(et,n) and ®O(e,n) reactions produced improvement over earlier data.!’ Thick target energy-
dependent (¢,n) yields for Z8UNATQO, were computed,'® having estimated accuracies within 10%. These data
are applied by ORIGEN-S to the various alpha energies of the actinide nuclides. Although alpha energies are
not explicitly given in the ORIGEN-S decay data base (Sect. M6), these data were derived from the same
sources as those used to produce the decay data base. ENDF/B-VI data'? were used for a large majority of the
actinides. Evaluated Nuclear Structure Data File (ENSDF) data>* were used, if available, for those not in
ENDE/B-VI. Then, for the remaining actinides (of lesser significance), available alpha-energy data from the
Table of Radioactive Isotopes" were applied. All the yields, energies, and associated data are edited during
the execution of the neutron source option if the edit of the actinide library option is requested. These data,
which are not contained in the ORIGEN-S library, are supplied in the Block Data COMMON/SPECDT/.
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The isotopes 2?Cm and **Cm characteristically produce all except a small percentage of the
spontaneous fission and (¢,n) neutron source in spent PWR fuel over a 10-year decay time. The next largest
contribution is usually from the (e,n) reaction of alphas from *Pu, which is approximately 1 to 2% of the
source. Neutron energy spectra of both the spontaneous fission and (¢,n) reactions have been determined for
the curium isotopes'*** and 2*Pu (Ref. 16). The measured spontaneous fission neutron spectrum of **Cm was
found to be quite similar to that from 25U and *2Cf. Thus, the spectrum for **Cm was computed"® from these
measurements. The (a,n) neutron spectra were determined by extrapolating the neutron spectrum fromPo-«-O
source measurements!’ to the alpha energies of *?Cm, *Cm, and 2*Pu. The energy distribution of the
spontaneous fission neutron spectrum is computed from the spectra for #**Cmand *Cmdescribed above, using
the calculated concentrations of those two isotopes. This spectrum is then renormalized to include the total
neutron source from all spontaneously fissioning isotopes. A similar calculation, using the data for all three
isotopes, is performed for the (¢,n) neutron spectrum. The spectra are collapsed from the energy group
structure of the data to that of the SCALE library requested for the shipping cask computation. The procedure
assumes uniform distribution within each group and simply sums the quantities based upon energy fractions
common to both groups in the two group structures. The total neutron source spectrum is then computed as
the sum of the spontaneous fission and (e,n) spectra.

Neutrons produced by photofission and photoneutron reactions are not included in the source term
computed by SAS2. Cross sections for these reactions have been reported for several heavy nuclides™ (e.g.,
238(J) and for the light nuclides:”® 2H, SLi, NATLi, *Be, and PC. The photon reaction energy thresholds in these
data are 1.67 MeV for *Be, 2.23 MeV for 2H, and approximately 5 MeV for the other nuclides. The gamma-
source energy range in spent fuel for significant intensities is 0 to 10 MeV, with only a somewhat minor
fraction >5 MeV. - Cross sections for the light nuclides are <2.5 millibarns for energies <10 MeV. Since the
effective photoneutron cross sections (i.e., in the range 5 to 10 MeV) of nuclides of intermediate mass® are
smaller than that of 28U, relatively fewer neutrons would be produced from these nuclides. Calculations,
applying the photon flux computed for typical PWR spent fuel, various time-dependent gamma sources derived
by ORIGEN-S cases, and the referenced cross-section data, indicate the quantitative significance of the photon
reactions. The contributions from photofission and photoneutron reactions with 2*U are approximately 0.1%
of the neutron source at a 1-d cooling time, approximately 0.01% at 90 d, and less at later times. Calculations,
considering masses equal to that of 2*U, produce comparable results for °Li and an appreciable decrease for
13C. However, due to the quantity of photon emission in the 2.5- to 3.0-MeV range, sources from *H and *Be
may require consideration. Approximately 1 kg of either of these two isotopes in the fuel region of the shipping
cask may produce a significant part of the neutron source and dose rate. The evaluation of a dry shipping cask,
where the neutron and gamma dose rates tend to be near the same magnitude, may require an additional
analysis of photoneutrons if appreciable quantities of ’H and *Be are present. One source of *H is the 0.015
atom % deuterium in natural hydrogen in the water coolant of various shipping casks. Fortunately, when the
reduction in neutron dose from the effect of water is taken into account, the estimated 2H neutron source
fraction is <1% at 1-d cooling time and less significant at later times. However, SAS2 may not produce an
adequate neutron source for systems containing large quantities of *Be intermixed with the fuel.

Given the concentrations of heavy-element nuclides in spent fuel, the major uncertainty in the computed
neutron source strength is in the neutrons produced by spontaneous fission of *?Cm and **Cm. The
uncertainties in v, for these isotopes is reported® to be 3 to 4% and the reported” uncertainty of the spontaneous
fission half-life is 10% for #2Cm and 0.1% for **Cm. Thus, over a 10-year cooling time the combined
uncertainty in the computed neutron source from the spontaneous fission is in the range 4 to 8%, with a
decrease as a function of time resulting from the 163-d half-life of *Cm. By considering the uncertainty of
the thick target (c,n) yield data,'” the possible error in applying 2*UO, stopping powers for other nuclides of
the spent fuel, and the fact that the computed (,n) source is 10% of the total, it is estimated that the total
neutron source has an additional uncertainty of about 2%. This total uncertainty (<10%) in the complete
neutron source strength is less significant than inaccuracies arising from the neutron spectrum data, the
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concentration predictions and the neutronics analysis which are ultimately applied by SAS2 in computing the
neutron dose rate.

