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ABSTRACT

The SCALE Code System is a widely-used modeling and simulation suite for nuclear safety analysis and
design that is developed, maintained, tested, and managed by the Reactor and Nuclear Systems Division
(RNSD) of Oak Ridge National Laboratory (ORNL). SCALE provides a comprehensive, verified and
validated, user-friendly tool set for criticality safety, reactor and lattice physics, radiation shielding, spent
fuel and radioactive source term characterization, and sensitivity and uncertainty analysis. Since 1980,
regulators, licensees, and research institutions around the world have used SCALE for safety analysis and
design. SCALE provides an integrated framework with dozens of computational modules including three
deterministic and three Monte Carlo radiation transport solvers that are selected based on the desired
solution strategy. SCALE includes current nuclear data libraries and problem-dependent processing tools
for continuous-energy (CE) and multigroup (MG) neutronics and coupled neutron-gamma calculations, as
well as activation, depletion, and decay calculations. SCALE includes unique capabilities for automated
variance reduction for shielding calculations, as well as sensitivity and uncertainty analysis. SCALE’s
graphical user interfaces assist with accurate system modeling, visualization of nuclear data, and
convenient access to desired results.

SCALE 6.2 provides many new capabilities and significant improvements of existing features.
New capabilities include:

ENDF/B-VII.1 nuclear data libraries CE and MG with enhanced group structures,

Neutron covariance data based on ENDF/B-VII.1 and supplemented with ORNL data,
Covariance data for fission product yields and decay constants,

Stochastic uncertainty and correlation quantification for any SCALE sequence with Sampler,
Parallel calculations with KENO,

Problem-dependent temperature corrections for CE calculations,

CE shielding and criticality accident alarm system analysis with MAVRIC,

CE depletion with TRITON (T5-DEPL/T6-DEPL),

CE sensitivity/uncertainty analysis with TSUNAMI-3D,

Simplified and efficient LWR lattice physics with Polaris,

Large scale detailed spent fuel characterization with ORIGAMI and ORIGAMI Automator,
Advanced fission source convergence acceleration capabilities with Sourcerer,

Nuclear data library generation with AMPX, and

Integrated user interface with Fulcrum.

Enhanced capabilities include:

Accurate and efficient CE Monte Carlo methods for eigenvalue and fixed source calculations,

Improved MG resonance self-shielding methodologies and data,

Resonance self-shielding with modernized and efficient XSProc integrated into most sequences,

Accelerated calculations with TRITON/NEWT (generally 4x faster than SCALE 6.1),

Spent fuel characterization with 1470 new reactor-specific libraries for ORIGEN,

Modernization of ORIGEN (Chebyshev Rational Approximation Method [CRAM] solver, API

for high-performance depletion, new keyword input format)

e Extension of the maximum mixture number to values well beyond the previous limit of 2147 to
~2 billion,

e Nuclear data formats enabling the use of more than 999 energy groups,

e Updated standard composition library to provide more accurate use of natural abundances, and



¢ Numerous other enhancements for improved usability and stability.
The user documentation for SCALE has also been substantially updated and reorganized.
The appropriate citation to use when referencing SCALE is as follows:

B. T. Rearden and M. A. Jessee, Eds., SCALE Code System, ORNL/TM-2005/39, Version 6.2, Oak Ridge

National Laboratory, Oak Ridge, Tennessee (2016). Available from Radiation Safety Information
Computational Center as CCC-834.
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Introduction

The SCALE Code System is a widely-used modeling and simulation suite for nuclear
safety analysis and design that is developed, maintained, tested, and managed by the
Reactor and Nuclear Systems Division (RNSD) of Oak Ridge National Laboratory
(ORNL). SCALE provides a comprehensive, verified and validated, user-friendly tool set
for criticality safety, reactor physics, radiation shielding, radioactive source term
characterization, and sensitivity and uncertainty analysis. Since 1980, regulators,
licensees, and research institutions around the world have used SCALE for safety
analysis and design. SCALE provides an integrated framework with dozens of
computational modules including 3 deterministic and 3 Monte Carlo radiation transport
solvers that are selected based on the desired solution strategy. SCALE includes current
nuclear data libraries and problem-dependent processing tools for continuous-energy
(CE) and multigroup (MG) neutronics and coupled neutron-gamma calculations, as well
as activation, depletion, and decay calculations. SCALE includes unique capabilities for
automated variance reduction for shielding calculations, as well as sensitivity and
uncertainty analysis. SCALE’s graphical user interfaces assist with accurate system
modeling, visualization of nuclear data, and convenient access to desired results.
SCALE 6.2 represents one of the most comprehensive revisions in the history of SCALE,
providing several new capabilities and significant improvements in many existing
features.

New capabilities include:

ENDF/B-VII.1 nuclear data libraries CE and MG with enhanced group structures,
Neutron covariance data based on ENDF/B-VII.1 and supplemented with ORNL data,
Covariance data for fission product yields and decay constants,

Stochastic uncertainty and correlation quantification for any SCALE sequence with
Sampler,

Parallel calculations with KENO,

Problem-dependent temperature corrections for CE calculations,

CE shielding and criticality accident alarm system analysis with MAVRIC,

CE depletion with T5-DEPL/T6-DEPL,

CE sensitivity/uncertainty analysis with TSUNAMI-3D,

Simplified and efficient LWR lattice physics with Polaris,

Simplified spent fuel characterization with ORIGAMI and ORIGAMI Automator,
Advanced fission source convergence acceleration capabilities with Sourcerer,
Nuclear data library generation with AMPX,

Integrated user interface with Fulcrum, and

Many other new features.

Enhanced capabilities include:

o Accurate and efficient CE Monte Carlo methods for eigenvalue and fixed source
calculations,

o Improved MG resonance self-shielding methodologies and data,
Resonance self-shielding with modernized and efficient XSProc integrated into most
sequences,
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Accelerated calculations with TRITON (generally 4x faster than SCALE 6.1),

Spent fuel characterization with 1470 new reactor-specific libraries for ORIGEN,

Keyword input for ORIGEN,

Extension of the maximum mixture number to values well beyond the previous limit of

2147 to ~2 billion,

Nuclear data formats enabling the use of more than 999 energy groups,

e Updated standard composition library to provide more accurate use of natural
abundances, and

e Numerous other enhancements for improved usability and stability.

The user documentation for SCALE has also been substantially updated and reorganized
around capabilities instead of the historical division of function modules, control
modules, etc.

This getting started guide provides an overview of many of the updated features of
SCALE 6.2, instructions on how to install SCALE, instructions on using all the features
of the SCALE runtime environment command line interface, and instructions on how to
build SCALE. The SCALE user manual provides comprehensive documentation of all
computational capabilities, nuclear data, input requirements, and output edits. Additional
resources are available in the SCALE primers, located in the docs/primers directory after
installation. These primers provide step-by-step instructions for running SCALE.
However, at the time of release, not all primers have been updated to reflect the latest
features and user interface of SCALE 6.2. Additional resources are available on the
SCALE website at http://scale.ornl.gov or by e-mailing scalehelp@ornl.gov.
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Updates in SCALE 6.2

Nuclear Data

ENDF/B-VII.1 Cross-section Libraries

ENDF/B-VII.1 nuclear data libraries are introduced in SCALE 6.2. CE data are available
for general-purpose neutron, gamma, and coupled neutron/gamma calculations. MG
neutron libraries in the 252- and 56-group structure are available, where the 252-group
library is for general-purpose applications and the 56-group library is intended for light
water reactor analysis. Coupled neutron/gamma MG libraries are available in a fine
200-neutron/47-gamma group structure and a broad 28-neutron/19-gamma structure. An
additional 8-group neutron library is available for code testing purposes but is not
intended for production use.

Neutron Cross-section Covariance Data

Updated cross-section covariance libraries are provided with SCALE 6.2 for use with the
sensitivity and uncertainty modules. The data has been assembled from a variety sources,
including high-fidelity covariance evaluations from ENDF/B-VII.1, other domestic and
international evaluations, as well as approximate uncertainties obtained from a
collaborative project performed by Brookhaven National Laboratory, Los Alamos
National Laboratory, and ORNL. In addition, the covariance library now uses a 56-group
structure for broad group analysis, which is suitable for most applications, as well as the
252-group structure for fine group analysis, such as for energy-dependent reaction rates.
These libraries are generated for compatibility with the ENDF/B-VII.1 56-group lattice
physics library, 252-group criticality library, and continuous-energy analysis. The current
SCALE covariance library spans the full energy range of the multigroup cross-section
libraries. The new 56-group and 252-group covariance libraries (56groupcov7.1 and
252groupcov?.l) are recommended for all applications. However, the previous library
(44groupcov) distributed with SCALE 6.0 and SCALE 6.1 is retained for backwards
compatibility. Covariance data are available for 456 materials, including some
duplication for materials with multiple thermal scattering kernels. The SCALE 6.2 56-
group covariance library (56groupcov7.1l) is the default library for uncertainty
calculations, but other libraries can be accessed by setting the appropriate parameter in
the sensitivity/uncertainty analysis codes.

Continuous-energy Data Processing

Investigations into the CE data generated by the AMPX code system for deployment in
SCALE 6.0 and 6.1 revealed a need for improvement in the S(a,p) treatment, especially
for forward-peaked kinematics. The SCALE 6.2 ENDF/B-VI1.0 and ENDF/B-VII.1 data
libraries have been generated using new AMPX processing procedures, and the
benchmark testing results with SCALE 6.2 show substantially improved results relative
to SCALE 6.0 and 6.1. Select critical benchmark results for thermal mixed oxide (MOX)
systems are provided in Figure 1, which shows that the bias in the SCALE 6.2
ENDF/B-VII.0 CE results is reduced relative to SCALE 6.1. Additional testing has
revealed that biases for burned light water reactor (LWR) fuel as large as 1000 pcm are
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resolved with the improved treatment. Additional details and further results are provide
in Ref. 1.
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Figure 1. SCALE calculated results for International Criticality Safety Benchmark
Evaluation Project (ICSBEP) thermal mixed oxide critical systems.

Additionally, the probability tables that provide CE treatment in the unresolved resonance
range have been improved, primarily through the inclusion of additional resolution and
error correction. Testing with the new probability tables has shown reduced biases for
systems that are sensitive to the intermediate energy range.’

Historically, only neutron CE data libraries with a specific reaction subset of the ENDF
libraries have been supported in KENO Monte Carlo criticality safety codes. To support
CE depletion, sensitivity analysis, and coupled neutron-gamma shielding analysis,
AMPX capabilities for the generation of CE neutron data have been improved and
extended. Capabilities were added to generate gamma interaction data and to produce
gamma Yyield data from neutron interactions. In addition, wide ranges of neutron
interactions were also added in order to support creating reaction responses in Monaco.

The improved CE data has been comprehensively reviewed and verified and validated
with approximately 5000 infinite medium eigenvalue tests, 6300 fixed-source
transmission tests, and 400 criticality and shielding benchmark experiments to ensure
robust and accurate calculations.

Multigroup Data Processing

For MG analyses, ORNL has performed detailed comparisons between SCALE CE and
MG results, and historically a bias of 200-500 pcm has been observed where the
238-group library is applied to LWR systems. The new 252-group structure for SCALE
6.2 provides a more detailed representation of the ?*®U resonance structure. AMPX has
been used to develop a new 56- and 252-energy-group ENDF/B-VII.1 neutron cross-
section libraries. In addition to the new group structures, these libraries have been
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generated using a new weighting spectrum with improved resonance self-shielding
parameters. Specifically, for actinides and hydrogen in H,O, a temperature-dependent
CE flux spectrum has been generated with the CE CENTRM module for a PWR pin cell,
and the CE flux spectrum has been used as a weighting function for library generation.
Intermediate resonance parameters (lambdas) for all isotopes have been included in the
library, which provides a capability for improved self-shielding with the Bondarenko
method and Polaris. Bondarenko shielding factors, as a function of background cross
section and temperature, were computed for all actinides (except U, 22U, *pu, 2°py,
and ?*'Pu) using CE spectra calculated by CENTRM for homogeneous mixtures of the
resonance material and hydrogen, corresponding to the respective background cross
section. For the nuclides *°U, ?*®U, #°Pu, *°Pu, and **Pu, the Bondarenko factors are
based on CENTRM CE calculations for heterogeneous pin cell models that span the
range of anticipated self-shielding conditions. The thermal cutoff for moderators and the
free-gas approximation has been raised from 3 eV to 5 eV. The new library has been
tested by analyzing a wide variety of critical benchmark experiments and by comparing
results with CE Monte Carlo results. The 252-group results presented in Figure 1
demonstrate consistent performance with the SCALE 6.2 CE results for the thermal
MOX critical benchmark experiments. Based on additional studies with the 252-group
library, computational benchmark comparisons with CE results at room temperature and
elevated temperatures show agreement within 100 pcm in most cases.

Nuclear Data File Formats

A new binary data format is introduced to SCALE and applied to modernize the format
of the AMPX multigroup cross section data libraries, replacing the AMPX Working and
Master formats that were designed in the 1960s. The previous formats were restricting the
extension of capabilities desired to provide improved physics.

BOFF (Binary Object Formatted File) is a binary data format designed for flexibility and
compactness and is intended to compete with native binary file formats that incorporate
optimization tricks implicit to the developer and the data being stored. BOFF revolves
around the steadfast data structures of primitive, array, and object data and can provide
backward and forward data format compatibility. BOFF provides the capability to store
data in a hierarchical manner utilizing objects, arrays, and keyed-values. The BOFF
format is implemented in the AMPX multigroup format to provide the ability to
incorporate additional data in future updates.

Modernized Resonance Self-Shielding

Several SCALE sequences have been updated to perform resonance self-shielding of
multigroup cross sections and one-dimensional neutron transport calculations using the
modern XSProc module. XSProc provides the capabilities of BONAMI, CENTRM,
PMC, WORKER, and XSDRN and has been demonstrated to produce equivalent results
to the prior independent codes. With XSProc runtime and memory requirements are
substantially improved, especially when performing calculations with many unit cells.
Generally speedups in self shielding of about 3x are realized, but in an extreme test case
using an as-loaded spent nuclear fuel storage package with hundreds of unique materials,
the cross section processing and cell homogenization time was reduced from 5 days to
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3.7 minutes, while still obtaining equivalent results. XSProc is only partially
implemented across most SCALE sequences, as shown in Table 1, where modernized
sequences with XSProc and legacy sequences that run that standalone codes are
identified.

Table 1. SCALE Sequence Modernization

Sequence Modern Legacy
CSAS-MG
CSAS1
CSAS1X
CSASH
CSAS6
CSASI
CSASIX
MAVRIC
STARBUCS v
T-NEWT
T-XSDRN
T-XSEC
T5-DEPL
T6-DEPL
T-DEPL
T-DEPL-1D
TSUNAMI-1D
TSUNAMI-2D v
TSUNAMI-3D_K5
TSUNAMI-3D_ K6

ANERNIANIANEANEANENEN

ANERNIANIANERANIA NN

AN

XSProc provides for infinite homogeneous medium, lattice cell, multiregion, and double
heterogeneous cell types. For all but the double heterogeneous cells, a new capability is
implemented for accelerated self-shielding using intermediate resonance (IR)
approximation Bondarenko treatment for the full energy range (PARM=BONAMI) as
well as the more rigorous option of continuous-energy treatment in the resolved
resonance range (PARM=CENTRM), with default treatment set as continuous-energy.
Only the CENTRM path is available for double heterogeneous cell types.

XSProc provides capabilities for:

¢ Resonance self-shielding of microscopic data,

e Macroscopic cross sections for mixtures,

e One-dimension multigroup transport calculations to calculate eigenvalues and flux
weighting functions,

e Group collapsing of cross sections using flux spectra from the one-dimensional
eigenvalue calculation or user input fixed source spectra, and

e Spatial homogenization of cross sections across material zones.
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Sequence-specific control for the generation of on-disk or in-memory data libraries for
microscopic or macroscopic data containing selected reaction cross sections and
scattering data is available with this modernized tool.

CENTRM

A new two-dimensional CENTRM option is available to explicitly treat the boundary of
square-pitched and triangular-pitched light water reactor fuel pins with a Method-of-
Characteristics (MoC) CE transport option, resulting in approximately 100 pcm reduction
in bias between MG and CE calculations. This is now the default option for fuel lattice
calculations using CENTRM through XSProc within SCALE sequences.

New options are available in CENTRM/PMC to address the effects of resonance
self-shielding on scattering matrices, using the N2D= option in centrm data in celldata.
N2D=2 performs self-shielding corrections on the 0™ order scattering data (like default
the N2D=-1 method) but also corrects the higher order Legendre moments with
corresponding higher order fluxes. N2D=-2 similarly treats the higher order Legendre
moments and explicitly treats within-group elastic scattering removal. The impact of
these options is demonstrated on the IEU-MET-FAST-005-001 fast system with a steel
reflector with Kkes results shown in Figure 2. Here it is observed that the use of the
N2D=2 option produces MG results that are more consistent with the reference CE
Monte Carlo results. However, these results are not universal for all calculations, so the
N2D=-2 option should be applied after careful investigation of each system type. In
particular, the use of this option for systems with large reflectors is not recommended.

1.014
1.012
1.01
1.008
1.006
1.004
1.002 .

1 , B EEEE  E

CE KENO MG N2D=-1 MG N2D=-2 MG N2D=2
(reference) (default)

keff

Figure 2. Kef values for IEU-MET-FAST-005-001 with different MG options.

Bondarenko Self-Shielding

BONAMI has been rewritten as part of the overall SCALE modernization effort.
BONAMI now implements IR approximation theory as well as the previous narrow
resonance (NR) approximation. The IR approximation allows for improved accuracy for
systems with overlapping resonances and provides a rapid self-shielding option using
only full-range Bondarenko factors. This technique produces accurate results and
provides up to a 10x speedup relative to CE treatment with CENTRM. IR theory is
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described in the updated BONAMI section, Section 8.2. To enable this option set
PARM=BONAMI on the sequence specification record (e.g. =t-depl PARM=BONAMI)
and IROPT=1 in the more data section of celldata.

Graphical User Interface — Fulcrum

Fulcrum is a cross platform graphical user interface designed to create, edit, validate and
visualize SCALE input, output, and data files. Historically, SCALE has provided several
special-purpose graphical user interfaces, which operate only on specific platforms and
are loosely integrated with SCALE's computational and data components. Fulcrum, in
contrast, is intended to provide a single user interface that directly integrates with
SCALE’s internal resources to provide a consistent experience between Fulcrum and
SCALE’s command line interface.

The concept of Fulcrum is based on decades of feedback from our user community
through the release of numerous interfaces. In contrast to the SCALE 6.1 GeeWiz
interface with many layers of dialog boxes, Fulcrum directly connects the user with the
text form of the input file, while providing inline features to assist with building correct
inputs. Fulcrum provides input editing and navigation, interactive geometry visualization
for KENO V.a, KENO-VI and NEWT, job execution, overlay of mesh results within a
geometry view, and plotting of data from most SCALE file formats. An error checker
interactively identifies poorly formed input with spelling errors or data entry omissions
for all SCALE sequences. The Hierarchical Input Validation Engine (HIVE) identifies
allowed data ranges and interdependencies in the input and reports inconsistencies to the
user. Fulcrum interactively processes standard composition data to produce a mixing
table, lists expanded input aliases for review, provides an internal listing of input as is
required for Sampler material and geometry perturbation analysis, and launches the
SCALE sample problems.

The layout of panels in Fulcrum is highly configurable to accommodate the preferences
of many users, as shown in Figure 3.
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Figure 3. SCALE Graphical User Interface — Fulcrum.

The Fulcrum user interface provides numerous features, such as:

e Operates on all supported platforms, Linux, Mac and Windows;

e Can edit, view, and run multiple inputs simultaneously;

o Context aware auto-completion input generation menus are presented when ctrl+space is
pressed within an input file,

e Graphical forms-based input is available to assist users with the creation of sequence
blocks and specific input components (press ctrl+space and select a configurable item);

e Input is validated as it is entered, and erroneous or missing input is identified in the
Validation panel;

o Geometry models can be visualized for sequences that use KENO V.a, KENO-VI,
Monaco, and NEWT (View... menu shown in toolbar associated with relevant input file);

e Fulcrum is pre-configured to run SCALE 6.2, but can be custom configured for other
codes;

o Associated files (such as .out, .msg, plot, or data files) are shown in contextual pop-up
menu for each for file in the navigation panel and can be opened (right-click on input file
name in navigation panel);

e Associated files not supported in Fulcrum open a local tool for appropriate viewing (e.g.
.html files launch the system web browser);

e Mesh tallies stored in .3dmap files can be overlaid with geometry view (Meshes on
toolbar in geometry view, right click in Available Meshes panel to load a .3dmap file).

o Data plotting is available for the following SCALE files:
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- Multigroup and continuous-energy cross section data;
- Cross section covariance data;
- ORIGEN gamma data;
- UNF-STANDARDS time series;
- ORIGEN concentration file (f71) with integrated unit conversion (OPUS capability);
- Sensitivity data file (.sdf);
- KENO reaction rate and flux file (.kmt);
- Ptolemy plot file (.ptp) (previously Javapefio 2D plot, .plt);
- MAVRIC Chart Plot file (.chart).
o Data files with file extensions (e.g. .sdf, .kmt, etc.) are access through File/Open file...;
e Other file types, especially SCALE nuclear data files, have a specific menu item in the
File menu (e.g. Open continuous-energy library...);
e Plots can now be saved in an editable format as a SCALE Plot File (.spf);
o Datatables are available for data shown in a plot;
e Geometry volumes can be computed for KENO and Monaco models;
e Online help is available; as well as
e Too many features to list here.

As Fulcrum is a new user interface, users are directed to the Help menu within the
application itself for Help documentation.

Criticality Safety

KENO has been substantially improved for SCALE 6.2, especially for the accuracy and
efficiency of CE calculations, CE temperature corrections, source convergence
diagnostics and acceleration, and parallel capabilities.

Reduction in Memory Requirement of CE Internal Storage

Numerous improvements were made to enhance the CE capabilities of KENO, especially
to reduce the memory requirements of the calculations. CE calculations now require
40-99% less memory than previous versions with no loss of accuracy in the results.
Improved memory efficiency will be observed for all calculations, but especially for
models with many materials and/or temperatures. Models that previously would have
required 100s of GB of memory with SCALE 6.0 and 6.1 can now be performed with
only a few GB of memory.

User controllable options:

e UUM: Optional unionization of mixture-dependent cross section data results in a
50-90% reduction in memory requirements for a single material, with no
additional memory required for the use of the same nuclide in more than one
mixture. Previous burned fuel calculations that previously would have required
100s of GB of memory can now be run with just a few GB through the use of the
default setting of UUM=no in the KENO parameter data.
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e M2U: Optional nuclide level energy grid unionization (map2union) controls the
unionization of all reaction types within a single nuclide. The default behavior,
M2U=yes, in KENO parameter data helps to reduce runtime and was the default
behavior in SCALE 6.0 and 6.1. Optionally disabling map2union (M2U=no)
results in ~20% reduction in memory with ~10% increase in runtime.

Other internal optimizations include:

e Removed redundant copies of temperature independent data to improve memory
efficiency for models with multiple temperatures. Previously, each set of
temperature dependent cross sections also included a redundant copy of the
temperature independent data, which caused an almost linear increase in memory
for each new temperature. With this update, the temperature independent data are
shared by all temperatures, resulting in >50% memory savings for the addition of
each temperature relative to the techniques implemented in SCALE 6.0 and 6.1.

e Kinematics (scattering) data structures were updated to optimize data storage,
especially with an updated structure in the CE data itself. These updates result in
~40% reduction in memory requirements using the same runtime.

e Changed internal data storage precision from double precision to single precision
where possible, resulting in a 15-45% reduction in memory requirements,
depending on the nuclides used in the model.

e Introduced optional data loading by filtering data during reading instead of
loading all available data whether it is needed or not. Filtering methods such as
energy range, reaction types, data types, etc., results in ~20% reduction in
memory requirements.

Fission Source Convergence Diagnostics

Prior to SCALE 6.2, KENO provided only plots of ke by generation and average Kt for
visual inspection of source convergence, followed by a 4 statistical assessment of
convergence. With SCALE 6.2, Shannon Entropy fission source convergence diagnostic
techniques have been implemented in KENO to provide improved confidence in the
computed results, as well reduced simulation times in some cases. Confirming the
convergence of the fission source distribution is especially useful to avoid the false
convergence of ke and neutron flux tallies that can be caused by insufficient sampling of
important portions of the system.? Source convergence diagnostics are enabled with
SCD=yes (default) in the KENO parameter data.

Problem-Dependent Doppler Broadening

The CE data libraries distributed with SCALE are provided with only about five
temperatures per isotope. The Doppler broadening temperature corrections using only a
few temperatures may not match the desired temperature of the calculation. When
temperatures of the KENO model are different from those present on the library, KENO
selects the nearest temperature, which can be several hundred degrees from the desired
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temperature, producing results that can vary significantly from those that would be
produced at the correct temperature.

New methods have been developed and implemented to provide problem-dependent
temperature corrections by Doppler broadening the pointwise data in the resolved
resonance region and the probability tables in the unresolved resonance region when the
cross sections are loaded for the calculation.®* The thermal scattering data are also
updated to requested temperature. The runtime penalty for this methodology is negligible,
as all temperature corrections are performed as the calculation begins, typically requiring
only a few seconds to a few minutes depending on the number of nuclides and
temperatures used.

The eigenvalues computed for a typical fresh pressurized water reactor (PWR) pin cell
using the nearest selected CE temperature, and problem-dependent CE temperature
treatments are shown in Figure 4. Problem-dependent Doppler broadening is controlled
with DBX=0 to select the nearest temperature, DBX=1 to perform problem-dependent
corrections for the resolved and unresolved resonance ranges, and DBX=2 (default) to
perform also corrections for the S(a,) thermal scattering data.

1.23
1.22 i \ =5-CE Nearest

=#~CE Problem Dependent

1.19
118 \ \

117 \\\
116

300 800 1300 1800 2300
Temperature (K)

Figure 4. Eigenvalues computed for a PWR pin cell with different temperature
treatments.

Doppler Broadened Rejection Correction

The implementation of Doppler Broadened Rejection Correction (DBRC) techniques
provides further enhancements for calculations with elevated temperatures.* As shown in
Table 2, DBRC in KENO presents a reactivity correction of approximately 300 pcm
relative to the default methodology for a 1200K LWR fuel pin, consistent with that
predicted with MCNPX by the originators of the methodology. DBRC is enabled with
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DBR= in the KENO parameter data. Available options are DBR=0 to disable the
correction (default), DBR=1 to perform DBRC for *U only, and DBR=2 to perform
DBRC for all major actinides. The use of DBRC only impacts calculations at elevated
temperatures, and there is a runtime penalty for the use of this methodology. As such, it is
not recommended for calculations near room temperature and

Table 2. Effect of DBRC on kins for a LWR fuel pin at 1200K

Case Default DBRC Difference
(pcm)
MCNPX 1.31137 +/- 9E-5 1.30791 +/- 9E-5 -346
KENO-VI 1.31029 +/- 15E-5 1.30730 +/- 15E-5 -299

Sourcerer - Hybrid Method for Starting Source Distribution

The Sourcerer sequence introduced in SCALE 6.2 uses the Denovo® discrete-ordinates
code to generate a starting fission source distribution in a KENO Monte Carlo
calculation. Initial studies”® have shown that using a starting fission distribution that is
similar to the true fission distribution can both reduce the number of skipped generations
required for fission source convergence and significantly improve the reliability of the
final kes result.

For many criticality safety applications, the additional step of performing a deterministic
calculation to initialize the starting fission source distribution is not necessary. However,
for the most challenging criticality safety analyses, such as spent nuclear fuel loaded
transportation packages with a mixed loading of low- and high-burnup fuel, even a low-
fidelity deterministic solution for the fission source produces more reliable results than
the typical starting distributions of uniform or cosine functions over the fissionable
regions, as demonstrated in a recent study.® In that study, a cask holding 24 spent fuel
assemblies was examined using a uniformly distributed starting source and a
deterministically calculated starting source. Multiple clones of KENO were run (with
different random number seeds) for different values of skipped cycles. The number of
clones that gave an incorrect result for ke was then tabulated. The results from that
study, presented in Figure 5, show that using a deterministic starting source significantly
increases the ket reliability. See the Sourcerer documentation, Section 2.4 for full details.
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Figure 5. Fraction of failure to agree with the reference ket value for KENO
calculations with different starting sources (Figure 4 from Ref. 9).

Distributed Memory Parallelism via MPI

In addition to the numerous improvements described that directly affect solution accuracy
and efficiency, parallel computation capabilities, especially for Linux clusters, have been
added to KENO to provide reductions in wall clock time, especially for S/U analysis or
Monte Carlo depletion on computer clusters. By introducing a simple master-slave
approach via Message Passing Interface (MPI),”® KENO runs different random walks
concurrently on the replicated geometry within the same generation. The fission source
and other tallied quantities are gathered at the end of each generation by the master
process; then, they are processed either for final edits or next generations.

The parallel performance of KENO as used in a CE calculation for a graphite-moderated
reactor model is shown in Figure 6. These tests were conducted on a heterogeneous
Linux cluster where the size of the nodes varies from 4 to 16 cores with differing
processor speeds, much like SCALE users may encounter in practice. Tests were
conducted with systematically increasing numbers of particles per generation, and
various combinations of options were enabled to develop the distributions of speedups for
each number of MPI processes shown in the figure. With larger numbers of particles per
generation, KENO provides nearly linear speedup on the 64 processors tested here and
has been successfully demonstrated on hundreds of processors.
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Figure 6. Speedup for parallel KENO-VI calculations for a graphite-moderated
reactor model.

Reaction Tallies

User configurable reaction rate tallies are now available within KENO CE calculations.
The tallies are specified in the REACTION block of KENO.
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Reactor Physics

Polaris — New Advanced Lattice Physics Module

Polaris is a new 2D lattice physics code for SCALE that utilizes a new MG self-shielding
method called the Embedded Self-Shielding Method (ESSM)™ and a new MoC transport
solver. Polaris provides simplified input, where only a few lines are required to describe
the entire model. Polaris provides substantially simplified input requirements and
improved runtime performance compared to TRITON (see Polaris section, Section 3.2).

The ESSM approach computes MG self-shielded cross sections using Bondarenko
interpolation. The background cross section utilized in the interpolation is determined by
a series of 2D MoC fixed-source calculations, similar to the subgroup method that does
not require explicit celldata input. Additionally, heterogeneous lattices are explicitly
treated without the need to externally compute Dancoff factors. Additional details on
ESSM are provided in Ref. 11.

Polaris currently employs ESSM with either the 252-group or 56-group ENDF/B-VII.1
libraries. Each library contains cross sections, IR parameters, and full-range Bondarenko
factors for all nuclides.

Polaris utilizes the self-shielded cross sections within a MG 2D eigenvalue calculation
using the new MoC transport solver. The MoC solver has been developed within Denovo,
which was originally developed for parallel 3D Cartesian mesh MG discrete ordinates
(Sn) calculations.® Polaris also provides a critical spectrum calculation for correcting the
flux distribution for computing both few-group homogenized cross-section edits and
depletion reaction rates.

Polaris is integrated with ORIGEN for depletion calculations. The depletion of each pin,
or radial subregion of the pin, is based on the local normalized flux distribution. Cross-
section values in the ORIGEN transition matrix are updated from the MG self-shielded
cross sections and the MG flux distribution for each depletion region. The critical-
spectrum correction to the flux distribution for depletion is controlled by an input user
option. The cross-section updates are performed in-memory as compared to the file-based
approach utilized in the TRITON lattice physics sequence. Polaris supports branch
calculations for the generation of few group constants for reactor core simulators.

Continuous-Energy Monte Carlo Depletion

SCALE 6.1 provided MG Monte Carlo depletion that coupled SCALE MG cross-section
processing capabilities with KENO and ORIGEN. A new CE-based KENO/ORIGEN
Monte Carlo depletion capability has been developed and can be utilized by simply
changing the input library specification. CE depletion is especially useful for models with
complex geometry that present difficulties in obtaining accurate resonance self-shielded
MG data, and for models with many depletion regions where run-time to generate and
store the resonance self-shielded cross-section data for each material is prohibitive.
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Lattice Physics with TRITON

Two-dimensional lattice physics calculations with TRITON will realize substantial
speedups due to the use of XSProc for resonance self-shielding as well as numerous
optimizations within the NEWT code. Speedups of 2-6x faster calculations are common,
and some models have realized speedups of 30x relative to previous versions of NEWT.
Calculation times for 1470 TRITON calculations used to generate the ORIGEN reactor
libraries for SCALE 6.1.3 and SCALE 6.2 are shown in Figure 7. For the calculation, the
average calculation time was reduced by a factor of 4.
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Figure 7. Comparison of calculation times for 1470 TRITON calculations.

A material SWAP capability is now available within the TIMETABLE block of TRITON.
This feature allows a user to switch the material present during a depletion calculation
and is especially useful for removable absorber materials.

The ASSIGN capability of TRITON is available for many calculations, where the same
resonance self-shielding calculation can be applied to many similar materials.
Unfortunately, ASSIGN is not yet implemented for BRANCH, TIMETABLE, or SWAP
calculations.

Bias Reduction for Depletion

Historical SCALE biases have been mitigated as a result of the numerous enhancements
included in SCALE 6.2.