S2.2.8 DOSE RATES FROM THE SHIELDING ANALYSIS OF THE SPENT
FUEL SHIPPING CASK

Two additional passes through SAS2 are required after the final ORIGEN-S calculation is performed.
These passes prepare data for the shielding analysis and the computation of dose rates outside the spent fuel
shipping cask. The purpose of the first pass is the cell-weighted calculation of the fuel-pin lattice cross sections
within fuel zones in the cask. During the second pass, the cross sections for other zones of the shipping cask
are processed and the transport calculation for the entire shipping cask is performed to get the neutron and
photon angular flux at the surface of the cask. Alternatively, the user can request the cell-weighting pass be
skipped because the cell-weighting feature changes dose results insignificantly when used for a cask in which
the fuel zones are dry. Finally, gamma and neutron dose rates are computed at either specified or default
detector locations outside of the shipping cask.

The cell-weighted cross-section calculation is optionally provided for the user who desires to correct
the spent fuel cross sections by a self-shielding resonance treatment and weight the cross sections in accordance
with flux magnitudes of the unit-cell zones. SAS2 prepares the data similar to that used in the Path-A model
of the irradiation analysis. The fuel zone nuclide densities of the unit cell are those calculated by the last
ORIGEN-S case (i.e., that of the cooled spent fuel). The moderator zone densities, for the cask cooled with
water, are computed by using a routine from the LEOPARD code® and applying the user input temperature
and pressure of the cask. The cask input temperature is also used to change the fuel temperature from that
applied in the irradiation cases. The XSDRNPM case is supplied the following: the fixed gamma and neutron
sources, buckling parameters for the cask fuel zone (the largest radius of multiple fuel zones), and print options
or control parameters supplied by the user input. The SCALE library specified in the input may contain either
neutron-photon or only neutron or photon cross sections, producing corresponding type dose rates. The
BONAMI, NITAWL-IT, and XSDRNPM functional modules are invoked by the driver during the pass to attain
the final objective (i.e., the production of the cell-weighted working library).

During the final pass, SAS2 completes preparation of other data required for the shielding analysis.
Important considerations here pertain to data describing both the materials and geometry of the shipping cask,
and the type of cross-section treatments to apply for these materials. The convention used in SAS2 input
assumes that standard compositions identified by mixture numbers >3 may apply to the shipping cask materials
other than the fuel pin cell. (Note: the fuel assembly, as defined here, includes the moderator of the unit cell
used in the optional cell-weighting case.) Other materials, such as the fuel basket and water between the
assemblies, may be specified as extra material in a fuel zone. The user specifies the radial dimensions of all
zones and the number of fuel assemblies per fuel zone. Then, SAS2 converts all unit-cell densities from the
cell-weighted case to homogenized densities of a fuel zone by applying the conservation of mass. The source
densities are similarly computed, conserving the total source. The light-elements input for the depletion
analysis by ORIGEN-S, other than that specified in mixtures 1 and 2 (e.g., O in UO, or Zr in clad), are not
applied unless specified again with a mixture number >3. Thus, all densities are supplied from either the spent
fuel composition computed by ORIGEN-S, or the master mixing table described in Sect. S$2.2.3, and only
nuclides in the mixing table are used. In addition to the mixing tables applied by the shielding analysis codes,
other specifications are used as presented in the following paragraphs.
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The BONAMI case applies an infinite homogeneous geometry in the treatment of nuclides having
Bondarenko data with their cross sections. Material from all of the zones, except the cell-weighted nuclides,
are considered.

The NITAWL-II case applies the infinite homogeneous medium Nordheim integral method, as required,
for all materials not in a fuel zone. Any materials added to the cell-weighted nuclides of a fuel zone are
considered for the resonance treatment in the analysis of a "dry" shipping cask. This resonance computation
is omitted in the case of a "wet" cask, because the assumption that the water is homogeneous produces more
unsatisfactory results than the application of the unprocessed cross sections of the nuclides (e.g., those of the
fuel basket). Also, the NITAWL-II case merges the cross sections from the other zones with those that have
been cell weighted, to produce the working library needed by XSDRNPM.

The XSDRNPM case performs the transport shielding analysis for the fixed volumetric sources and
the multiregion geometry of the shipping cask. In addition to the application of data described above in this
section, the spatial intervals of all zones are developed from the mesh generator discussed in Sect. $2.2.9.
Since fission cross sections of fuel nuclides are supplied, both neutron multiplication and attenuation are
computed. Secondary gamma production is computed from (n,Y) transfer data on the neutron-photon library
applied. The attenuated neutron and photon flux is ultimately calculated, producing the angular flux at the
shipping cask surface. )

The final functional module executed in the last pass through SAS2 is XSDOSE. This module
performs the required numerical integration of the angular flux over the finite surface of the cylindrical shipping
cask to compute the scalar flux at specified detector locations. Flux-to-dose-rate conversion factors on the
SCALE cross-section libraries are applied in the ultimate calculation of the desired gamma and neutron dose
rates predicted for the case. The standard, or default conversion factors are those derived (in multigroup
format) from the American National Standard Institute Neutron and Gamma-Ray Flux-to-Dose-Rate Factors.2
The dose rates that are automatically evaluated by SAS2 are at locations on the midplane of the shipping cask
at distances of 0, 1, 2, and 4 m from the surface, unless specified differently in the user input.

S2.2.9 THE SHIELDING GEOMETRY MESH GENERATOR

The user input to SAS2 does not require mesh interval input for the Geometry of the problem. The
automatic mesh generator derived (see Sect. M7.2.5.6) for the Material Information Processor is applied in all
unit fuel cell calculations in SAS2. A modified version of this mesh generator, applied to the multiregion
geometry in the shipping cask analysis, is described here.

Three additional considerations for the shielding analysis problems are

1. the application is for the treatment of both neutrons and photons,
2. the zones may be thick in comparison with mixture diffusion lengths, and
3. the uncollided flux tends to be reduced by the inverse square law.

The first parameters computed in the algorithm of the mesh generator are the total neutron cross
sections of neutron shielding zones, 2y, the epithermal asymptotic diffusion lengths of neutrons within fuel
zones, L, and an analogous variable for photons, L,. The estimates of L and L, for a mixture of X nuclides
in the zone included by radii r;; and r; are derived from:

(UL} =33, Z.(1 -p)1 -4 /5%), (S2.2.1)
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where,
j = nuclide identifier in the mixture of zone i,
3, = macroscopic absorption cross section of zone i,
Y, = macroscopic total cross section in zone i,
i = average cosine of scattering angle per collision in zone i,
M; = atomic mass of nuclide j,
N; = atomdensity of nuclide j.

The method described here produces the smallest intervals near the inner boundary, with increasing
sizes in the first one-fourth of the zone thickness. Then, equal size intervals are applied along the remainder
of the radial distance across the zone, except that the outer two intervals are reduced to half the size.

The number of intervals, ¥, in the first one-fourth of the zone of thickness, d, is computed from the
following definitions and set of equations:

a = 2IL4d

b =6L/d

Y, = [149/(10% - 1] uocaeq fOr inner zones including the outer fuel zone

Y; = 0.5dZ, for zones beyond the fuel zone

Y, = [1+9/(10° - Dlucaed

Y = max(Y,,Y,) (82.2.3)

For each zone, let r, be mesh radii for n = 1 to Y and 7, be the inner radius of the zone. Then, r, is the
smaller of 1.14 r, ; and that derived by

r,=r,; +0.25 dlog,[1 + 9(10Y - 9n)] . (S2.2.4)

A constant size interval, S, approximately equal to the maximum interval size computed by Eq. (S2.2.4), is
determined by: ’

Z = [0.75 di(ry - ry.))cuncated
S = 0.75 d/Z. (52.2.5)

All the mesh radii beyond the first one-fourth of a zone are computed from S, of Eq. (52.2.5), except for the
additional split in the last interval using S.

The mesh interval sizes may be changed from those generated by the above method, through the
specification of SZFCASK in the user input. Sizes are approximately the value of SZFCASK times their
default values, which are produced by SZFCASK= 1.
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S2.3 APPLICATIONS, LIMITATIONS,
AND UNCERTAINTIES

The SCALE-4 version of SAS2, referred to sometimes as SAS2H, has eliminated much of the
conservatisminherent in earlier SAS?2 versions, particularly, at long cooling times. Earlier SAS2 versions used
an infinite lattice pin-cell model for the neutronics analysis and so only variations in lattice design and
composition could be considered. 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 actinide concentrations to be more accurately computed by the SAS2H
procedure and thus leads to a more accurate evaluation of source terms and dose rates at long cooling times
(>10 years) where actinide contributions are more important. However, the SAS2H procedure still requires
only a relatively simple input description.

Even though numerous improvements have been made in the SAS2 control module, definite
assumptions and limitations remain. The neutron flux and compositions are assumed to be constant in the axial
direction of the assembly. Although this is a relatively small approximation in the PWR case, there is a large
enough axial change in BWR fuel moderator density that a prior determination of a power-weighted moderator
density is recommended. Other major limitations to the SAS2 module are in the final dose rate computations.
Dose rates cannot be calculated for the ends of the cask or for any drain or instrumentation ports that may be
included in a cask design. Techniques are available, however, for using ORIGEN-S and the neutronics
modules in order to estimate the photon source in the assembly end fittings. These sources can subsequently
be used in other shielding analysis codes (e.g., SAS4 sequence of SCALE) to obtain end dose rates.

Even though the end product from SAS2 is to compute shipping-cask dose rates, it has a much wider
application. First, it has the capability of updating the cross-section constants on time-dependent ORIGEN-S
libraries. Then, from these libraries, ORIGEN-S may compute nuclide inventories, cooling-time-dependent
decay heat powers, neutron and gamma source strengths, and neutron and gamma source spectra. The
intermediate results printed in the ORIGEN-S cases of SAS2 may be useful since the accuracies of the dose
rates computed by SAS2 depend, in part, upon the accuracy of intermediate ORIGEN-S results.

The purpose of this section is to discuss the limitations and uncertainties in SAS2H as they affect the
intermediate results (i.e., nuclide inventories, decay heat, etc.).

S2.3.1 NUCLIDE INVENTORIES

With the development of the SAS2H version in SCALE-4, the nuclide inventory comparisons with
measurements referred” to in the SCALE-3 documentation of SAS2 no longer apply. Nuclide inventory
results computed by SAS2H have been compared with radiochemical analyses of the discharged fuel as
reported”? for data on Calvert Cliffs PWR, H. B. Robinson PWR, Obrigheim PWR, Trino Vercelles PWR,
and Turkey Point PWR. Other validation studies for BWR data have been conducted and are to be published.
The average differences in the SCALE-4 computed and measured PWR isotopic concentrations for 25U, Z*Pu,
B9py, X0py, APy, X1Am, and *Cm were - 1%, 2%, 3%, -5%, 5%, -6%, and -24%, respectively, when
applying the 27-group cross-section library and - 1%, -3%, - 1%, <1%, -1%, - 11%, and - 9%, respectively,
when using the 44-group library. When using mass spectrometer measurements of **Cm + **Cm the
differences were - 16% and 2% in using the 27-group and 44-group cross-section libraries, respectively.
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The effect of including additional fission products in the depletion analysis should be considered by
the user. SAS2 input requires the composition of the initial fresh fuel. However, time-dependent cross sections
are produced for only the fuel nuclides included in the input to the neutronics codes. Thus, in order to update
cross sections for important nuclides that are generated during depletion but are not present in the initial
composition, the trace density of 10 atoms/b-cm is usually included for each nuclide. The most significant
actinides, together with **Xe and **Cs, are always added by the code (see Table $2.2.1). Also, the user may
add other fission products included in the SCALE cross-section library. Since these nuclides are applied in
the neutronics computation and influence the neutron flux, their inclusion in the case may somewhat change
the calculated actinide inventories.