Figure 8 shows the results for a reference PWR pin cell burnup calculation using
SCALE 6.1 and SCALE 6.2. Here, the SCALE 6.2 continuous-energy results are the
reference, and the SCALE 6.1 continuous-energy results are simply eigenvalue
statepoints using the isotopics provide by the SCALE 6.2 results, as CE depletion is not
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available in SCALE 6.1. The 1000 pcm bias in the SCALE 6.1 CE results are due to
erroneous treatment of thermal scattering data in the AMPX CE data distributed with
SCALE 6.1. The SCALE 6.1 TRITON 238 group results using the default settings from
SCALE 6.1 demonstrate the typical 400-500 pcm bias observed for SCALE 6.1 LWR
calculations. The TRITON 252 group results apply the improved nuclear data library, the
CENTRM MoC solver, and the enhanced within group treatment for CENTRM/PMC,
N2D=-2. The SCALE 6.2 Polaris results apply the default settings in Polaris with the
ESSM methodology and IR factors on the library. These calculations demonstrate the
impact of improvements in both the multigroup libraries and resonance self-shielding
techniques as well as improvements in the continuous-energy treatments from
SCALE 6.1 to SCALE 6.2.
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Figure 8. Comparison of computational biases as a function of burnup.

Radioactive Source Term Characterization

ORIGEN

SCALE includes the ORIGEN code and its comprehensive depletion, activation, decay,
gamma-ray, and x-ray library with over 2,200 nuclides. ORIGEN and its nuclear data
libraries have been updated to provide convenient modular interfaces within SCALE, and
these interfaces also provide easy access to ORIGEN’s robust capabilities by other
software packages.

The input for ORIGEN has been updated to provide a modern interface using the
SCALE’s own Standard Object Notation (SON). The legacy FIDO input interface will
continue to be supported for backwards compatibility, but users are encouraged to begin
using the modern input through input files as well as the forms-based input in Fulcrum.
An excerpt from an example problem is included below to show this new structured and
keyword based input.
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=origen
"three cycles of irradiation plus decay
bounds {neutron="xn27gl9v7.0" gamma=""xn27gl9v7.0""}
case(cl){
lib{ file="ft33f001" pos=1 }
time=[81 50 500]
power=[10r40]
mat{ i1so=[u235=4e3 u238=960e3] }

¥

case(c2){
lib{ pos=2 }
time=[8i1 550 1000]
power=[10r40]

}

case(c3){
lib{ pos=3 }
time=[81 1050 1500]
power=[10r40]

¥

case(cool){
time{ start=0 t=[20L 0.001 100] units=YEARS }
save{ fTile="snf.f71" time_offset=1500 }
gamma{ sublib=ALL brem_medium=UO2 }
print{ neutron{ spectra=yes } }
neutron{ alphan_medium=U02 }

¥

end

The ENDF/B-VII.0 based fission product yields used by ORIGEN are updated to provide
improved agreement with burst fission experiments for **U, U, #*Pu, and **Pu. The
changes correct inconsistencies that were introduced in ENDF/B when updating the
nuclear decay data in ENDF/B VI1.0 and not updating the fission product yields that are
based on England and Rider (1994). These yield adjustments improve the consistency
between the direct fission yields and decay data, and the cumulative vyields in
ENDF/B-VII.0.

ORIGEN has been enhanced to provide an alternative solver based on the Chebyshev
Rational Approximation Method (CRAM). When compared to a robust reference solution
for a depletion problem, the traditional matrix power series and Bateman solver predicts
isotopic concentrations with an average relative error of about 10E-5, where the CRAM
solver produces an average relative error of about 10E-15 for the same case. The CRAM
solver can also handle essentially arbitrary step lengths through internal substepping with
minimal computational cost, so the runtimes are generally faster for large depletion
problems. The previously mentioned depletion case required 550 ms to execute 8
substeps with the traditional solver, where CRAM completed the more accurate
calculation in 44 ms. However, CRAM is slower than the traditional solver for decay
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problems or problems with small libraries. CRAM also allows for time dependent source
terms and adjoint calculations, enabling the extension of ORIGEN to new classes of
calculations. CRAM is currently available as an optional solver in stand-alone ORIGEN
calculations.

ORIGAMI - New Advanced Used Fuel Assembly Characterization

SCALE 6.2 includes the new ORIGAMI (ORIGEN Assembly Isotopics) tool to compute
detailed isotopic compositions for LWR assemblies containing UO, fuel by using the
ORIGEN transmutation code with pre-generated ORIGEN libraries, for a specified
assembly power distribution. The assembly may be represented by a single lumped
model with only an axial power distribution, or by a square array of fuel pins with
variable pin-powers as well as an axial distribution. In either case, ORIGAMI performs
ORIGEN burnup calculations for each of the specified power regions to obtain the spatial
distribution of isotopes in the burned fuel. Multiple cycles with varying burn-times and
down-times may be used. ORIGAMI produces files containing SCALE and MCNP
formatted composition data for axial burnup distribution at the last time-step, as well as a
file containing the axial decay-heat at the final time-step, and a file specifying the energy-
dependent radioactive source for use in shielding calculations.

ORIGEN Reactor Libraries

A new series of 1470 pre-generated burnup libraries for use in ORIGEN and ORIGAMI
are introduced to SCALE 6.2. These libraries are generated under quality assurance with
TRITON using the ENDF/B-VI1.1 252-group nuclear data library through the use of a
new template and script system. These libraries are intended to replace the ORIGEN-
ARP libraries that were generated with a previous version of SCALE with varying levels
of quality assurance. Libraries are available for a variety of fuel assemblies for
commercial and research reactors, as detailed in Table 3 and Table 4.

Getting Started — 20



Table 3. Assembly and Lattices Types with Available ORIGEN Reactor Libraries

Assembly type .
(Number of Kigfaries) Lattice types
Babcock & Wilcox 15x15
PWR Westinghouse 14x14, 15x15, 17x17, 17x17-OFA
Combustion Engineering | 14x14, 16x16
Siemens 14x14, 18x18
ABB 8x8-1
BWR Atrium _ 9x9-9, 10x10-9
General Electric 8x8-4, 9x9-7, 7x7-0, 8x8-1, 8x8-2, 9x9-2, 10x10-8
SVEA 64(8x8-1), 96(10x10-4), 100(10x10-0)
. ABB 8x8-1, Atrium 9x9-9, 10x10-9; GE 7x7-0, 8x8-
BWR Lattices (75) 1, 8x8-2, 9x9-2, 10x10-8; SVEA-64, 96, 100
MOX Siemens 14x14, 18x18; CE 14x14, 16x16;
PWR Lattices (15) B&W 15x15;
Westinghouse 14x14, 15x15, 17x17, 17x17-OFA
AGR (6)
CANDU (1) 19-pin, 28-pin, 37-pin
IRT (12) 2M, 3M, 4M
Other | Magnox (4)
RBMK (24)
VVER-440 (3) flat, radial enrichments (3.82, 4.25, 4.38)
VVER-1000 (7) flat enrichment
Table 4. Additional Information for ORIGEN Reactor Libraries
Assembly Enrichments Coolant/moderator Maximum Number of
type [9%6] densities [g/cm?] burnup Libraries
[GWd/MTU]
PWRLEU 1[0.5,15,2,3,4,56 |0.73 70.5 7
BWRLEU (05,15,2 3,456 [0.1,0.3,0.5,0.7,0.9 70.5 35
PWR MOX [* ~0.73 70.5 15
BWR MOX * 0.1,0.3,0.5,0.7,0.9 70.5 75
AGR 05,15,2,3,4,5 [1.65 48.7 6
CANDU 0.711 0.8445 13.7 3
IRT 19.75, 36, 80, 90 0.989 159 12
Magnox 0.7,0.8,0.9,1 1.628 13.7 4
RBMK 1.8,2.2,2.6,3 0.15, 0.28, 0.41, 0.54, 0.67, 0.8 24.3 24
VVER-440 |[1.6, 2.4, 3.6, profiled |0.73 70.5 6
VVER-1000 [0.5,1.5,2,3,4,5,6 (0.7145 70.5 7

* Pu contents [%]: 4, 7, 10; 2°Pu contents [%]: 50, 55, 60, 65, 70
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ORIGAMI Automation Tool

ORIGAMI Automator, a graphical user interface integrated with Fulcrum facilitates the
quantification of isotopics as a function of time for a large set of fuel assemblies. This
tool was developed to support the Nuclear Regulatory Commission (NRC) in MELCOR
analyses, but can be adapted to many other uses. The ORIGAMI Automator is an
integrated graphical user interface that leverages many of modern components developed
for SCALE 6.2 to enable the analyst to (1) easily create, view, and edit the reactor site
and assembly information, (2) automatically create and run ORIGAMI inputs, and (3)
analyze the results from ORIGAMI. The Automator uses the standard ORIGEN binary
concentrations files produced by ORIGAMI, with concentrations available at all time
points in each assembly’s life. ORIGAMI Automator enables plotting of results such as
mass, concentration, activity, and decay heat using an OPUS component. The ORIGAMI
Automator Primer includes a description and user guide, a step-by-step tutorial for a
simplified scenario, and appendices that document the file structures used.
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Figure 9. ORIGAMI Automator.
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Radiation Shielding

The SCALE fixed-source Monte Carlo capability with automated variance reduction has
been enhanced to enable CE calculations. The new CE capabilities will provide enhanced
solution fidelity while still implementing the unique acceleration techniques of the
FW-CADIS (Forward-Weighted Consistent Adjoint Driven Importance Sampling)
methodology for deep penetration shielding and criticality accident alarm system
modeling.

Continuous-energy Shielding Calculations

Prior to SCALE 6.2, the MAVRIC/Monaco capabilities relied on the MG approach for
radiation transport. The MG approach is suitable for many applications but can be
problematic for others. For example, deep penetration shielding through iron, where the
MG-averaged cross section for capture resonances may not accurately represent the true
transmission of neutrons due to fine “windows” through (i.e., minima in) the cross
section. Additionally, MG cannot adequately resolve discrete gamma emission lines, such
as those of ®®Co. With the CE treatment introduced in SCALE 6.2, improved solution
fidelity is available. The generation of CE nuclear data and the implementation of CE
physics in Monaco are based on a first-principles approach, where the simulation is
represented as realistically as possible. This approach will lead to higher-fidelity results,
but runtimes may be substantially increased over more approximate methods.

Monaco also includes capabilities to import sources generated with ORIGAMI and to
access gamma sources directly from ORIGEN data.
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Sensitivity and Uncertainty Analysis

CE Eigenvalue Sensitivity Analysis

With SCALE 6.2, the MG eigenvalue sensitivity and uncertainty analysis methods that
use KENO for transport analysis are extended to provide CE capabilities through the
implementation of the CLUTCH (Contributon-Linked eigenvalue sensitivity/Uncertainty
estimation via Tracklength importance CHaracterization) methodology and IFP (Iterated
Fission Probability) methods** CLUTCH is an efficient methodology that has been
demonstrated to provide high-fidelity results with manageable run-times and memory
requirements. State-of-the-art sensitivity methods make CE calculations easier to use
than MG in several ways; for example, CE calculations do not require resonance self-
shielding calculations to determine implicit sensitivity effects, the simulation of a
separate adjoint transport calculation, or the use of a flux mesh for tallying fluxes and
flux moments.

The new capabilities enable improvements in sensitivity coefficient accuracy compared
to MG. Table 5 compares the accuracy of the total nuclide sensitivity coefficients
estimated by the each sensitivity method for the MIX-COMP-THERM-004-001 system.**
The MG analysis produced a 2*®U total nuclide sensitivity that disagreed with the
reference direct perturbation sensitivity by 2.80 effective standard deviations (cef), while
the CE methods (IFP and CLUTCH) sensitivities were within almost 1 standard deviation
of the reference sensitivity coefficients for all of the nuclides examined.

Figure 10 compares the figures of merit for the nuclide sensitivity coefficients presented
in Table 5. Figure 10 indicates that the CE sensitivity calculations are of a comparable
efficiency to the MG calculations, and in some cases the CE CLUTCH method is more
efficient than MG method. This is remarkable because of the use of CE physics, which
can impose relatively long cross-section lookup times, and indicates the efficiency of
the CLUTCH method.
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Table 5. MIX-COMP-THERM-004-001 total nuclide sensitivity coefficient

comparison.
Sensitivit CE TSUNAMI
y Reference MG TSUNAMI IEP CLUTCH
0.2805+ 00088 02733400052  0.2793 + 0.0065
H,0  0.2935%0.0179 055 o) 2060 (075 o
- _ -0.0050 £ 0.0002  -0.0055+0.0003  -0.0057 + 0.0001
U 0.0061 + 0.0003 (2.80 o21) (1.16 oer) (1.14 o21)
- 01264400014  01188+0.0020  0.1190 +0.0001
Pu  0.1262+ 0.0087 002 o 085 o 085 o
-0.03750 + 1003738 + 1003743 +
210p, -0600307375701 0.00011 0.00060 0.00002
: (0.08 ou1) (0.11 o) (0.10 o)
2itp, 0.00589 + 0.00599 + 0.00004 0.00567 + 0.00014  0.00579 + 0.00003
0.00042 (0.2 o20) (-0.50 641) (-0.24 6.1)

Figure 10. MIX-COMP-THERM-004-001 total nuclide sensitivity Figure of Merit

comparison.

Table 6 gives the amount of computational memory required by each method for the

sensitivity coefficient calculations.

These memory requirements were obtained by

subtracting the memory requirements of each eigenvalue-only calculation from the
memory requirements of each sensitivity coefficient calculation.
CLUTCH method excels in terms of memory usage, and can readily compute sensitivities
for complex systems on a typical personal computer.
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Table 6. Sensitivity method memory usage.

CE TSUNAMI
Model MG TSUNAMI \EP CLUTCH
MIX-COMP-THERM-004-001 13,785 MB 10,643 MB 63 MB

TSUNAMI-3D also includes a Generalized Perturbation Theory (GPT) capability to
compute the sensitivity of ratios of reaction rates to cross section data by introducing the
GEneralized Adjoint Responses in Monte Carlo (GEAR-MC) method. The two GEAR-
MC implementations are available for use in continuous-energy (CE) Monte Carlo
simulations.

GPT sensitivity coefficients now share the same input at the previous multigroup GPT
methods implemented in TSUNAMI-1D and TSUNAMI-2D. The Definitions block is
used to define reaction rates in terms of material, reactions and energy ranges, and the
SystemResponses block is used to define ratios for which sensitivity coefficients will be
computed. A separate SDF file is generated each ratio defined in SystemResponses
detailing the sensitivity of the reaction rate ratio to the cross-section data on an energy
dependent basis. The uncertainty in each ratio due to cross-section covariance data is also
provided in the output file.

Sampler

A new stochastic uncertainty quantification capability has been added with the SCALE
6.2 Sampler module that implements stochastic techniques to quantify the uncertainty in
any computed result from any SCALE sequence due to uncertainties in

e neutron cross sections,
o fission yield and decay data, and

e any user input parameter, such as geometry, material density, isotopic composition,
temperature, etc.

Sampler propagates these uncertainties through complex analysis sequences, such as
depletion calculations, and provides the variation in the output quantities due to
variations in any combination of input data, as shown in Figure 11." Correlations
between systems with shared uncertainties are also computed, which is especially useful
for quantifying correlated uncertainties in benchmark experiments, required for
generalized linear least-squares techniques implemented by the SCALE module
TSURFER.®
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Figure 11. Uncertainty in plutonium isotopics as function of burnup.

Uncertainty libraries for fission product yields are implemented from ENDF/B-VI1.0 data
for the major actinides U, *®U, >*°Pu, and ?*'Pu. These libraries are used directly by
Sampler to assess uncertainty in fission product concentrations due to yield uncertainties.
Covariance data are developed from fission models and a Bayesian method applied to
ensure that uncertainties in the cumulative fission yields are consistent with the
independent yields in each chain. The decay uncertainty data has 4 major components:
decay constant uncertainty, g-value uncertainty, fraction of q value in photons, and branch
ratio uncertainty. Perturbation factors for these 4 components are generated using
uncertainties from the ENDF/B-VII.1 library. Correlations are accounted for decays with
multiple decay modes to ensure the sum of branching is unity. No uncertainties are
applied for data that does not have associated uncertainty information. Perturbations are
applied using the covariance information with XSUSA to provide 1000 ORIGEN decay
libraries. The uncertainty information has presently not been consolidated as a single file
of perturbation factors.

Currently, decay data sampling is available for ORIGEN and ORIGAMI caclulations, but
is not operational with TRITON calculations without additional user-supplied preliminary
calculations.

Note that Sampler can be built with MPI enabled for parallel computations (see Build
Instructions below), but it can only sample the execution of serial codes. Threading is
available with the default binary distribution (use the “-I” option of scalerte) when
executing Sampler.
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Other Updates

SCALE 6.2 includes a number of other improvements, such as the extension of the
maximum allowed number of materials from around 2,000 to around 2 billion. Some
older features are removed such as ENDF/B-V and -VI nuclear data, the point kernel
shielding capability, and a material optimization search sequence. Additionally, the
default temperature for materials with no temperature explicitly specified has been
modified from 300K to 293K for improved consistency between MG and CE
calculations.