As discussed in Sect. S2.2.3, the SAS2H neutronics mode] attempts to provide a simple, yet accurate,
model of the neutronic characteristics within a fuel assembly. Besides the geometry model, other simplifying
approximations within SAS2H are

axial uniformity;
densities within the fuel pin are considered uniform with space;
a constant temperature is applied in each zone of the unit cell; and

a single fuel-pin unit-cell type is assumed (i.e., all assembly pins are assumed to have a constant
enrichment and pitch.

b

These simplifying approximations can somewhat affect the neutronics variables within fuel pins. In addition,
the substantially different burnups and assembly enrichments that exist across a reactor core can influence the
neutronic characteristics of a particular assembly. However, as noted above, preliminary validation of SAS2H
against measured isotopic data indicates acceptable actinide inventories are obtained with SAS2H. To obtain
more accurate results for actinide inventories in neutronically complex systems may require application of a
multidimensional neutronics model. Even though the acceptability of actinide inventories computed by SAS2
depends upon both the reactor characteristics and the intended application, fission-product inventories, with
the exception of two or three important isotopes, are not significantly dependent upon cross-section
calculations. The total fission-product inventory computed for a given burnup is expected to be highly
accurate, since it depends directly upon a relatively accurate calculation of removable energy per fission. Also,
little difference in fission-product inventory is expected in between the SCALE-3 and SCALE-4 versions of
SAS2.

S2.3.2 DECAY HEAT POWERS

Next, consider decay heat power computed by ORIGEN-S and the SAS2H-produced libraries. The
part of the power from actinides is 3 to 5% during the first 30 d of cooling time and increases to 15 to 25% at
10 years for most LWR fuel after burnup exposure in the range of 25 to 50 GWd/MTU. Thus, the
uncertainties in nuclide compositions of actinide nuclides convert to a much lower percentage of the total decay
heat power. More uncertainty exists in fission-product power at discharge and immediately thereafter than at
later cooling times. The 10 uncertainty of fission-product power at the later times, excluding that from '*Cs,
is estimated® to be approximately 3%. At cooling times where the actinide power is less than 10% of the total
(i.e., cooling times less than 0.5 to 2 years for most cases,”) the total decay heat power uncertainty is about
4.5%. There is an increase thereafter because the uncertainty in *Cm and other actinide inventories have an
increased importance.
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Relatively good agreement was indicated in comparisons of decay heat power computed by the
SCALE-3 version of SAS2%?" and three measurements of reactor assemblies with cooling times near
2.5 years.?® This older version of SAS2 overpredicted the power within 5.6%. Also, the total fission-product
power from U and *’Pu, excluding that resulting from (n,Y) reactions, was computed by both the earlier
SAS2/ORIGEN-S and the ANSI Standard® method. The maximum differences were 3.5% for *°U and 2.6%
for 2°Pu, with the larger values computed by the ANSI method. The data in the ANSI method were principally
derived from ENDF/B-IV data, and that for the SAS2/ORIGEN-S method were primarily from ENSDF*
data. The average beta energy is derived from a more accurate method* for ENSDF data than that applied™!
for ENDF/B-IV data, which accounts for a major part of the differences.

With the availability of additional calorimetric measurements of spent fuel assembly heat rates, a more ,
thorough validation of the calculated decay heat power has been performed® for the new SAS2H version within
SCALE-4. In this study, calculated and measured results were compared for ten PWR and ten BWR spent fuel
assemblies. The fuel was from three reactors: Point Beach Unit 2 PWR, Turkey Point Unit 3 PWR, and
Cooper Nuclear Station BWR. A summary of percentage differences in comparisons of measured and
calculated spent fuel decay heat rates for all cases and assemblies is presented in Table $2.3.1. The average
heat rate computed was less than the measured for the BWR assemblies, and the opposite was true for the
PWR assemblies. The final average difference for all 20 spent fuel assemblies was 0.4 + 1.4%. Ata
confidence level associated with two standard deviations, the percentage differences lie in the range -2.4 to
3.2%. Thus, at the 20 confidence level and for the design and operating parameters of the given assemblies,
the nonconservative (negative decay heat) error in computed decay heat rates does not exceed 2.4% plus any
nonconservative bias in the measurements. Detailed results and discussion on the measured and calculated
decay heat rates are presented in Ref. 32.

Table $2.3.1 Summary of decay heat rate comparisons

Type of summary Number % difference® + std dev

Summary by cases:

Average Point Beach case 6 3623

Average Turkey Point case 8 01+1.3

Average PWR case 14 21+14

Average BWR case 25 -14=x1.7

Average PWR and BWR av-case 03=x1.1
Summary by assemblies:

Average Point Beach assembly 6 30+19

Average Turkey Point assembly 4 -0.7x1.7

Average PWR assembly 10 1513

Average BWR assembly 10 -0.7x26
Final average, all assemblies 20 0414

%(Calculated/measured - 1)100%.
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S2.3.3 GAMMA SOURCE SPECTRA

The accuracy of gamma source spectra is dependent upon the energy. Photon rates computed for
fission products tend to be more accurate than those for actinides, since the calculations of their inventories
have less uncertainty. Even though the uncertainty of fission-product photon rates of some groups may be
comparable with that of their decay heat power, there could be a tendency for the spectra uncertainties to be
somewhat greater because when fewer nuclides dominate the emission for the energy group, it becomes less
likely that opposite biases in data will have a cancellation effect. Note that shortly after discharge and
thereafter, the photon emission rates in the higher energy range are dominated by actinides. Typically, this is
true at energies above 4 MeV at all cooling times and at energies above 3.5 MeV after 10 years. The major
part of this higher range of the spectrum is contributed by **Cm after 90 d and at least 90% appears to be from
Cm during the range of 10 to 50 years cooling time.?