Known Issues

In this release, there are a few issue scheduled to be resolved in the future:

1. CELLMIX and DOUBLEHET treatments are not implemented for radiation shielding
problems using MAVRIC,;

2. CELLMIX is not operational within DOUBLHET calculations to homogenize the entire
pebble (not commonly used);

3. The TRITON ASSIGN capability is not implemented for cases that use BRANCH,
TIMETABLE, or SWAP input blocks.
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System Requirements

System Architecture:

e Linux 64-bit (RHEL 6)
e Mac OS X (Darwin) 10.9.5 or newer
e Windows 7, 64-bit or newer

System requirements:

Minimum requirements: 4 GB RAM per CPU, 40 GB of disk space + additional
space to store output results

Recommended requirements: 8 GB RAM per CPU, 40 GB of disk space + 100 GB of
scratch space + additional space to store output results

Production requirement for large models: 64 GB RAM, 40 GB of disk space + 500
GB of scratch space + additional space to store output results

Java Requirements:

Javal.6 or newer.
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Installation Instructions

SCALE 6.2 installation has been broken into three components: 64-bit pre-compiled
binaries, source code and the data. The pre-compiled binaries are available in platform
familiar installers: NSIS on Windows, Drag-N-Drop bundle on Mac and Tar GZip on
Linux. For deployments that include source code, it is available as a zip file and the data
is available as a self-extracting 1zPack installer. Other systems may require a custom
build of SCALE, from source code, using the build instructions provided later in this
document. Pre-Compiled Binaries

Note: After you install the Binaries, you still must install the nuclear data. After
completing the binary installation following the instructions in this section, please follow
the instructions for SCALE 6.2 Data.

Windows

After double-clicking the SCALE-6.2-setup.exe you may see a “loading...” dialog briefly
popup.

Please wait while Setup is loading...
scale
verifying installer: 56%

Figure 12. NSIS installer loading...

Once loaded, a “Welcome” dialog will prompt to begin the installation. Click “Next >” to
continue.

e SCALE-6.2 Setup =0 E=R(=

Welcome to the SCALE-6.2 Setup
Wizard

This wizard will guide you through the installation of
SCALE-6.2.

It is recommended that you dose all other applications
before starting Setup. This will make it possible to update
relevant system files without having to reboot your
computer,

Click Mext to continue,

[ Next > ] | Cancel

Figure 13. NSIS “Welcome” dialog.
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Next, the installer will prompt the “License Agreement”. Clicking “l Agree” will
continue.

[ SCALE6.2 Setup o ® ==

License Agreement
Please review the license terms before installing SCALE-6.2.

Press Page Down to see the rest of the agreement.

»

lll rights reserved

lam, |

Radiation Safety Information Computational Center (RSICC) SINGLE-USER SOFTWARE
LICENSE UT-Battelle, LLC (UT-Battelle) manages and operates the Oak Ridge

Mational Laboratory under its Prime Contract No. DE- AC05-000R22725 with the
United States Department of Energy (DOE), an agency of the United States
Government, The owners of the copyrights in this software and the assodated
documentation and package material (the "Software”) identified below have

granted to UT-Battelle a license to reproduce, sublicense and modify the

Software, and to distribute all or any part of the Software in accordance with

existing laws, regulations, DOE orders, DOE/NRC agreements and/or written -

If you accept the terms of the agreement, dick I Agree to continue. You must accept the
agreement to install SCALE-6.2.

| <Bak | 1agee | [ cancel |

Figure 14. NSIS SCALE License Agreement.

Next, the “Choose Install Location” dialog is displayed. Clicking “Next >” will continue.
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scate SCALE-6.2 (Win64) Setup ol & 3]

Choose Install Location
Choose the folder in which to install SCALE-6. 2 (WinG<).

Setup will install SCALE-6. 2 (Wing4) in the following folder. To install in a different folder, did:
Browse and select another folder. Click Next to continue.

Destination Folder

Space required: 1.9GB
Space available: 395.5G8

Mullsoft Install Svstem w2, 46

[ < Back ][ Mext = l [ Cancel

Figure 15. NSIS Choose Install Location.

Next, the “Choose Start Menu Folder” is prompted. This defaults to installing Start Menu
shortcuts. You may click “Do not create shortcuts” to disable Start Menu shortcuts.

Desktop shortcuts are always installed. Clicking “Install” will continue.
e SCALE-6.2 Setup =le =

Choose Start Menu Folder
Choose a Start Menu folder for the SCALE-6.2 shortcuts.

Select the Start Menu folder in which you would like to create the program'’s shortcuts, You
can also enter a name to create a new folder.

SCALE-6.2

| »

Accessories
Administrative Tools

Cisco

FireAMP Connector

Games

Git

Identity Finder

Intel Parallel Studio XE 2011
Intel Parallel Studio XE 2013
Intel Parallel Studio XE 2015

Java -

["]Do not create shortouts
Mullsaft Tnstall System vz, 4¢

[om

| <Back | mnstal | [ cancel |

Figure 16. NSIS Choose Start Menu Folder.
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Upon clicking “Install” the install starts and progress will be shown. Once complete,
clicking “Next >” will continue.

sale SCALE-6.2 Setup o) -E| 8

‘“\ Installing
"_)) Please wait while SCALE-6.2 is being installed.
<

N

Extract: org-netbeans-modules-versioning-ui.jar... 100%

£
(show detais_|

Figure 17. NSIS progress dialog.

Finally, installation is complete and you may click “Finish” to exit the NSIS installer, and
then follow the instructions to install SCALE 6.2 Data.

wis SCALE-6.2 Setup [re]lE 23

Completing the SCALE-6.2 Setup
Wizard

SCALE-6.2 has been installed on your computer.

Click Finish to dose this wizard.

(oo )

Figure 18. NSIS complete dialog.

Note that Norton Antivirus on Windows requires an exception for the SCALE
Runtime Environment program, scalerte.exe. If using Norton Antivirus, please
establish this exception prior to installing or SCALE 6.2 will not be able to execute.
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Mac OSX

After double-clicking the SCALE-6.2-setup.dmg you will see an opening dialog.

Opening "SCALE-6.2-setup.dmg"...
Cancel

Verifying... Skip

Figure 19. Mac OSX opening dialog.

Upon accepting, a Finder window will be raised showing “Applications” and “SCALE-
6.2.app”. Simply drag “SCALE-6.2.app” onto “Applications” to install SCALE-6.2, and
then follow the instructions given below to install SCALE 6.2 Data.

Q o . SCALE-B.2-setup
- Dl’ag and 2 items -
Drop

s_l:a]l?e
|

Applications SCALE-6.2.3pp

SCALE-8.2-setup

Figure 20. Mac OSX bundle contents.
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Linux

Copy the SCALE-6.2.tar.gz to the installation directory. Invoke ‘tar -xzf SCALE-
6.2.tar.gz’. This will create the SCALE-6.2 directory. Follow the instructions given
below to install SCALE 6.2 Data.

warroom3:ls
SCALE-6,2.tar,gz
warroom3:tar -xzf SCALE-6.2.tar.gz
warroom3:ls
SCALE-6.2.tar.gz

warroom3:cd SCALE-6.2
warroom3: s
Copyrights.txt ScaleRunResources ., xml

CentrmOptions.xml MoreQptions.xml
FileNameAliases.txt ParmOptions.xml

warroom3 :D

Figure 21. Linux Tar GZip.

Source Code

If you received the source code version, you can unzip SCALE-6.2-Source.zip file to any
location on your computer.

For example, on a Windows platform, double click the SCALE-6.2.source.zip file.

L LSETI

Figure 22. Windows Extract SCALE 6.2 source zip file.

This will extract the files into the “SCALE-6.2-serial-6.2-Source” directory, as shown
below.
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@Qv| 1, » Computer » OSDisk (C:) » Scaleb2 » SCALE-6.2-Sourcezip »

Organize Extract all files

=

. M50Cache “  MName Type Compressed size Password ...
. Perflogs

. Program Files

. Program Files (x86)
. ProgramData

. Python2?

Lt

. Recovery

. SCALE-6.2-serial-6.2-50urce File folder

Lm

. regression
. SAP

. scale

. scale_tpl
. Scaleb2

| share

J 1 item
I

Figure 23. Windows SCALE 6.2 source directory.

The contents of the SCALE-6.2 source directory should be similar to this:
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@Qd |+ Computer » OSDisk(C) » Scaleb? » SCALE-6.2-Sourcesip b SCALE-6.2-serial-6.2-Source » ~ [+

Organize = Extract all files l &
-
. M50Cache i MName Type Compressed size Password ...
. Perflogs X
X . cmake File folder
. Program Files
. doc File folder
Program Files (x86) . .
. draft_documentation File folder
. ProgramData X
| Etc File folder
. Pythen27 - X
. BExnihilo File folder
CQt . )
E exsite File folder
. Recovery
K . Javapeno File folder
| regression X
. Keno3d File folder
SAP X
. packages File folder
. scale = i .
b . regression File folder
. scale_tpl X
samples File folder
. Scaleb2 X X
. script File folder
. share ; .
i . TriBITS File folder
Syster Volume Information | 4 . .
. Trilinos File folder
. Users .
. uslstats File folder
alé X
X . vibe File folder
Administrator i B
L ‘hgignore HGIGMORE File 1KE Mo
@ All Users B
L hgsub HGSUE File 1KE Mo
Default . ) B
|| hgsubstate HGSUBSTATE File 1KE Me
@ Default User . ;
| hgtags HGTAGS File 1KB Mo
a
Jk: [ CMakeLists bt TXT File 3KE Mo
o
__ Copyrights.bd TXT File 2KB Mo
mc
E bl | CTestCenfig.cmake CMAKE File 1KE Mo
ublic
| FileMameAliases.bet TXT File 1KE Mo
ra
twa | PackagesList.cmake CMAKE File KB Mo
L L ProjectName.cmake CMAKE File 1KE Mo
. jenkins L B
X L testbit TXT File 1KE Mo
. .oracle_jre_usage . . ;
| TPLsList.cmake CMAKE File 2KB Mo
. AppData o ;
. | Version.cmake CMAKE File 1KE Mo
2. Application Data
. build adl| < [ m 3
, 29 items

Figure 24. Windows Extract SCALE 6.2 source directory contents.

On Linux and Mac OSX create a destination directory for the source and copy the
SCALE-6.2-Source.tar.gz into that directory.
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Favorites Name

|7 scaleB62
v B

scaleg2

o
o
o

- Date Modified

@ All My Files I SCALE-6.2-Source.tar.gz Today, 4:18 PM

2 Applications
[ Desktop
@ Documents
0 Downloads
Devices
(&) Remote Disc
Shared
neptune?2 o
All...

= Macintosh HD » |

' scaleg2

1 item, 482.15 GB available

Size

258.9 MB

g
Kir|
G4

Figure 25. Mac SCALE 6.2 source directory prior to extracting source code.

Change to the directory and invoke ‘tar -xzf SCALE-6.2-Source.tar.gz’ to deploy the

source code.
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SCALE 6.2 Data

To begin installation of SCALE 6.2 data, copy the scale-6.2-data-setup.jar to your
local disk. Double-click this jar file. If the installer does not start then bring up a
command prompt or terminal window and issue the following command: java -jar
scale-6.2-data-setup.jar in the location where the installer jar file was
copied.

After launching the installer, a dialog should appear as shown below.

F7] IzPack - Installation of SCAL C=AEAX

T Welcome to the installation of SCALE 6,21
Q This software is developed by:

- Dak Ridge National Laboratory <scalehelp@ornl.gov =
@ The homepaage is at: http:f/scale.ornl.gowv

{Made with |zPack - http://izpack.ocrg/)

[ Sonet || @out |

Figure 26. SCALE 6.2 data installer welcome dialog.

Please continue by pressing Next.

You will be prompted to review and accept the terms of the license agreement.
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[zPack - Installation of

@ Please read the following license agreement carefully:

*

411 right=s reserved

Radiation Safety Information Computational Center (RSICC) SINGLE-USER
SOFIWARE

LICENSE UT-Battelle, LLC (UI-Battelle) manages and operates the (0ak Ridge
National Laboratory under its Prime Contract No. DE- ACOS5-000RZ22725 with

the

United States Department of Energy (DCE), an agency of the United States
Government. The owners of the copyvrights in this software and the

associated

m

documentation and package material (the "Software™) identified below hawve
granted to UT-Battelle a license to reproduce, sublicense and modify the
Software, and to distribute all or any part of the Software in accordance
with

existing laws, regulations, DOE orders, DOE/NRC agreements and/or written
program office guidance. UI-EBattelle hereby grants to the Licensee
identified

l @ I accept the terms of this license agreement.

(71 I do not accept the terms of this license agreement,

{Made with [zPack - http.//izpack.ong/)

[ -@Previnus ]| @-Next |[ @Quit I

Figure 27. SCALE license agreement.

To proceed, check that you accept the terms and press next.
You will be prompted to choose the destination of your installation.

For Windows users, the recommended installation path is inside your SCALE-6.2
directory:

C:\SCALE-6.2

For Linux, a typical location is:
/scale/scale6.2

For Mac, a typical location is:

/Applications/SCALE-6.2_app/Contents/Resources
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¥ ] IzPack - Installation of SCAL

[ select the installation path:

| {Made with zPack - hitp:/Vfizpack.ong/)
| ’ -@I Previous ] [ I$> Mext ] [Te Quit ]

Figure 28. Setting typical data installation path on Windows.

‘@0 x| IzPack - Installation of SCALE

rg Select the installation path:

[izcaleiscales.z | E Browse. .

{Made with |zPack - http:Aizpack.orgl)

| < Previous || B> Next || @ Quit |

Figure 29. Setting a typical data installation path on Linux.
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@ 1zPack - Installation of SCALE

& select the installation path:
fApplications /SCALE-6.2.app/Contents /Resources | [ Browse...

(Made with |zPack - http://izpack.org/)

[ -@I Previous | | I:-"} Mext | | @Quit |

Figure 30. Setting a typical data installation path on Mac.

For some systems, the installer will not be allowed to create a new directory. If you
encounter a message like the one shown below, simply create the directory manually (e.qg.
using Windows Explorer) then return to the installer and continue.

( Error @

e This directory can not be written! Please choose another directory!

Figure 31. Data installer directory creation error message.
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In most cases, the installer will present a prompt to confirm the creation of a new
directory; if that target directory is correct you can simply press OK.

If the directory was manually created, the installer will notify you that it is about to
overwrite any previous contents. Press Yes to continue.

( Warning! ﬂ

@ The directory already exists! Are you sure you want to install here and possibly overwrite existing files?

S B

Figure 32. Directory overwrite dialog.

The installer then presents a dialog for available data sets you wish to install.

¥ IzPack - Installation of SC (|~ S|

Select the packs you want to install:
Q Mote: Grayed packs are required.

Basic Data 25.06 MB
ENDF/B-VIL.O Data 15.33GB
EMDF/B-VIL 1 Data 19.22 GB
Perturbation Data 3.23GB
ORIGEM Data 88.23 MB
ORIGEM-ARF Data 6.85 GB
Description

Compaosition data, physical constants, and other foundational data required for all SCALE calculations.

Total space Required: 44,79 GB
Available space: 29.57GB

{Made with 1zPack - http:/lizpachk.ong’)

[ -@Previnus ]| I"_-Iu-}Next |[ @Quit ]

Figure 33. Data selection dialog.

Please select the data needed to perform your desired SCALE calculations.
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o Basic Data — Composition data, physical constants, and other foundational data required
for all SCALE calculations.

o ENDF/B-VIIL.O Data — Nuclear Data from ENDF/B-VII.0 for continuous-energy and
multi-group calculations; Coupled n-gamma data from ENDF/B-VII.0 for multi-group
calculations; SCALE 6.0/6.1 44-group neutron covariance data. Optional for most
calculations, but provided for backwards compatibility.

o ENDF/B-VII.1 Data — Nuclear Data from ENDF/B-VII.1 for continuous-energy and
multi-group calculations; Coupled n-gamma data from ENDF/B-VII.1 for multi-group
calculations; ENDF/B-VII.1 neutron covariance data. Recommended for most
calculations and required to run the SCALE sample problems.

e Perturbation data — 1000 samples of data each for: ENDF/B-VII.1 neutron covariance
data, SCALE 6.0/6.1 neutron covariance data, fission product yield covariance data, and
radioactive decay covariance data. Required for Sampler calculations.

e ORIGEN Data — Activation, depletion and decay data from ENDF/V-VII.1 and JEFF
3.1. Required for activation, depletion and decay calculations.

e ORIGEN-ARP Data — Pre-generated ORIGEN reactor libraries for many fuel types.
Required for spent fuel characterization and source terms calculations.

Next, the installer may ask for the location of the data .pak files that are unpacked during the
installation process. Please direct the installer to the location of these data files, which are part of
the SCALE distribution and may be on the distribution media or copies to a local directory as
shown below.

[} Mext install media &J\

Choose the next install media.

‘ t: WWsers\goliinstaller.pak | Browse

| Apply ” Cancel |

Figure 34. Media selection dialog.

The installer will post the progress of the installation. If installing from a DVD set, part
way through the installation you will be prompted for installer.pak.l1l. Please
insert the PAK.1 disk and click Apply.

The installation from PAK.1 will complete and prompt for installer._.pak.2.
Please insert the PAK.2 disk and click Apply.

PAK.2 will finish. Proceed with all DVDs or files in the delivery until you have
completed your installation of SCALE 6.2.
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Running SCALE

SCALE is run by using the Fulcrum user interface or by invoking the SCALE Runtime
Environment, scalerte, from the command line. Note that this release does not include
the previous interface GeeWiz or OrigenArp for running SCALE on Windows, as
Fulcrum should be used instead. Additionally, previous shortcuts like runscale are not
implemented.

Running SCALE from Fulcrum

The most convenient way to run SCALE from a desktop is by launching Fulcrum. The
Fulcrum executable is provided in the bin directory where SCALE was installed (e.g.
C:A\SCALE-6.2\bin\Fulcrum.exe). Fulcrum includes an online help document to assist
users with its many features and includes links to the user manual and primers.

Windows

For a Windows installation, a Fulcrum shortcut is provided in the SCALE-6.2 shortcuts
folder on the desktop.

g__ Q,'I | \\Deskiop\SCALE-6.2

Organize + Mew folder = « .@.

~

[ Favorites =

Bl Desktop W ™ i
4 Downloads s?:al'e
& Recent Places | _ IEI-‘.._ i IEI

docs Fulcrum ReadMe

1

= Libraries
3 Documents
J? Music b

le=| Pictures

E Videos

l 3 items

Figure 35. Windows desktop SCALE-6.2 shortcuts folder.

Linux

For Linux, launch Fulcrum from the bin directory of the SCALE installation (e.g.
[scale/scale6.2/bin/Fulcrum).

Mac
For a Mac installation, please use the SCALE-6.2 app in the Applications directory.
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L] & % Applications
< P §E|I|||D|| £y mv K a 53
Favorites
0 Downloads
E Al My Files
¢’ iCloud Drive

#& Applications

=] Desktop
[ SCALE Proje... ¢,y SCALE-6.2
E{] Documents
=1 SCALE 62 ...
1 of 178 selected, 6.17 GB available —

Figure 36. Mac SCALE-6.2 app in the Applications folder.

Running SCALE from the Command Line

Using the command line, SCALE can be executed using the scalerte command from the
bin directory inside the SCALE installation. Paths for each platform are shown below
based on recommended installation directories. Your directory may differ based on the
installation.

Windows
C:\SCALE -6.2\bin\scalerte.exe

*Note that Norton Antivirus may require an exception for scalerte.exe on Windows to
prevent the executable from being quarantined.

Linux
/scale/scale6.2/bin/scalerte

Mac
/Applications/SCALE -6.2.app/Contents/Resources/bin/scalerte

The SCALE runtime environment provides several command line options. The usage is
as follows.

scalerte [options] inputfile(s) [options] [inputfile(s)]
Where inputfile(s)are one or more files or file patterns (test.inp, or test*.inp, etc.).

Where options are:
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-a: Specify alias file.
-a path/to/aliasesfile
-F: Add hostname to output filename. Produces inputfile.hostname.out
-h: Print this information as a help message
—1: Number of threads to use for MP1/OpenMP directives. -1 4
-m: Print information messages as SCALE executes
—-M: Specify a machine names file for SCALE parallel capabilities.
-M /path/to/machine/names/fTile
-n: Nice level on Nix systems, ignored on Windows. Default: -n 2
—-N: Number of MPI processes to run. -N 20

-0: Overrides the default inputfile.out output name. The .out extension is
appended by scalerte, so there is no need to specify the extension.

-0 path/to/outputfile

NOTE: If the path/to/outputfile already exists, it will be deleted. If this
option is specified while in stack mode (multiple input files), the value
provided is prepended to the inputfile's basename.

scalerte triton* -0 myout results in output names
myout.triton*.out

-r: Keep the temporary working directory after execution

—-t: No new temporary working directory. Uses last temporary working directory,
-r is implied.

-T: Specify temporary working directory.
-T directory/path

NOTE: If -T is specified while in stack mode (multiple input files) the
value provided is appended with the index of the file.

scalerte tO.inp tl.inp €2.1np —T mytmp
results in mytmp, mytmpl, and mytmp2 temporary directories.
-Vv: Turn on verbose activity printing for scalerte.
-V: Print the scalerte version date.
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-X: Do not return XSDRNPM output in a .xsdrnfiles directory.
-z: Add date to the output filename.

Produces output files in the form of
inputfile.yyyy.MM.ddThh_.mm.ss.out

Where:

e yyyy- is the year of execution.

e MM- 1s the month of execution.

e dd- is the day of execution.

e hh- is the hour of execution.

e mm- is the minute of execution.
e ss- Is the second of execution.

Example Invocation

For users familiar with previous invocation of the SCALE batch script, this usage is no
longer valid. The only valid entry point is scalerte. Scalerte can be executed from
anywhere with a fully qualified path such as c:\SCALE-6.2\bin\scalerte or
/scale/scale6.2/bin/scalerte, for example.

Invoke SCALE on a single input file named HelloWorld.inp
scalerte HelloWworld

or

scalerte HelloWorld.inp

Invoke SCALE on all input files patterned HelloWorld*.inp
scalerte HelloWorld*.inp

Invoke SCALE on all input files patterned HelloWorld*.inp and print runtime messages
to the console

scalerte HelloWorld*.inp —m

Invoke SCALE on all input files patterned Helloworld*.inp and include hostname and
date/time in the output file’s name

scalerte HelloWorld*.inp —fz
or
scalerte HelloWorld*.inp —f —z

Invoke SCALE on HelloWorld.inp and rename output to be MyHello.out
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scalerte HelloWworld —o MyHello
or
scalerte HelloWorld.inp —o MyHello

Invoke SCALE on all files patterned HelloWorld*.inp and rename output to be
MyHelloWorld*.out.

NOTE: When SCALE is run in stack mode (multiple inputs), the output override is
prepended to the input file’s name.

scalerte HelloWorld*.inp —o0 My

Invoke SCALE on HelloWorld.inp and keep the working directory.

scalerte HelloWorld.inp —r

Invoke SCALE on HelloWorld.inp and override and keep the working directory.
scalerte HelloWorld.inp —r —T myHelloWorldTempDir
Invoke SCALE on HelloWorld.inp and specify the number of threads to be 4.

scalerte Helloworld.inp -1 4
SCALE Variables

This section describes the environment variable used within scalerte. These variables
can be accessed through SCALE’s shell module to populate the working directory, and/or
to return SCALE-generated files that are not returned by scalerte.

Shell is used to perform system commands inside a problem either before, after, or
between explicitly called modules. It is usually used in SCALE to link a file from one
name and place to another name and place, delete files or directories, and move or copy
files. The use of shell in an input has the following form:

=shel |
sxk System Commands sokx

end

Where System Commands are any UNIX or DOS command(s). This is particularly useful
in tandem with the following environment variables when files not automatically returned
are desired. The following example shell command copies the x16 file back alongside the
output file.

=shel |

cp x16 $ {OUTBASENAME}. x16
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end

Please note the syntax of Nix and Windows environment variables, ${VAR} and
%VAR% respectively, are interchangeable as scalerte and shell understand both.

There are seven primary locations known by scalerte. These primary locations are:
- The user’s home directory, HOME.
*Nix systems, ${HOME}, /home/uid.
*Windows, %HOME%, C:\Users\uid.
- The directory of SCALE, SCALE.
*Nix systems, ${SCALE}, location of user’s installation. Typically /scale/scale#.
*Windows, %SCALE%, location of user’s installation. Typically C:\SCALE#.
- The directory of the input file, INPDIR.
*Nix systems, ${INPDIR}.
*Windows, %INPDIR%.

- The directory of the output file, OUTDIR, by default, this is the same as INPDIR,
because the output file is written next to the input file.

*Nix systems, ${OUTDIR}.
*Windows, %OUTDIR%.

- The directory from which SCALE was invoked, the return directory, RTNDIR. This is
the directory your console will return to upon completion.

*Nix systems, ${RTNDIR}.
*Windows, %RTNDIR%.
- The directory that contains the SCALE data, DATA.
*Nix systems, ${DATA}.
*Windows, %DATA%.
- The working directory for a given input file, TMPDIR, or shorthand TMP.
*Nix systems, ${TMPDIR}, ${TMP}.
*Windows, % TMPDIR%, %TMP%.
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There are several secondary locations, located in the SCALE directory tree. These are as
follows:

- The directory containing the platform-specific compiled programs, PGMDIR, or legacy
PGM_DIR.

*Nix systems, ${PGMDIR}, ${PGM_DIR}.
*Windows, %PGMDIR%, %PGM_DIR%.

Lastly, there are several environment variables provided for convenience, and/or
associated with output data that can be useful.

- The directory containing the ORIGEN data files, ORIGENDIR.
*Nix systems, ${ORIGENDIR}.
*Windows, %ORIGENDIR%.

- The base name of the input file, BASENAME. This is the name of the input file without
both absolute path and extension.

*Nix systems, ${BASENAME}, or ${CASE_NAME}.
*Windows, %BASENAME%, or %CASE_NAME%.

- The base name of the output file, OUTBASENAME, or legacy CASE_NAME. This is
the name of the output file without both absolute path and extension.

*Nix systems, ${OUTBASENAME}, or ${CASE_NAME}.
*Windows, %OUTBASENAME%, or %CASE_NAME%.

- The base name of the output file, OUTBASE. This is the absolute name of the output
file without absolute file extension.

*Nix systems, ${OUTBASE}.
*Windows, %OUTBASE%.

- The absolute path to the input file, INPUTFILE.
*Nix systems, ${INPUTFILE}.
*Windows, %INPUTFILE%.

- The absolute path to the output file, OUTFILE.
*Nix systems, ${OUTFILE}.

*Windows, %OUTFILE%.
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- The directory containing USLSTATS output, USLDIR. If USLSTATS data were
output, these data will be located in OUTDIR\OUTBASENAME.uslstats directory.

*Nix systems, ${USLDIR}.
*Windows, %USLDIR%.

- The directory containing CENTRM output, CENTRMDIR. If CENTRM data were
output, these data will be located in OUTDIR\OUTBASENAME.centrmfiles directory.

*Nix systems, $CENTRMDIR.
*Windows, %CENTRMDIR%.

- The directory containing XSDRNPM output, XSDRNDIR. If XSDRNPM data were
output, these data will be located in OUTDIR\OUTBASENAME.xsdrnfiles directory.

*Nix systems, $XSDRNDIR.
*Windows, %XSDRNDIR%.

- The platform specific file separator, FS. This is either back slash (\) on Windows, or
forward slash (/) on Nix systems.

*Nix systems, ${FS}.
*Windows, %FS%.
Parallel Execution Capability

SCALE 6.2 contains five modules and sequences that have distributed memory (MPI)
parallelism; KENO V.a, KENO-VI, Sampler, ORIGAMI, and Runner. However, the
binary executable files distributed with SCALE do not have MPI enabled. In order to run
one of these codes in parallel the user must first build SCALE with MPI enabled (see
build instructions in this guide). Control modules, like CSAS6, T6-DEPL, and
TSUNAMI-3D-K6, automatically initiate the parallel version of KENO-VI in a parallel
SCALE build if the user provides the required arguments as summarized below. When
running a standalone code in parallel (such as KENO-VI), a “%” prefix on the sequence
specification record in the input file (e.g. =%keno-vi). Parallel code execution is currently
available on Linux and Mac systems but is not available on Windows PCs.

The executable binary code distributed with SCALE only enables serial calculations. If
MPI parallelism is desired, the source code must be compiled with MPI support enabled
for the particular platform and configuration where the code will be executed in parallel.
The SCALE build configuration sets some variables (SCALEMPI, SCALECMDS, and
MPIRUN) depending on the third party MPI package for the SCALE driver, which
prepares two different execution environments with these variable sets for both serial and
parallel code execution.
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Executing SCALE in parallel is initiated by scalerte when the user provides the necessary
MPI command line arguments with the two options, —N and —M, which specify the
number of MPI processes and machine names, respectively. To run an input called
HelloWorld.inp from an MPI build on SCALE on two nodes specified in the

machine file mach use the command:

scalerte —N 2 —M mach HelloWorld.inp

With these options, scalerte sets NTASKS and MACHINEFILE variables depending on
the user request, and passes them to the SCALE driver. During the parallel code
execution process, the driver invokes the MPIRUN wrapper and passes some variables®
to all MPI processes to setup run time environment on each process and to run the
parallel functional module across MPI processes. An additional variable MPIARGS was
also defined in the driver to pass some user defined MP1 options to MPIRUN wrapper.

! By default, the driver passes the following environment variables to all MPI nodes: PATH, SCALE, RTNDIR,
INPDIR, PGMDIR, TMPDIR, DATA, NTHREADS, SYSTMP, PROCESSID.
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SCALE Sample Problems

The SCALE sample problems are carefully designed by the SCALE developers to verify
the installation and functionality of SCALE relative to expected results. Users are urged
to run the sample problems to verify the proper installation of SCALE. ORNL has
provided a set of reference results from each sample problem against which the results of
each installation can be compared.

The Sample Problems are most easily run through Fulcrum by selecting Run SCALE
Verification from the Run menu on the main menubar. This will run all of the Sample
Problems sequentially and present any differences from the ORNL-generated results.

The SCALE Runtime Environment, scalerte described in the subsequent section, has a
built-in scripting interface to allow for invocation of several groupings of sample
problems, from individual problems, problems for a specific module, subsets of modules,
or all samples. The sample problems will print a message indicating the currently running
sample problem, followed by the differences between ORNL-generated results and the
newly generated results for the sample problem(s). Note that there may be a significant
delay (i.e., as much as an hour) before messages are printed to the console. The final
message will indicate that the “Process finished with a O return code; . . .” If no
differences or minimal differences are noted for a particular sample problem, SCALE has
been properly installed for the tested functionality.

The set of sample problems is located in the samples directory of the SCALE installation.
To run all sample problems, execute the following command.

scalerte @samples/samples

To invoke sample problems for a particular module or sequence, use

scalerte @samples/samples modulename

where modulename is the name of the module or sequence to test, e.g. centrm

To invoke a single sample problem, do the following.

scalerte @samples/samples problemname

where problemname is the name of the specific sample problem to test, e.g., centrm-
pwr.inp

The above modulename and problemname examples can be combined and repeated to
exercise sets of sample problems of interest. E.g., run csas and origen sequence sample
problems in addition to the centrm-pwr.inp sample.

scalerte @samples/samples csas centrm-pwr.inp origen

As the sample problems execute, feedback will be provided to the screen such as shown
in the example below. Where no differences or only small differences are reported
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between the ORNL results and the currently generated results for each sample, SCALE
has been properly installed and configured for the tested functionality.

| EX Command Prompt - ci\scale6.2\bin\scalerte @samples/samples sampler | |=E @

’ ning the newt3 sample problem at Mon 15-87/20013 22:24:83.
The newt3 sample problem has finished at Mon 15-B7-2813 22:38: 25
files are identical.

Now anning the newt2 sample problem at Mon 15,87-/2013 22:3@:25.
The newt2 sample problem has finished at Mon 15-B7-2813 22:32: 51
files are identical.

utd sample problem at Mon 15-87,/2813 22:32:51.
ple problem has Finished at Mon 15-87-2013 22:33: 2‘3‘
files are identical.

cdancoff sample problem has Finished at Mon 15/87,2B13 22:34:14.
files are identical.

problem at Mon 15/87/2013 22:34:15__.
The mave 1|:Ut111t13‘.4 ..ample pr uhlem has finished at Mon 15-87-2013 22:34: 26.
files are identical.

oricUtilities3 sample problem at Mon 15/87/2013 22:34:26...
sample problem has finished at Mon 15-87-2013 22:36:81.

Figure 37. Sample problem output messages.

For any problems or questions, please contact scalehelp@ornl.gov.
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Build Instructions

These instructions are only for those who wish to recompile their SCALE binaries. If you
are running SCALE using the precompiled binary executable files distributed with
SCALE, please disregard this section.

For SCALE 6.2, the build configuration has been completely renewed relative to all
previous versions. The SCALE build is now based on CMake from KitWare, which
supports a consistent experience on Linux, Mac, and Windows.