Because there is a significant uncertainty in the measured **Cm in spent fuel, there is a
correspondingly large uncertainty in the higher energy groups of the gamma spectra. Fortunately, for spent
fuel there is a reduction by many orders of magnitude in the source above 3.5 MeV. After weighing the
importance of each energy group source strength upon the dose rate from typical shipping cask shield
dimensions, the effective uncertainty in the gamma spectra tends to increase from that of decay heat power to
the vicinity of 10 to 15% in the energy range 0.5 to 2.5 MeV where the spectrum has a dominant effect upon
the dose rates for most cases. The uncertainty determined from fission yield data and half-lives alone would
not be this large. However, a significant part of the spectrum in this range is contributed by '**Cs and '**Eu,
two fission products that are produced only from the neutron reaction with *3Cs and **Eu rather than from
the more commonly assumed process of direct fission yields and subsequent decays. The uncertainty in the
computed cross sections for these reactions is expected to be greater than that of fission yield and decay data.
Also, there is additional uncertainty applied to the shielding analysis. If there were no other sources of
uncertainty or bias in the computation, the 10 to 15% spectra uncertainty discussed above leads to an
uncertainty of 5 to 7.5% in the calculated gamma dose rates.

S52.3.4 NEUTRON SOURCE SPECTRA

The uncertainties associated with the neutron source strength are discussed in Sect. $2.2.7. The
neutron emission is mainly from #2Cm at shorter cooling times and from >*Cm at longer times. The source
computed from a given quantity of *Cm is more accurate due to less uncertainty in its spontaneous fission
half-life. Probably the largest contribution to final neutron source strength uncertainties is from the inventory
calculation. Although the (e,n) reactions produced a maximum of about 10% of the source, its importance is
increased by the fact that it contributes almost all of the emission in the two highest energy groups of the
SCALE 27-group neutron library. No reported uncertainties were noted in the data applied for calculating the
neutron spectrum. Spectra measurements that include uncertainties have been reported® for ?Cf and #**Cm
total neutron yields. A comparison with the data applied by SAS2 indicates that uncertainty for the data used
in the lower neutron energy range is approximately 10% and for the higher energy range, which includes the
(c,n) produced neutrons, the data uncertainty is probably in the vicinity of 20%.

At discharge, the neutron source is almost equally produced from #?Cm and **Cm. The half-lives of
*2Cmand **Cmare about 163 d and 18 years, respectively. The measurements of absolute quantities of these
isotopes in spent fuel were usually performed by determination of peak intensities with alpha counters.
Because the energies of the peaks differ by only a few percent, and differences in measurements® of three
dissolver runs were significant, it is difficult to adequately derive a very precise uncertainty in the computed
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inventory of the two isotopes. Thus, there remains some deficiency in the knowledge of the curium isotope
uncertainties. However, applying reasonable estimates of uncertainties associated with the spectrum, the total
uncertainty of the neutron spectrum is expected to lie in the range between 10 and 35%.

S2.3.5 SHIPPING CASK DOSE RATES

As discussed above, there has been no complete uncertainty analysis performed for the dose rates
computed by SAS2. This uncertainty would depend upon uncertainties in the source spectra, the cross sections,
and the approximations in the shielding analysis. Also, the uncertainty would tend to be problem-dependent.
The presence of water in a shipping cask tends to reduce the neutron dose rate more than the gamma dose rate.
In these cases (i.e., "wet" shipping casks) the gamma source may be considerably more significant on a relative
basis. Thus, the total dose rate uncertainty from the "wet" cask depends substantially upon the gamma dose
rate uncertainty.

Several types of errors or uncertainties could be introduced into the shielding calculation applying the
primary gamma source. For discussion purposes, these errors are divided into the following five categories
pertaining to gamma uncertainties: input data; point cross sections; collapsed cross sections; control
parameters selected for the case; and approximations or assumptions inherent in the shipping cask problem.
The following provides a simplified analysis of the gamma dose-rate uncertainties. When "uncertainty" is used,
it implies a magnitude of 10.

The major uncertainty in the input, for a given cask design, is usually that of the gamma source
spectrum (Sects. $2.3.2 and $2.3.3). Uncertainties in the calculated spent fuel inventories (Sect. S2.3.1)
applied for the fuel zone mixture should be of much less importance.

The sensitivity of the transmission fraction F of monoenergetic photons through a thickness x can be
seen in the following simplified equations (i.e., with buildup for scattering ignored). Let Z be the linear
attenuation coefficient or total cross section, I, and I be the incident and transmitted intensities, ¢ be standard
deviation, and o, = 0. Then,

F=U,=e%, (52.3.1)
0p = 050F/3Y = - ozxe™ . (523.2)

The uncertainty in F is:
0./F = - xX(05/3) = nF(03/3) . (52.3.3)

This applies rigorously only to a single energy for I, and I. For multienergy photons there are scattering
transitions from higher energies to the lower energy of 1. This would mean that for part of the path at the
higher energy X would be somewhat less, but the path length increase from angular scattering may have a
greater and opposite effect. A more rigorous treatment would be required to take these effects into account.
However, Eq. (S2.3.3) does provide an estimate of the relationship between the uncertainties of the flux
attenuation and cross sections. In the significant energy groups of a sample cask problem, the transmission
fraction varied from 10 to 107. Since In (10°) =-11.5 and In (107) = -16.1, it follows, from Eq. (S2.3.3)
that the uncertainty in the flux attenuation and, subsequently, the dose rate at the shipping cask surface, is
about an order of magnitude greater than that of the cross sections.
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The 18-group gamma libraries of the SCALE system were prepared using the SMUG code® and
accurate ENDF/B point cross-section data such as that of Ref. 36. The evaluated uncertainty in the total
photon point cross sections for heavy elements (e.g., uranium and lead) is in the range of 1 to 2%2*"38 for
energies most significant to the problem (i.e., 0.4 to 3 MeV). Those pertaining to lighter elements are
somewhat lower, but they have less effect upon most shipping cask analyses. Another source of error, possibly
more important, is that a flat flux was assumed in the process for collapsing point data to cross sections for
the energy group structure of the library. Also, the gamma line intensity of a source nuclide is converted to
a group intensity in ORIGEN-S by applying the ratio of its energy to that of the midpoint of the group. The
application of a photon energy group structure, which is very fine and properly distributed around the major
line data, would indicate the magnitude of the uncertainty from collapsing gamma line data into broad energy
groups.