Overview

There are four main steps to create and install SCALE binaries

1. Install compilers and third-party libraries (TPLs)

2. CMake configuration - This generates a native build tree

3. Compilation - This compiles all executables and libraries

4. Installation - This deploys all executables into a configuration ready for execution

Required Resources

SCALE required the following programs in order to compile:

1. Fortran Compiler
i.  Windows — Intel Fortran compiler 15.0.
ii.  Linux - Intel Fortran compiler 14.1+/GNU gfortran 4.8.3+ compiler.
iii.  Mac OS — GNU gfortran 4.8.5+ compiler.
2. C/C++ Compiler
i.  Windows — Intel C/C++ compiler 15.0.
ii.  Linux — Intel C/C++ compiler 14.1+ / GNU g++/gcc 4.8.3+ compiler.
iii.  Mac OS - GNU g++/gcc 4.8.5+ compiler.
3. CMake 2.8.12.2+ - Platform independent build configuration.

SCALE requires the following libraries, which are not distributed with SCALE:

1. LAPACK libraries:module
a. lapack
b. blas

You must modify the LAPACK variable in configure_scale_gnu.sh to point to your
installation of LAPACK prior to configuration.

Following optional package is required by SCALE if MPI support is desired:

1. OpenMPI-1.8.1+ - Optional for SCALE build with MPI support on Linux and
Mac OS (currently, SCALE does not support MPI for Windows)
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Mac OSX Resources

Mac OSX does not come preloaded with the necessary resources for compiling SCALE.
Macports provides a simple mechanism for retrieving almost all of the required resources
necessary to compile SCALE on a Mac. This process has only been tested on MacOSX
10.9.5.

You can download the latest macports from: http://www.macports.org/. You will need
XCode(Free from App Store), with commandline tools installed, for macports to work.

You will need administrative privileges to install macports and the necessary
resources.

Please see macports instructions for xcode installation/requirements.
http://guide.macports.org/#installing.xcode

After installing these resources, a new shell session is necessary to access the new tools.

NOTE if your rsync port is blocked by for firewall (as is the case at ORNL), you may
synchronize over http by updating your /opt/local/etc/macports/sources.conf file to
change the line:

rsync://rsync.macports.org/release/tarballs/ports.tar [default]
to
http://www.macports.org/files/ports.tar.gz [default]
The following commands will install all necessary resources.
If rsync port is blocked use:
$> sudo port —d sync
If rsync port is open:
$>sudo port selfupdate
Regardless of rsync status execute the following commands:
$>sudo port install gcc48
$>sudo port select gcc mp-gcc48
$>sudo port install gt4-mac

These commands upgrade the default compilers from gcc-4.2.2 to gece-4.8.3 as well as
install qt4.8.6.
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CMake Configuration

Throughout SCALE you will find 'CMakeLists.txt' files. From the SCALE root directory
these CMakeLists.txt files create a tree of included directories called the SOURCE
TREE. Namely the source directories:

packages/AmpxLib
XSProc
ScaleLib
etc..

To configure a build call ‘cmake' on the root CMakeLists.txt file, namely
scale_dir/CMakeLists. txt. CMake takes your source tree and creates a BUILD
TREE. The build tree contains or will contain your build configuration, Make or NMake
files, and all compilation output, i.e., object files, archive libraries and binary
executables.

SCALE requires several TPLs, namely: QT and Lapack. These TPLs must be specified at
the time of configuration. For ease of use, configuration scripts for every supported
platform are available in the 'scripts’ directory of the source code. These scripts describe
the necessary variables to define. A user’s modifications to these scripts should be
limited to the path to the root directories for the TPLs.

Recommended Configuration Procedure

After unpacking out the source code, navigate to the root scale directory
(<SCALE_SRC_ROOT>. You should see CMakeLists.txt, PackagesList.cmake and
CTestConfig.cmake. This is the root of the source tree, what you will point CMake at.
This example will demonstrate creating build trees for multiple configurations for your
working copy.

Linux and Mac Configuration
o Make Build Directory
mkdir build
mkdir —p build/intel **this could be any directory
or
mkdir —p build/gcc
e CMake Initialization

Copy the cmake script from the 'scripts’ directory to your build directory. Update
the cmake script with your TPL specifications.
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o Serial SCALE (without MPI support)

cp <SCALE_SRC_ROOT>/script/configure_scale _gnu.sh
build/gcc

chmod u+x build/gcc/configure_scale _gnu.sh
o Parallel SCALE (with MPI support)
cp script/configure_scale mpi.sh build/gcc
chmod u+x build/gcc/configure_scale_mpi.sh
e Create Your Configuration
Create your configuration by pointing this script at the source tree root
cd build/gcc

Edit the CMakelists.txt file iIn
<SCALE_SRC_ROOT>/Trilinos/packages/anasazi/src/ so as
to comment out the following line:

ASSERT_DEFINED(Anasazi_ENABLE_ Tpetra)

o Serial SCALE (without MPI support)
./configure_scale gnu.sh ../..

o Parallel SCALE (with MPI support)

./configure_scale mpi.sh ../..

[*** Configuration Output.... ***/

**Be aware: if you add or remove source files from the source tree, CMake will
NOT see these modifications wunless a CMake file is modified
(CMakeLists.txt,PackagesList.cmake,etc...). CMake will
re-evaluate the entire source tree when any CMake file has been modified. If
CMake does not pick up the addition/removal of sources files, the easiest way to
update your build tree is to 'touch' any CMake file in the source tree.

Windows Configuration

Instructions are not documented here. Please contact scalehelp@ornl.gov for assistance.

Compilation

Every library and executable is a TARGET. Calling 'make' on Linux and Mac and
'nmake'’ on Windows from the root of your build tree
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(<SCALE_SRC_ROOT>/burld/gcc from the previous example) will build ALL
targets. There are two options when building specific targests. For example
MavricUTtilities contains a number of executables: mtadder, mtaverager, and so on.

You may invoke 'make mtadder' to build mtadder alone. Alternatively you can, from
build/gcc, 'cd packages/MavricUtilities' and 'make’, which will compile
ALL targets in mavricUtilities.

Compilation Flags

You may modify CMAKE_Fortran_FLAGS, CMAKE_C_FLAGS,
CMAKE_CXX_FLAGS inon the cmake command invocation line.

Installation

CMake provides the ‘install' target, which installs all binaries from the current directory
down. For example, 'make i1nstall' from build/gcc will install any targets, which
would install aim, mavric, mtadder, mtaverager, etc. You can also “cd
packages/Mavric”® and ‘'make install’ will only install targets declared in the
Mavric directory.

***Things to know are that 'make i1nstall' re-evaluates the build for all
dependencies. Take for example package A, which depends on packages B and D.
Package D depends on package E. 'make install' for package A would result in
packages E, D, and B being re-evaluated and rebuilt if necessary. Thus, if you know you
want to build and install, you can save time building by simply doing a 'make
instal l'. An alternative is ‘make install/fast” which will skip the dependency checking
and only execute the install operations.
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1.0 INTRODUCTION

The SCALE code system is a widely used modeling and simulation suite for nuclear safety analysis and
design that is developed, maintained, tested, and managed by the Reactor and Nuclear Systems Division
(RNSD) of the Oak Ridge National Laboratory (ORNL). SCALE provides a comprehensive, verified and
validated, user-friendly tool set for criticality safety, reactor physics, radiation shielding, radioactive
source term characterization, and sensitivity and uncertainty analysis. Since 1980, regulators, licensees,
and research institutions around the world have used SCALE for safety analysis and design. SCALE
provides an integrated framework with dozens of computational modules, including three deterministic
and three Monte Carlo radiation transport solvers selected based on the user’s desired solution strategy.
SCALE includes current nuclear data libraries and problem-dependent processing tools for continuous
energy and multigroup neutronics and coupled neutron-gamma calculations, as well as activation,
depletion, and decay calculations. SCALE includes unique capabilities for automated variance reduction
for shielding calculations, as well as sensitivity and uncertainty analysis. SCALE’s graphical user
interfaces assist with accurate system modeling and convenient access to desired results.

This manual documents version 6.2 of the SCALE code system, released in 2016. Users are directed to
the README file for details on updates available in version 6.2 relative to 6.1, as well as instructions on
installing or building SCALE, testing the configuration with the sample problems, and beginning
analysis. This introduction provides historical information on SCALE, an overview of current features,
information on technical assistance, code availability, and acknowledgments.

1.1 BACKGROUND

The history of the SCALE code system dates back to 1969, when ORNL began providing the
transportation package certification staff at the US Atomic Energy Commission (AEC) with
computational support in the use of the new KENO code. KENO was used to perform criticality safety
assessments with the statistical Monte Carlo method. From 1969 to 1976, the AEC certification staff
relied on ORNL personnel 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 occasional
users had difficulty in becoming proficient in performing the calculations often needed for an independent
safety review. Thus, shortly after the certification staff was moved to the US Nuclear Regulatory
Commission (NRC), the NRC proposed 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 SCALE as a comprehensive modeling and simulation suite for nuclear safety analysis and
design 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) to 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 ORNL staff laid out the framework for the SCALE system and began development efforts.
The initial version of SCALE (Version 0) was distributed in July 1980. Although the capabilities of the
system continue to evolve, the philosophy established with the initial release still serves as the foundation
of SCALE 6.2 more than 35 years later.

In July 1980, the initial version of SCALE was made available to the Radiation Safety Information
Computational Center (RSICC) at ORNL. This system was packaged and released by RSICC as
CCC-288/SCALE 0. Subsequent additions and modifications resulted in the following releases:
CCC-424/SCALE 1 in 1981; CCC-450/SCALE 2 in 1983; CCC-466/SCALE 3 in 1985;
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CCC-545/SCALE 4.0 in 1990; SCALE 4.1 in 1992; SCALE 4.2 in 1994; SCALE 4.3 in 1995; SCALE
4.4 in 1998; SCALE 4.4a in 2000; CCC-725/SCALE 5 in 2004; CCC-732/SCALE 5.1 in 2006;
CCC-750/SCALE 6.0 in 2009; CCC-785/SCALE 6.1 in 2011; CCC-834/SCALE 6.2 in 2016.

1.2 SYSTEM OVERVIEW

A primary goal of SCALE is to provide robust calculations while reducing requirements for user input
and knowledge of the intricacies of the underlying code and data architecture. As such, SCALE provides
standardized sequences to integrate many modern and advanced capabilities into a seamless calculation
that the user controls from a single input file. Additional utility modules are provided primarily for post
processing data generated from the analysis sequences for advanced studies. Input for SCALE sequences
is provided in the form of text files using free-form input with extensive use of keywords and
engineering-type input requirements. A graphical user interface is provided to assist in the creation of
input files, visualization of geometry and nuclear data, execution of calculations, viewing output, and
visualization of results. An overview of the major SCALE capabilities and the analysis areas they serve is
provided in Table 1 with additional descriptions provided below.

Table 1. Summary of major SCALE capabilities

Modules/
libraries

Analysis area Analysis function(s) Documentation section

3D multigroup and continuous
CSASS/ energy eigenvalue Monte Carlo
CSAS6 analysis and criticality search
capability
Criticality safety Burnup credit analysis using 2

STARBUCS 25 Monte Carlo

Hybrid 3D deterministic/Monte
Sourcerer  Carlo analysis with optimized
fission source distribution

1D and 2D general purpose
lattice physics depletion
calculations and generation of
few-group cross section data
for use in nodal core simulators

TRITON 3D multigroup and continuous

energy Monte Carlo depletion

analysis
Reactor physics 4

2D eigenvalue and reaction rate
sensitivity analysis

2D streamlined light water
reactor lattice physics depletion
Polaris calculations and generation of
few-group cross section data
for use in nodal core simulators




Table 1. Summary of major SCALE Capabilities (continued)

Sequences/
modules/
libraries

Analysis area

Analysis function(s) Documentation section

Radiation shielding MAVRIC

3D continuous energy and
multigroup fixed-source Monte
Carlo analysis with automated
variance reduction

ORIGEN

Activation, depletion and

decay ORIGAMI

ORIGEN
reactor
libraries

General purpose point
depletion and decay code to
calculate isotopic
concentrations, decay heat,
radiation source terms, and
curie levels

Simulated 3D analysis for light

water reactor spent fuel 5
assemblies (isotopic activation,

depletion, and decay for light

water reactor fuel assemblies)

Pregenerated burnup libraries
for a variety of fuel assemblies
for commercial and research
reactors

TSUNAMI

Sensitivity and uncertainty
analysis

Sampler

1D and 2D multigroup
eigenvalue and reaction rate
sensitivity analysis

3D multigroup and continuous
energy eigenvalue and reaction
rate sensitivity analysis

Determination of experiment 6
applicability and biases for use
in code and data validation

Stochastic uncertainty
quantification in results based
on uncertainties in nuclear data
and input parameters




Table 1. Summary of major SCALE Capabilities (continued)

Sequences/
Analysis area modules/ Analysis function(s) Documentation section
libraries

Temperature correction,
resonance self-shielding, and
flux weighting to provide
problem-dependent

XSProc microscopic and macroscopic
multigroup cross section data
integrated with computational
sequences, but also available
for stand-alone analysis

Material specification and ]
Cross section processing Library used throughout 7
SCALE that provides

individual nuclides; elements
Standard with tabulated natural
composition  abundances; compounds,
library alloys, mixtures, and fissile
solutions commonly
encountered in engineering
practice

3D Monte Carlo calculation of

MCDancotf by ncof factors

Eigenvalue Monte Carlo codes
KENO V.a/ applied in many computational
sequences for multigroup and
KENO-VI continuous energy neutronics
analysis
Monte Carlo transport 8
Fixed source Monte Carlo code
applied in the MAVRIC
sequence for multigroup and
continuous energy analysis

Monaco

1D discrete ordinates transport
applied for neutron, gamma,
and coupled neutron/gamma
analysis

XSDRNPM

Deterministic transport . 9
P 2D extended step characteristic

transport with flexible

NEWT geometry applied to neutronics
analysis, especially within the
TRITON sequences
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Table 1. Summary of major SCALE Capabilities (continued)

Sequences/
Analysis area modules/ Analysis function(s) Documentation section
libraries

3D Cartesian geometry discrete
ordinates transport applied for
neutron, gamma, and coupled
neutron/gamma analysis,
Denovo especially to generate biasing
parameters within the
MAVRIC and Sourcerer
sequences (not generally run as
stand-alone code in SCALE)

Recent neutron, gamma and
coupled neutron/gamma
Cross Section nuclear data libraries in
Data continuous-energy and several
multigroup structures for use in
all transport modules

Recent nuclear decay data,
neutron reaction cross sections,
energy-dependent neutron-

ORIGEN Data induced fission product yields,
delayed gamma ray emission
data, neutron emission data,
and photon yield data

Nuclear Data 10

Recent uncertainties in nuclear
data for neutron interaction,
fission product yields, and
decay data for use in
TSUNAMI tools and Sampler

Covariance
Data

Numerous pre- and post-
processing utilities for data
introspection and format
conversion

Utilities Various 11

1.2.1 Criticality Safety

SCALE provides a suite of computational tools for criticality safety analysis that is primarily based on the
KENO Monte Carlo codes for eigenvalue neutronics calculations. Two variants of KENO provide
identical solution capabilities with different geometry packages. KENO V.a uses a simple, efficient
geometry package sufficient for modeling many systems of interest to criticality safety and reactor
physics analysts. KENO-VI uses the SCALE Generalized Geometry Package, which provides a quadratic-
based geometry system with much greater flexibility in problem modeling but with slower runtimes. Both
versions of KENO perform eigenvalue calculations for neutron transport primarily to calculate
multiplication factors (ke) and flux distributions of fissile systems in continuous energy and multigroup
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modes and are typically accessed through Criticality Safety Analysis Sequence with KENO V.a (CSAS5)
and Criticality Safety Analysis Sequence with KENO-VI (CSAS6). The CSAS sequences implement
XSProc to process material input and provide a temperature and resonance-corrected cross section library
based on the physical characteristics of the problem being analyzed. If a continuous energy cross section
library is specified, no resonance processing is needed, and the continuous energy cross sections are used directly
in KENO, with temperature corrections provided as the cross sections are loaded.

A search capability is available with CSASS5 to find desired values of ke as a function of dimensions or
densities. The two basic search options offered are (1) an optimum search seeking a maximum or
minimum value of ke and (2) a critical search seeking a fixed value of ke For continuous energy
calculations, reaction rate tallies can be requested within the CSAS input, and for multigroup calculations,
reaction rate calculations are performed using the KMART (KENO Module for Activity-Reaction Rate
Tabulation) post-processing tools. A conversion tool is provided to up-convert KENO V.a input to
KENO-VI either as a direct KENO input K5toK6, or more commonly, as a CSAS sequence C5toC6.