The sizes of control parameters input to the case (e.g., mesh interval size) can significantly affect the
quality of the results. Defaults of these parameters are input to sample case 2 in Sect. $2.6. Other values are
applied in sample case 1 for the same problem, which decreases the computer time but also reduces the
accuracy. The gamma dose rate at 2 mdecreased by 27% in the computation in sample case 1. This illustrates
the combined effect of the particular parameter changes.

The 1-D radial model in SAS2 assumes each component of the cask to be cylindrical in the radial
direction and infinitely uniform in the axial direction. The infinite height of the cask is assumed for the
radiation transport through the cask walls and calculation of the surface angular flux. However, in calculating
the flux and dose outside the shield, the XSDOSE module only integrates the surface angular flux over an axial
height specified by the user as the cask beight. This analysis procedure has been shown to provide favorable
dose results along the axial centerline in comparison to analysis techniques that accurately model the radial and
axial shape of the cask.**' Another approximation is required from the fact that square cross-sectional areas
of the assemblies are represented by circular zone geometries. Equal areas (i.e., equal densities) may be
maintained in describing the problem, or the radius may be conservatively extended to the outer corner of the
assemblies. The type of geometry conversion scheme applied in SAS2 for the fuel zone is decided by the user
and should be evaluated if the nonconservative scheme (equal areas) is selected.

It is difficult to derive a good estimate of the uncertainty of the computed gamma dose rates. However,
Eq. (582.3.3) shows that the uncertainty in the cross-section data can be highly significant for the large
attenuations that are usually encountered in spent fuel cases. The indication that the error depends upon 2x,
in addition to 0y, shows that the final uncertainties tend to vary proportionately with the thickness of a given
material. Thus, at least for some problems, the cross-section uncertainty may be the dominant source of error.
Examples of the propagated uncertainty were calculated, assuming: the cross-section uncertainty after
collapsing, is 1.5 to 3%; the cross-section bias is 0.5 to 1%; the 10 of the source spectrumis 10 to 15%; other
16 is 5 to 10%; —-In F is 12 to 15 for a uranium shield thickness of 10 cm; and the final dose rate is equally
divided distributed into four energy groups (causing the 10 of each group to be 5 to 7.5%). The computed
gamma-dose-rate uncertainty, based upon Eq. (S2.3.3) and quadratic error propagation was in the range 17
t0 39% [i.e., 12 x 0.015 = 0.18 and 0.5(0.18% + 0.1% + 0.05%* + 12(0.005) = 0.166, etc.]. A reduction from
the 10-cm thickness would produce correspondingly lower uncertainties.

The uncertainty in the computed neutron dose rate is more difficult to estimate than the photon dose
rate. There are much larger cross-section and source uncertainties for neutrons. Improved determinations of
heavy-element inventory uncertainties and a neutron sensitivity analysis are required to evaluate this
uncertainty.

In addition, a photon source is produced from (n,y) reactions. It appears that for many shipping cask
designs, the fraction of the dose rate from this source is relatively small, although certain aspects of a cask
design may make the fraction significant. Several neutron-photon cross-section libraries are included in the
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SCALE package. The user may determine the contribution from these secondary photons by comparing the
gamma dose rates of two cases that are identical in all input with the single exception that one applies the
neutron-photon library and the other applies the library for only photon reactions.
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S2.4 LOGICAL PROGRAM FLOW

This section presents the logical program flow and description of routines of the Shielding Analytical
Sequence No. 2. Subroutine descriptions are combined into blocks, in separate subsections, according to their
relationships in producing a common function, rather than using an alphabetical order by names. This
procedure should enhance the clarity of the flow and structure of the program.

The SAS2 control module is basically a program that prepares or preprocesses data for other codes.
All SCALE functional modules (other codes) may receive their code input data from a binary interface data
set. Because these code interfaces are produced and updated later in the execution of the SAS2 case, the
general approach in SAS2 is to produce a "master interface data set” containing each type of functional module
case and then perform an updated copy of the proper data interface case as required in the logical flow of the
program. It is helpful, or perhaps necessary, to read parts or all of Sects. S2.1 and S2.2 before reading this
section. The program is divided into the following subroutine blocks: basic control and region allocation
preparation routines; Material Information Processor and neutronics data preprocessor for the path-A model
(see Fig. $2.2.1); neutronics data preprocessor for the path-B model (see Fig. S2.2.1); depletion analysis input
and data preprocessor; master mixing table processor; shielding analysis input and data preprocessor; and
recycle update processor. The chief controlling subroutine name is given in each block of routines. The routine
that calls it is indicated (or, sometimes the multiple path of routines in the flow are listed). Major routines are
shown, which are either directly or indirectly called. Other utility routines, common to various blocks, are
listed. They are described either in Sect. $2.4.10 or in the SCALE section referenced in Sect. $2.4.11. A brief
explanation of the function of each block of routines is also presented.

The final three subsections show the master and supplementary interface formats, briefly describe
utility routines not given elsewhere, and present a cross reference to all routines in alphabetical order.

S2.4.1 BASIC CONTROL AND REGION ALLOCATION
Routine Name: SAS2

Calling Routine:  This is the entry routine from the SCALE driver.

Routines Called: MAINS2, SAPREP, RECYC, ALOCAT, STSAS2, NEXPAS
Utility Routines: ENDNOW, CHARIN, ERROR, GETMS, OPNFIL, RESETM

Function: This block of subroutines (1) checks flags from the SCALE driver and returns a stop flag if error
is in the last execution of a functional module [i.e., IC(7) = 0], and (2) saves and restores the array list from
the driver, establishing a list of functional modules invoked by the driver in array AC. On the first pass, flow
through MAINS?2 and SAPREP prints the unit numbers, opens data sets either for the required file connection
on a CRAY computer (or other machines) or for proper region allocation by ALOCAT on an IBM computer,
and proceeds to perform data preprocessing in STSAS2. On later passes, these routines proceed to a type of
update processor controlled by RECYC and NEXPAS. ENDNOW and CHARIN pertain to use of the halt
and restart features of SAS2. GETMS and RESETM get and store arrays that interface with the SCALE
driver. -
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S2.4.2 MATERIAL INPUT AND NEUTRONICS Path-A DATA
PREPROCESSOR

Routine Name: STSAS2
Calling Routine: SAPREP via ALOCAT

Routines Called: NIXSUB, KNIGHT, NIXNEW, NITXSD, COPYNX, REDSAS, SETPRG, SETDRG,
SHIELD

Utility Routines: BINRCF, BINRCX, FINDID, IDXCIT, MIPID, UPDATE, GETLIB, WI, VOLJB,
STOCHK, EPSIG, IDSET, INQOPN, LENWRT, MESAGE, and routines associated
with KNIGHT (Sect. M7.3).

Function: This block of routines activates the KNIGHT Material Information Processor (for converting user
input and Standard Composition Library data to arrays for preprocessor routines), the NIXNEW master mixing
table processor, and the NITXSD data preprocessor (for processing data and writing code interface data sets
for the BONAMI-S, NITAWL-II and XSDRNPM-S depletion analysis of path A). The KNIGHT routine
block is described in other SCALE sections. COPYNX modifies the interfaces obtained from NITXSD for
neutronics codes through calls to UPDATE, BINRCF, BINRCX and writes these interface files on the master
interface data set, unit number MAS. REDSAS, SETPRG, and SETDRG are described in Sect. S2.4.3. See
Sect. S2.4.4 for NIXNEW and NIXSUB and Sect. S2.4.6 for functions of SHIELD. STSAS2 performs the
major control of flow during the first pass through SAS2 plus minor data and pointer management. It also
writes the header and last records on MAS. Note that data processing for the path-A model is done by
NITXSD, whereas the path-B model processing is produced by S2ZHDAT (see Sect. $2.4.5).

S2.43 DEPLETION ANALYSIS INPUT AND DATA PREPROCESSOR
Routine Names:  REDSAS, SETPRG, SETDRG

Calling Routine:  STSAS?2

Routines Called: SETDCO, WRITRG, S2HDAT

Utility Routines: UPDATE, BINRCF, BINRCX, COPYNX, LENWRT, WRTBY1, WRFLUX, ERROR,
SCALE Free-Form Reading Routines.

Function: This block of routines reads operating history data for the reactor fuel assembly and converts it to
the interface case data required for COUPLE and ORIGEN-S. REDSAS applies the SCALE Free-Form
Reading Routines in reading data, checks for errors, and prints the "Reactor History Data." SETDCO writes
the interface for COUPLE. SETPRG sets pointers for ORIGEN-S arrays. SETDRG prepares data for each
pass through ORIGEN-S during the depletion calculation (looping NCYC+NLIB/CYC times), and saves values
of power and time of each pass on MAS (see Sects. $2.2.3 and S2.2.4). SETDRG calls WRITRG to write
the case interface and then copies it onto MAS. (Later, the interface case is simply updated in each recycle
pass.) Following the time-depletion loops, SETDRG and WRITRG repeat the process (IPASS=2) with power
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and mass converted to that of the assembly, as applied in the final case (Sect. S2.2.5). Note that
concentrations during the time-dependent library production cases are in atoms/b-cm, which can be more easily
updated on neutronics code interfaces. The power is converted similarly. - Finally, the decay subcase is
prepared (Sect. $2.2.5). The call from REDSAS to S2ZHDAT initiates the neutronics data preprocessor for
the path-B model (Sect. S2.4.5).

S2.44 MASTER MIXING TABLE PROCESSOR
Routine Name: =~ NIXNEW

Calling Routine: STSA$2 via NIXSUB

Routines Called: NUCFLG, NEWMIX, NITIDS, NITEMP, NITDAT
Utility Routines: GETLIB, SHLIB, NUCFLG, STOCHK, WI

Function: There is a twofold purpose for reprocessing the mixing table produced by the Material Information
Processor. First, several trace amounts of nuclides are added to the fresh fuel, so that cross sections are
produced for all important nuclides (see Table S2.2.1). Second, since the mixing table from input contains
path-A and path-B unit-cell data and shipping-cask data, NIXNEW separates the data for the separate
problems. NIXNEW calls NUCFLG to check the SCALE library before adding new nuclides in the /FUELID/
list of Table S2.2.1. From the new size, MSNEW, of the depletion case mixing table, it sets pointers used by
NITXSD. NIXNEW then: calls NEWMIX to expand the mixing table of the unit cell to include the trace
nuclides; calls NITIDS to reorder the ID array for NITTAWL-II when necessary; calls NITEMP to set
temperature data for NITTAWL-II; and, finally, calls NITDAT for adding resonance data for the trace nuclides
applied by NITAWL-II. :

S2.4.5 NEUTRONICS Path-B DATA PREPROCESSOR
Routine Name: S2HDAT
Calling Routine: STSAS2 via REDSAS

Routines Called: BPMOCK, MTBLOC, RD1S2H, RD2S2H, SETGEO, MTAB2H, S2HBON, S2HNIT,
: S2HXSD, S2HOUT, SZNSEG

Utility Routines: BALNCE, ERDX, GETLIB, INQOPN, LENWRT, SCALE Free-Form Reading
Routines

Function: This block of routines controls the four main phases in data processing for the path-B portion of
the depletion model (i.e., the larger unit-cell computation). First, user input data are read in calls to RD1S2H
(for level-1 or level-2 input) and RD2S2H (for level-2 or level-3 input). Second, S2ZHDAT prepares most of
the remaining parameters for the neutronics codes through calls to BPMOCK, SETGEO, and MTAB2H. The
main purpose of SETGEOQ is to standardize geometry data of the unit cell from lower-input levels (0 and 1)
to that read with level-2. Most of the other data required by neutronics modules are prepared into a more
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organized form by MTAB2H. The optional call to MPMOCK is triggered if the input (BPRNUM) specified
that only part of the guide tubes contain burnable poison rods (BPRs). Then the mock-up geometry is derived
by conserving mass, and a material balance table of BPRs is printed by BALNCE. The dominant part of the
process in MTAB2H is the construction of all mixing-table arrays for the larger unit cell. This step involves
the storing or calculating of data for arrays containing ID numbers, mixture numbers, atom densities, and
temperatures of all nuclides in the depletion analysis.