The Standardized Analysis of Reactivity for Burnup Credit using SCALE (STARBUCS) performs
criticality calculations for spent fuel systems employing burnup credit. STARBUCS automates the
criticality safety analysis of spent fuel configurations by coupling the depletion and criticality aspects of
the analysis, thereby eliminating the need to manually process the spent fuel nuclide compositions into a
format compatible with criticality safety codes. For burnup loading curve iterative calculations,
STARBUCS employs the search algorithm from CSAS5 to determine initial fuel enrichments that satisfy
a convergence criterion for the calculated ke value of the spent fuel configuration.

The Sourcerer sequence applies the Denovo discrete ordinates code to generate the starting fission source
distribution in a KENO Monte Carlo calculation. This sequence is especially applied to burnup credit
transportation and storage analysis of as-loaded canister of used fuel.

1.2.2 Reactor Physics

The Transport Rigor Implemented with Time-dependent Operation for Neutronic depletion (TRITON) control
module provides flexible capabilities to meet the challenges of modern reactor designs by providing 1D
pin-cell depletion capabilities using XSDRNPM, 2D lattice physics capabilities using the NEWT flexible
mesh discrete ordinates code, or 3D Monte Carlo depletion using KENO V.a or KENO-VI, including
continuous energy treatment with problem-dependent temperature corrections. For multigroup analysis,
TRITON implements XSProc to process material input and provide a temperature and resonance-
corrected cross section library. TRITON allows users to input Dancoff factors to account for nonuniform
lattices. In all cases, ORIGEN is implemented for depletion and decay calculations. Additionally,
TRITON can produce assembly-averaged few group cross sections for use in core simulators. There are
few limitations to the types of systems that can be modeled with TRITON, but the input complexity and
long runtimes can be burdensome on users for detailed analysis.

Polaris is an optimized tool that produces assembly-averaged few group cross sections for light water
reactor (LWR) analysis with core simulators. Polaris provides simplified input; only a few lines are
required to describe the entire model. Polaris uses a multigroup self-shielding method called the
Embedded Self-Shielding Method (ESSM) and Method-of-Characteristics (MoC) transport solver. The
ESSM approach computes multigroup self-shielded cross sections using Bondarenko interpolation. The
background cross section used in the interpolation is determined by a series of 2D MoC fixed-source
calculations similar to the subgroup method that does not require explicit celldata input. Additionally,
heterogeneous lattices are explicitly treated without the need to externally compute Dancoff factors. Like
TRITON, Polaris implements ORIGEN for depletion and decay calculations.
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1.2.3 Radiation Shielding

The Monaco with Automated Variance Reduction using Importance Calculations (MAVRIC) fixed-
source radiation transport sequence is designed to apply the multigroup and continuous-energy fixed-
source Monte Carlo code, Monaco, to solve problems too challenging for standard, unbiased Monte Carlo
methods. The intention of the sequence is to calculate fluxes and dose rates with low uncertainties in
reasonable times, even for deep penetration problems. MAVRIC is based on the Consistent Adjoint
Driven Importance Sampling (CADIS) methodology, which uses an importance map and a biased source
that are derived to work together. MAVRIC generates problem-dependent cross section data, and then it
automatically performs a coarse mesh 3D discrete ordinates transport calculation using Denovo to
determine the adjoint flux as a function of position and energy, and apply the information to optimize the
shielding calculation in Monaco. In the Forwarded-Weighted CADIS (FW-CADIS) methodology, an
additional Denovo calculation is performed to further optimize the Monaco model to obtain uniform
uncertainties for multiple tally locations. Several utility modules are also provided for data introspection
and conversion.

1.2.4  Activation, Depletion, and Decay

The Oak Ridge Isotope Generation (ORIGEN) code calculates time-dependent concentrations, activities,
and radiation source terms for a large number of isotopes simultaneously generated or depleted by
neutron transmutation, fission, and radioactive decay. Provisions are made to include continuous nuclide
feed rates and continuous chemical removal rates that can be described with rate constants for application
to reprocessing or other systems that involve nuclide removal or feed. ORIGEN includes the ability to use
multigroup cross sections processed from standard ENDF/B evaluations. Within SCALE, transport codes
can be used to model user-defined systems, and the COUPLE code can be applied to calculate problem-
dependent neutron-spectrum-weighted cross sections representative of conditions within any given reactor
or fuel assembly and then convert these cross sections into a library to be used by ORIGEN.
Time-dependent cross section libraries can be produced to reflect fuel composition variations during
irradiation. An alternative sequence for depletion/decay calculations is ORIGEN-ARP, which interpolates
pregenerated ORIGEN cross section libraries versus enrichment, burnup, and moderator density.

ORIGEN Assembly Isotopics (ORIGAMI) computes detailed isotopic compositions for LWR assemblies
containing UO, fuel by using the ORIGEN code with pregenerated ORIGEN libraries for a specified
assembly power distribution. The assembly may be represented by a single lumped model with only an
axial power distribution or by a square array of fuel pins with variable pin powers, as well as an axial
distribution. Multiple cycles with varying burn times and down times may be used. ORIGAMI produces
files containing SCALE and MCNP composition input for material in the burnup distribution, files
containing decay heat for use in thermal analysis, and energy-dependent radioactive source for use in
shielding calculations.

A series of 1470 pregenerated burnup libraries for use in ORIGEN and ORIGAMI are provided with
SCALE for 61 fuel assemblies for commercial and research reactors.

1.2.5 Sensitivity and Uncertainty Analysis

SCALE provides a suite of computational tools for sensitivity and uncertainty analysis to (1) identify
important processes in safety analysis and design, (2) provide a quantifiable basis for neutronics
validation for criticality safety and reactor physics analysis based on similarity assessment, and
(3) quantify the effects of uncertainties in nuclear data and physical parameters for safety analysis.

The TSUNAMI-1D, TSUNAMI-2D and TSUNAMI-3D analysis sequences compute the sensitivity of Ke
and reaction rates to energy-dependent cross section data for each reaction of each nuclide in a system
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model. The one-dimensional (1D) transport calculations are performed with XSDRNPM, the two-
dimensional (2D) transport calculations are preformed using NEWT, and the three-dimensional (3D)
calculations are performed with KENO V.a or KENO-VI. The Monte Carlo capabilities of TSUNAMI-3D
provide for S/U analysis from either continuous energy or multigroup neutron transport, where the
deterministic capabilities of TSUNAMI-1D and TSUNAMI-2D only operate in multigroup mode. The
Sensitivity Analysis Module for SCALE (SAMS) is applied within each analysis sequence to provide the
requested S/U data. Whether performing a continuous-energy or multigroup calculation, energy-
dependent sensitivity data are stored in group form in a sensitivity data file (SDF) for subsequent analysis.
These sequences use the energy-dependent cross section covariance data to compute the uncertainty in the
response value due to the cross section covariance data.

Tool for Sensitivity Analysis of Reactivity Responses (TSAR) computes the sensitivity of the reactivity
change between two kg calculations using SDFs from TSUNAMI-1D, TSUNAMI-2D, and/or
TSUNAMI-3D. TSAR also computes the uncertainty in the reactivity difference due to the cross section
covariance data.

TSUNAMI Indices and Parameters (TSUNAMI-IP) computes correlation coefficients that determine the
amount of shared uncertainty between each target application and each benchmark experiment considered
in the analysis. TSUNAMI-IP offers a wide range of options for more detailed assessment of system-to-
system similarity. Additionally, TSUNAMI-IP can generate input for the Upper Subcritical Limit
Statistical Software (USLSTATS) trending analysis and compute a penalty or additional margin needed
for the gap analysis.

Tool for S/U Analysis of Response Functions Using Experimental Results (TSURFER) is a bias and bias
uncertainty prediction tool that implements the generalized linear least-squares (GLLS) approach to data
assimilation and cross section data adjustment that also uses the SDFs generated from TSUNAMI-1D,
-2D, -3D, or TSAR. The data adjustments produced by TSURFER are not used to produce adjusted cross
section data libraries for subsequent use; rather, they are used only to predict biases in application
systems.

The graphical user interface Extensible SCALE Intelligent Text Editor (EXSITE) facilitates analysis with
TSUNAMI-IP, TSURFER, TSAR, and USLSTATS, and the Validation, Interpretation and Bias
Estimation (VIBE) interface is applied to examine SDF files, create sets of benchmark experiments for
subsequent analysis, and gather additional information about each benchmark experiment.

Sampler is a super-sequence that performs general uncertainty analysis by stochastically sampling
uncertain parameters that can be applied to any type of SCALE calculation, propagating uncertainties
throughout a computational sequence. Sampler treats uncertainties from two sources: (1) nuclear data and
(2) input parameters. Sampler generates the uncertainty in any result generated by any computational
sequence through stochastic means by repeating numerous passes through the computational sequence,
each with a randomly perturbed sample of the requested uncertain quantities.

1.2.6 Material Specification and Cross Section Processing

Cross (X) Section Processing (XSProc) provides material input and multigroup cross section preparation
for most SCALE sequences. XSProc allows users to specify problem materials using easily remembered
and easily recognizable keywords associated with mixtures, elements, nuclides, and fissile solutions
provided in the SCALE Standard Composition Library. For multigroup calculations, XSProc provides
cross section temperature correction and resonance self-shielding, as well as energy group collapse and
spatial homogenization for systems that can be represented in celldata input as infinite media, finite 1D
systems, or repeating structures of 1D systems such as uniform arrays of fuel units. Improved resonance
self-shielding treatment for nonuniform lattices can be achieved through the use the Monte Carlo Dancoff
(MCDancoff) code that generates Dancoff factors for generalized 3D geometries for subsequent use in
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XSProc. Cross sections are generated on a microscopic and/or macroscopic basis as needed. Although
XSProc is most often used as part of an integrated sequence, it can be run without subsequent calculations
to generate problem-dependent multigroup data for use in other tools.

1.2.7 Nuclear Data

The cross section data provided with SCALE include comprehensive continuous energy neutron and
coupled neutron-gamma data based on ENDF/B-VII.0 and ENDF/B-VII.1. These data have been
generated with the AMPX codes. The multigroup data are provided in several energy-group structures
optimized for different application areas, including criticality safety, lattice physics, and shielding
analysis. The comprehensive ORIGEN data libraries are based on ENDF/B-VII.1 and recent JEFF
evaluations, and they include nuclear decay data, neutron reaction cross sections, neutron-induced fission
product yields, delayed gamma ray emission data and neutron emission data for over 2,200 nuclides. The
photon vield data libraries are based on the most recent ENSDF nuclear structure evaluations. The
libraries used by ORIGEN can be coupled directly with detailed and problem-dependent physics
calculations to obtain self-shielded, problem-dependent cross sections based on the most recent
evaluations. There are no limitations with regard to compositions or energy spectra. SCALE also contains
a comprehensive library of neutron cross section covariance data for neutron interactions, fission product
yields, and decay data for use in sensitivity and uncertainty analysis with the TSUNAM I codes as well as
Sampler.

The full suite of AMPX codes for generating multigroup and continuous energy neutron, gamma and
coupled neutron/gamma libraries and covariance data are also included in the SCALE distribution,
allowing users to create their own nuclear data libraries using differing sources of data and energy group
structures than those provided with SCALE.

1.2.8 Graphical User Interfaces

Fulcrum is a cross platform graphical user interface designed to create, edit, validate and visualize
SCALE input, output, and data files. Historically, SCALE has provided several special purpose graphical
user interfaces which operate only on specific platforms and are loosely integrated with SCALE's
computational and data components. Fulcrum is intended to provide a single user interface that directly
integrates with SCALE’s internal resources to provide a consistent experience between Fulcrum and
SCALE’s command line interface.

Fulcrum provides input editing and navigation, interactive geometry visualization for KENO V.a,
KENO-VI, and NEWT, job execution, overlay of mesh results within a geometry view, and plotting of
data from most SCALE file formats. An error checking parser interactively identifies poorly constructed
input with spelling errors or data entry omissions for all SCALE sequences. The Hierarchical Input
Validation Engine (HIVVE) will identify allowed data ranges and interdependencies in the input and report
inconsistencies to the user. Fulcrum will interactively process standard composition data to produce a
mixing table, list expanded input aliases for review, provide an internal listing of input as is required for
Sampler material and geometry perturbation analysis, and launch the SCALE sample problems. The
layout of panels in Fulcrum is highly configurable to accommodate the preferences of many users.

ORIGAMI Automator, a graphical user interface integrated with Fulcrum, facilitates the quantification of
isotopics as a function of time for a large set of fuel assemblies such as the complete inventory of a spent
fuel pool. This tool was developed to support the NRC in severe accident analyses, but it can be adapted
to many other uses.

Additional user interfaces include the KENO3D interactive visualization program for Windows for solid-
body rendering of KENO geometry models, as well as the previously mentioned ExSITE and VIBE
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interfaces for sensitivity and uncertainty analysis. Several codes provide HTML-formatted output, in
addition to the standard text output, to provide convenient navigation using most common Web browsers
through the computed results with interactive color-coded output and integrated data visualization tools.

1.3 USER GUIDANCE AND TECHNICAL ASSISTANCE

This SCALE Manual serves as the primary reference for SCALE users. The fundamental theory and all
code options are documented herein. Several SCALE primers are available to serve as step-by-step guides
for new users performing common calculations using the graphical user interfaces. SCALE training
courses are presented several weeks each year, where users can interact directly with the software
developers and expert users from ORNL.

Additional technical information on SCALE can be found at http://scale.ornl.gov, including training
course schedules, a link to an online user forum, newsletters, benchmark reports, and downloads.
Technical assistance is also provided via e-mail to scalehelp@ornl.gov.

1.4 AVAILABILITY

The SCALE code system is packaged and distributed by the Radiation Safety Information Computational
Center (RSICC) and is also distributed through the Organization for Economic Cooperation and
Development (OECD) Nuclear Energy Agency (NEA) Data Bank in France and the Research
Organization for Information Science and Technology (RIST) in Japan.
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The SCALE system is maintained and modernized at ORNL to keep pace with technical advancements in
computing, nuclear data, and analysis areas of interest to our sponsors and the user community. Over the
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2.0 CRITICALITY SAFETY

Introduction by B. T. Rearden

SCALE provides a suite of computational tools for criticality safety analysis that is primarily based on the
KENO Monte Carlo code for eigenvalue neutronics calculations." Two variants of KENO provide
identical solution capabilities with different geometry packages. KENO V.a uses a simple and efficient
geometry package sufficient for modeling many systems of interest to criticality safety and reactor
physics analysts. KENO-VI uses the SCALE Generalized Geometry Package, which provides a quadratic-
based geometry system with much greater flexibility in problem modeling but with slower runtimes. Both
versions of KENO perform eigenvalue calculations for neutron transport primarily to calculate
multiplication factors (ker) and flux distributions of fissile systems in both continuous energy and
multigroup modes. They are typically accessed through the integrated SCALE sequences described
below. KENO’s grid geometry capability extends region-based features for accumulating data for source
or biasing parameter specifications, as well as for tallying results from a calculation for visualization or
communication of data into or out of a calculation. Criticality safety analysts may also be interested in the
sensitivity and uncertainty analysis techniques that can be applied for code and data validation as
described elsewhere in this document.

Criticality Safety Analysis Sequences

The Criticality Safety Analysis Sequences (CSAS) with KENO V.a (CSAS5) and KENO-VI (CSAS6)
provide a reliable, efficient means of performing ke calculations for systems routinely encountered in
engineering practice. The CSAS sequences implement XSProc to process material input and provide a
temperature and resonance-corrected cross section library based on the physical characteristics of the
problem being analyzed. If a continuous energy cross section library is specified, no resonance processing is
needed, and the continuous energy cross sections are used directly in KENO, with temperature corrections
provided as the cross sections are loaded.

A search capability is available with CSASS5 to find desired values of ke as a function of dimensions or
densities. The two basic search options offered are (1) an optimum search seeking a maximum or
minimum value of ke and (2) a critical search seeking a fixed value of K.

For continuous energy calculations, reaction rate tallies can be requested within the CSAS input, and for
multigroup calculations, reaction rate calculations are performed using the KENO Module for Activity-
Reaction Rate Tabulation (KMART) post-processing tools. A conversion tool is provided to up-convert
KENO V.a input to KENO-VI either as a direct KENO input (K5toK6) or, more commonly, as a CSAS
sequence (C5toC6).

STARBUCS: Burnup-Credit Analysis Sequence

The Standardized Analysis of Reactivity for Burnup Credit using SCALE (STARBUCS)*? is a control
module to perform criticality calculations for spent fuel systems employing burnup credit. STARBUCS
automates the criticality safety analysis of spent fuel configurations by coupling the depletion and
criticality aspects of the analysis, thereby eliminating the need to manually process the spent fuel nuclide
compositions into a format compatible with criticality safety codes.