The processing in MTAB2H includes various features that "smear" fuel zone densities, account for
fuel combined with burnable poisons, store neutron poison nuclides at the start of the mixing array (to obtain
depleted densities of these nuclides through a later call to DPOISB), compute approximate estimates of Dancoff
factors through the call to SHELC (Sect. M7.3.8), set up NITAWL-II input data for resonance nuclides, and
generate mesh intervals for XSDRNPM-S. The standard interval size for a burnable poison zone (with no fuel)
is set near 0.05 cm. All fuel zones use a 0.2-cm interval, while all remaining zones use 0.08 cm. Intervals
adjacent to zone boundaries are split into two intervals of equal size. These standard sizes are multiplied by
the input factor FACMESH (see Table S$2.5.1) when it is input.

The third control phase of S2ZHDAT produces the neutronics code input data interfaces, on unit No.
70, for the path-B model. This control phase is performed by S2HBON, S2HNIT, and S2HXSD. Note that
for level-3 input, the level-2 input preparation is simply overridden by any FIDAS-type array data input by
level-3 rules (see Appendix A).

The fourth phase of S2ZHDAT is the printout of user input (non-FIDAS) through a call to S2ZHOUT.

S24.6 SHIELDING ANALYSIS INPUT AND DATA PREPROCESSOR
Routine Name:  SHIELD
Calling Routine: STSAS2

Routines Called: SHDATA, SHRITE, SHRHO, SHDRY, CELLWT, SHMIX, SHBON, SHRES,
SHNIWR, SHMESH, SHXSWR, WI, SCALE Free-Form Reading Routines

Utility Routines: STOCHK, DENH20, UPDATE, NEWREC, SHLIB, WI, SHXI, EPSIG, GEPSIG,
BINRCX, ERROR, GETLIB, INQOPN, LENWRT

Function: The objective of this subroutine block is to set up, using initial data, the cell-weighted case
(optionally applied for the fuel cross sections in the final shielding analysis), and the final region geometry case
applied to analyze the shipping cask. Then, the only changes required in the pass to SAS2 before these cases
are executed are the final spent-fuel densities and neutron and gamma source data. In controlling the flow,
SHIELD computes pointers derived mainly from mixing table sizes. SHIELD calls SHDATA to read and
check the shipping cask input data, including the geometry, control parameters, etc. The data are printed and
volume fractions are computed in SHRITE. SHRHO returns atom densities of the water from FUNCTION
DENH2O for the input temperature and pressure in the cask, if DENFM = 0 and DRYFUEL = NO (see
Table S2.5.1). Then, CELLWT makes the three code interfaces required for the shielding cell-weighted case
by using the interfaces from the path-A model depletion case and making the necessary changes in moderator
nuclides, their densities, zone temperatures, and control parameters (e.g., for fixed source and cell-weighting).
Moderator densities are either DENH and DENO, from DENH2O, or the input DENFM times the old reactor
values. Allowance for sodium (e.g., from LMFBRs) is provided only by using DENFM. Update copies of an
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interface are performed with calls to UPDATE and NEWREC. CELLWT writes the interfaces for
BONAMI-S, NITAWL-II and XSDRNPM-S in the next positions on the master interface data set.
SHIELD then calls routines to prepare the region geometry case. SHMIX prepares the mixing table
from arrays of the master mixing table (see Sect. S2.4.4). The three neutronic codes can have lengths and ID
numbers (identifiers) in their mixing tables that are different. The IDs of the SCALE library are used in array
NB1 (4$ data) and duplicate IDs are modified in NBX (10$ data) of BONAMI-S. Then, XBX, the density
array, is the same for BONAMI-S and XSDRNPM-S. Note that the size of NBX is the sum of the number
of master library nuclides requested by NITTAWL-II (MMT) plus the product of the number of cell-weighted
nuclides (NWT) times the number of zones containing fuel. A counter, KOUNT, is incremented for
BONAMI-S and XSDRNPM-S, whereas KOUNTN is used for NITAWL-II. Duplicate IDs are avoided by
adding MS (number of compositions for path-A unit cell) to the position value, or KOUNT. The first MMT
positions for NTTAWL-II (2§ data) are new nuclides of the cask, and the last MWT positions contain the same
IDs as in the cell-weighted case, which gives the required order for library merging. An approximation is
applied by using the fresh-fuel densities in BONAMI-S. A single temperature of the cask is applied, in order
to simplify input. Individual code parameters of the shielding case are selected as described in Sect. S2.2.8.
SHIELD calls SHRES to prepare resonance input data for NITAWL-II and calls SHMESH to produce

. the mesh intervals for XSDRNPM-S (Sect. $2.2.9). The cask shielding case data are written in the next

positions on the master interface data set by: SHBON for BONAMI-S; SHNIWR for NITAWL-II; and
SHXSWR for XSDRNPM-S. Data for XSDOSE are not written until a later pass in SAS2 (see Sect. 52.4.7).

S24.7 RECYCLE UPDATE PROCESSOR
Routine Name:  NEXPAS -
Calling Routine: RECYC via ALOCAT

Routines Called: PASNEW, CWTCYC, CASCYC, XSDOSE, FINXSD, NSOUR, SRCALC, DPOISB,
DPOISN, DPOISX, WRFT33

Utility Routines: STOCHK, UPDATE, NEWREC, NEWDEN, CWTDEN, IDXCIT, INQOPN,
MOVMAS, ENDNOW

Function: This subroutine block controls the flow during all passes into SAS?2 after the first pass. The method
used by SAS2 for managing problem data is to set up a typical interface case for all functional module cases
during the first pass, to save the data on the master and supplementary interface data sets. Then, during later
SAS? passes, the interface data sets are updated as necessary using data produced by the execution of earlier
cases. This substit