STARBUCS performs a depletion analysis calculation for each spatially varying burnup region (if an
axial or horizontal burnup profile is specified) of a spent fuel assembly using the ORIGEN-ARP
methodology of SCALE. If a multigroup calculation is to be performed in KENO, the spent fuel
compositions are then used to generate resonance self-shielded cross sections for each burnup-dependent
fuel region. Finally, a KENO criticality calculation is performed to determine the neutron multiplication
factor for the system.
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The STARBUCS input format has been designed around the existing depletion analysis and criticality
safety sequences of SCALE. Only a minimal amount of input beyond that typically required for a fresh-
fuel calculation is needed to perform a burnup-credit calculation.

STARBUCS was developed to facilitate studies of major burnup-credit phenomena, such as those
identified in the US Nuclear Regulatory Commission’s Interim Staff Guidance 8,* but it is restricted to
modeling one assembly type with the same starting enrichment loaded throughout the transportation or
storage model. Greater flexibility is available by computing individual assembly burnup compositions
with the ORIGAMI code and then creating a KENO model to implement these compositions.

For burnup loading curve iterative calculations, STARBUCS employs the search algorithm from CSAS5
to determine initial fuel enrichments that satisfy a convergence criterion for the calculated ke value of the
spent fuel configuration.

Sourcerer: Hybrid Method for Starting Source Distribution

As the fidelity of criticality models continues to increase, especially for storage and transportation
systems, the ability of the Monte Carlo codes to consistently provide a converged fission source can be
challenging. Studies have shown that using a starting fission distribution similar to the true fission
distribution can reduce the number of skipped generations required for fission source convergence, and it
can significantly improve the reliability of the final ke result.>® The Sourcerer sequence applies the
Denovo’ discrete ordinates code to generate a starting fission source distribution in a KENO Monte Carlo
calculation. The discrete ordinates calculation is performed on a user-defined Cartesian grid geometry
where macroscopic material definitions are automatically created from the Monte Carlo model and
multigroup group cross sections are appropriately generated.

For many criticality safety applications, the additional step of performing a deterministic calculation to
initialize the starting fission source distribution is not necessary. However, for challenging criticality
safety analyses such as as-loaded spent nuclear fuel transportation packages with a mixed loading of low-
and high-burnup fuel, even a low-fidelity deterministic solution for the fission source produces more
reliable results than the typical starting distributions of uniform or cosine functions over the fissionable
regions, as demonstrated in a recent study.®

Criticality Accident Alarm System Analysis with KENO and MAVRIC

Criticality accident alarm systems (CAAS) safety analyses modeling presents challenges because the
analysis consists of a criticality problem and a deep-penetration shielding problem.® Modern codes are
typically optimized to handle one of these types of problems, but not both. The two problems also differ
in size—the criticality problem depends on materials relatively close to the fissionable materials, whereas
the shielding problem can cover a much larger range.

CAAS analysis can be performed using the CSAS6 criticality sequence and the MAVRIC shielding
sequence. First, the fission distribution (in space and energy) is determined via CSAS6. This information
is collected on a grid geometry that overlies the physical geometry model and is saved as a Monaco mesh
source file. The mesh source is then used as the source term in MAVRIC. The absolute source strength is
set by the user to the total number of fissions (based on the total power released) during the criticality
excursion. MAVRIC can be optimized to calculate a specific detector response at one location or to
calculate multiple responses/locations with roughly the same relative uncertainty.



References

=

S. Goluoglu, L. M. Petrie, Jr.,, M. E. Dunn, D. F. Hollenbach, and B. T. Rearden, “Monte Carlo
Criticality Methods and Analysis Capabilities in SCALE,” Nucl. Technol. 174(2), pp. 214-235 (May
2011).

I. C. Gauld and S. M. Bowman, STARBUCS: A Prototypic SCALE Control Module for Automated
Criticality Safety Analyses Using Burnup Credit, NUREG/CR-6748 (ORNL/TM-2001/33), prepared
for the US Nuclear Regulatory Commission by Oak Ridge National Laboratory (October 2001).

G. Radulescu and I. C. Gauld, “Enhancements to the Burnup Credit Criticality Safety Analysis
Sequence in SCALE,” NCSD 2009: Nuclear Criticality Safety: Realism, Robustness and the Nuclear
Renaissance, Richland, Washington (September 13-17, 2009).

Spent Fuel Storage and Transportation Division Interim Staff Guidance—8, Rev. 3—Burnup Credit in
the Criticality Safety Analyses of PWR Spent Fuel in Transport and Storage Casks, US Nuclear
Regulatory Commission (September 26, 2012).

A. M. Ibrahim, D. E. Peplow, J. C. Wagner, S. W. Mosher, and T. M. Evans, “Acceleration of Monte
Carlo Criticality Calculations Using Deterministic-Based Starting Sources,” Trans. Am. Nucl. Soc.
105, pp. 539-541 (2011).

A. M. Ibrahim, D. E. Peplow, J. C. Wagner, S. W. Mosher, and T. M. Evans, “Acceleration of Monte
Carlo Criticality Calculations Using Deterministic-Based Starting Sources,” PHYSOR 2012,
Knoxville, Tennessee, April 15-20 (2012).

T. M. Evans, A. S. Stafford, R. N. Slaybaugh, and K. T. Clarno, “Denovo: A New Three-Dimensional
Parallel Discrete Ordinates Code in SCALE,” Nucl. Technol. 171(2), pp. 171-200 (2010).

A. M. lbrahim, D. E. Peplow, K. B. Bekar, C. Celik, D. llas, J. M. Scaglione, and J. C. Wagner,
“Hybrid Technique in SCALE for Fission Source Convergence Applied to Used Nuclear Fuel
Analysis,” ANS NCSD Topical Meeting on Nuclear Criticality Safety (NCSD 2013), Wilmington,
North Carolina (September 29-October 3, 2013).

D. E. Peplow and L. M. Petrie, Jr., “Criticality Accident Alarm System Modeling with SCALE,”
Proc. 2009 International Conference on Advances in Mathematics, Computational Methods, and
Reactor Physics' Saratoga Springs, New York (May 3-7, 2009).

2-3


http://local.ans.org/ne-ny/topical_2009_neny.html
http://local.ans.org/ne-ny/topical_2009_neny.html

2.1 CSAS5: Control Module For Enhanced Criticality Safety Analysis Sequences With
KENO V.a

L. M. Petrie, K. B. Bekar, S. Goluoglu,” D. F. Hollenbach,”N. F. Landers”

ABSTRACT

The Criticality Safety Analysis Sequences with KENO V.a (CSAS5) provides reliable and efficient
means of performing ke calculations for systems that are routinely encountered in engineering practice. In
the multigroup calculation mode, CSAS5 uses XSProc to process the cross sections for temperature corrections
and problem-dependent resonance self-shielding and calculates the ke of a three-dimensional (3-D) system
model. If the continuous energy calculation mode is selected no resonance processing is needed and the
continuous energy cross sections are used directly in KENO V.a, with temperature corrections provided as the
cross sections are loaded. The geometric modeling capabilities available in KENO V.a coupled with the
automated cross-section processing within the control sequences allow complex, 3-D systems to be easily
analyzed. A search capability is achieved by repeatedly activating the control module MODIFY, to alter either
the system dimensions or densities, and the functional module KENO V .a to calculate the ke for the modified
dimensions or densities.

“Formerly with Oak Ridge National Laboratory.
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2.1.1 Introduction

Criticality Safety Analysis Sequence with KENO V.a (CSAS5) provides reliable and efficient means of
performing ke calculations for systems that are routinely encountered in engineering practice, especially
in the calculation of ke of three-dimensional (3-D) system models. CSAS5 implements XSProc to process
material input and provide a temperature and resonance-corrected cross-section library based on the
physical characteristics of the problem being analyzed. If a continuous energy cross-section library is
specified, no resonance processing is needed and the continuous energy cross sections are used directly in
KENO V .a, with temperature corrections provided as the cross sections are loaded. A search capability is
available to find a desired values of k. as a function of dimensions or densities. The two basic search
options offered are (1) an optimum search seeking a maximum or minimum value of ke and (2) a critical
search seeking a fixed value of K.

All the control sequences in the CSAS5 control module are listed in Table 2.1.1 with the modules they
invoke. The first four sequences are subsets of the CSAS5 sequence.

Table 2.1.1. CSAS5 sequences for criticality safety

Control . Functional modules executed by the control sequence
Function : : .
sequence (for multigroup libraries)
CSAS5 Ketr (3-D) XSProc KENO V.a
CSAS5S Kefr (3-D) search XSProc KENOV.a MODIFY

2.1.2 Sequence Capabilities

In order to minimize human error, the SCALE data handling is automated as much as possible. CSAS5 and many
other SCALE sequences apply a standardized procedure to provide appropriate number densities and
cross sections for the calculation. XSProc is responsible for reading the standard composition data and other
engineering-type specifications, including volume fraction or percent theoretical density, temperature, and
isotopic distribution as well as the unit cell data. XSProc then generates number densities and related
information, prepares geometry data for resonance self-shielding and flux-weighting cell calculations, if
needed, and (if needed) provides problem-dependent multigroup cross-section processing. Sequences that
execute KENO V.a include a KENO V.a Data Processor to read and check the KENO V.a data.
Sequences that execute a search use a Search Data Processor to read and check the search data. When the
data checking has been completed, the control sequence executes XSProc to prepare a resonance-corrected
microscopic cross-section library in the AMPX working library format if a multigroup library has been
selected.

For each unit cell specified as being cell-weighted, XSProc performs the necessary calculations and produces a
cell-weighted microscopic cross-section library. KENO V.a may be executed to calculate the ke or neutron
multiplication factor using the cross-section library that was prepared by the control sequence. MODIFY
may be invoked to perform a search® by repeatedly altering the unit cell (multigroup mode only) and
KENO V.a data prior to executing the next pass through the calculation. Cross sections are updated at the
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beginning of each search pass with the modified data. If unit cell data is altered as part of the search, i.e., pitch or
material search, the cross-sections are correctly processed with the updated data.

The search capability is implemented by the control module MODIFY. It performs operations according to
the specified search data to determine (1) the maximum or minimum value of ke as a function of pitch,
dimensions or densities or (2) the pitch, dimensions, or densities corresponding to a specified value of k. An
iterative procedure is used, making use of all previous information to modify the dimensions or densities to
achieve the desired result. The procedures for conducting optimum and critical searches are summarized in the
following sections.

2.1.21 Optimum (minimum/maximum) search

Because only an initial value of kg and a set of boundary constraints are available, four initial points are
generated spanning the range defined by the constraints. The search package identifies the type of cubic
equation [i.e., a cubic with no local extrema (type A) or a cubic with two local extrema (type B)] and
utilizes this knowledge in determining the pitch, dimensions, or material densities corresponding to the
maximum (or minimum) value of k. The optimum search procedure is summarized as follows:

1. Calculate kg for the specified problem.
2. Calculate ke for the minimum constraint.
3. Calculate ke for the maximum constraint.

4. Calculate ke for a fourth point that lies approximately equidistant between the initial guess and the
constraint that is farthest from it.

5. Utilize a weighted least-squares fit to a cubic polynomial on the data points.
6. Determine the type of cubic. For a type A cubic, go to step 11.

7. Take the first derivative of the least-squares cubic.

8.  Solve the quadratic for its roots.

9. Take the second derivative of the least-squares cubic to determine which root is the maximum
(or minimum), and if it falls within the constraints, use this root as the next guess. Otherwise,
convergence has been defined as occurring at the constraint with the maximum (or minimum) Keg.

10. Calculate the ke corresponding to the next guess. Go to step5. Repeat this procedure until
convergence is achieved.

11. If the cubic equation is a type A cubic, the optimum lies on one of the boundaries. If the fit shows that the
cubic is actually a type B cubic, go to step 7 and continue.

Convergence is defined as occurring when a ke has been calculated for a point on the curve where the value of
the curve is within epsilon of the maximum (or minimum) of the curve. Additionally, the calculated ket must be
within two standard deviations of the value of the curve at that point. The search is terminated when
convergence is achieved, when the code determines there is no local maximum within the constraints, or the
maximum number of search iterations is reached.
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NOTE: At the beginning of each search pass, the cross sections are updated using the updated values of
pitch, dimensions, or material densities. Also, the unit or material being modified can be directly
tied to a unit cell, so that unit cell is updated during the search. Therefore, the final result should be
consistent with the results obtained by running a non-search problem using the data from the last pass.

2.1.2.2 Critical search

The critical search option searches for the pitch, dimensions, or material densities corresponding to a
specified value of k. If the calculated value of ke is within the specified search tolerance (EPS) of the
desired ke, the search is considered to be complete. The critical search procedure is summarized as
follows:

1. Calculate ke for the specified problem. If it is within EPS of the specified ke, convergence has
been achieved.

2. Calculate ke for one of the constraints. If the specified ke of the system does not fall between the
initial value and the k. of the constraint, calculate the ke of the other constraint. If the calculated K is
within EPS of the specified ke, convergence has been achieved.

3. Calculate ke for a point chosen from a linear fit of the two existing points closest to the specified
Keft.

4. Repeat step 3 until convergence has been achieved, the program determines that the specified value
lies outside the constraints, or the maximum number of search iterations is reached. Convergence has
been achieved when the calculated ke is within EPS of the specified K.

5. If convergence is achieved, calculate ke for a point determined from fitting the previous points to a
cubic and solving the cubic for the point closest to the desired ke If all roots lie outside the
constraints, the problem is terminated and an appropriate message is written. If the maximum number
of iterations is reached without the problem converging, the problem is terminated and an appropriate
message is written.

NOTE: At the beginning of each search pass, the cross sections are updated using the updated values of
pitch, dimensions, or material densities. Also, the unit or material being modified can be directly
tied to a unit cell, so that unit cell is updated during the search. Therefore, the final result should be
consistent with the results obtained by running a non-search problem using the data from the last
pass.

2.1.2.3 Multigroup CSASS limitations

The CSAS5 control module was developed to use simple input data and prepare problem-dependent
cross sections for use in calculating the effective neutron multiplication factor of a 3-D system using
KENO V.a. An attempt was made to make the system as general as possible within the constraints of the
standardized methods chosen to be used in SCALE. Standardized methods of data input were adopted to allow
easy data entry and for quality assurance purposes. Some of the limitations of the CSAS5 multigroup
sequences are a result of using preprocessed multigroup cross sections. Inherent limitations in multigroup
CSASS calculations are as follows:
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1. Two-dimensional (2-D) effects such as fuel rods in assemblies where some positions are filled with
control rod guide tubes, burnable poison rods and/or fuel rods of different enrichments. The
cross sections are processed as if the rods are in an infinite lattice of identical rods. If the user inputs a
Dancoff factor for the cell (such as one computed by MCDancoff), XSProc can produce an
infinite lattice cell, which reproduces that Dancoff. This can mitigate some two dimensional
lattice effects

2.1.2.4 Continuous energy CSASS5 limitations

When continuous energy KENO calculations are desired, none of the resonance processing capabilities of
XSProc are applicable or needed. The continuous energy cross sections are directly used in KENO. An
existing multigroup input file can easily be converted to a continuous energy input file by simply
specifying the continuous energy library. In this case, all cell data is ignored. However, the following
limitations exist:

1. If CELLMIX is defined in the cell data, the problem will not run in the continuous energy mode.
CELLMIX implies new mixture cross sections are generated using XSDRNPM-calculated cell
fluxes and therefore is not applicable in the continuous energy mode.

2. Only VACUUM, MIRROR, PERIODIC, and WHITE boundary conditions are allowed. Other
albedos, e.g., WATER, CARBON, POLY, etc. are for multigroup only.

3. Problems with DOUBLEHET cell data are not allowed as they inherently utilize CELLMIX
feature.

2.1.3 Input Data Guide

This section describes the input data required for CSAS5. Several subsets of the CSAS5 sequences listed in
Table 2.1.1 are available to achieve several different levels of processing.

The input data for these CSAS5 sequences are composed of three broad categories of data. The first is
XSProc, including Standard Composition Specification Data and Unit Cell Geometry Specification. This
first category specifies the cross-section library and defines the composition of each mixture and optionally unit
cell geometry that may be used to process the cross sections. This data block is necessary for all CSAS5
sequences. The second category of data, the KENO V.a input data, is used to specify the geometric and boundary
conditions that represent the physical 3-D configuration of a KENO V.a problem. Both data blocks are
necessary for CSAS5 and CSAS5S. The last category of data is the search data and is required only for
CSASSS.

All data are entered in free form, allowing alphanumeric data, floating-point data, and integer data to be
entered in an unstructured manner. Up to 252 columns of data entry per line are allowed. Data can usually
start or end in any column with a few exceptions. As an example, the word END beginning in column 1
and followed by two blank spaces or a new line will end the problem and any data following will be ignored.
Each data entry must be followed by one or more blanks to terminate the data entry. For numeric data, either
a comma or a blank can be used to terminate each data entry. Integers may be entered for floating-point
values. For example, 10 will be interpreted as 10.0. Imbedded blanks are not allowed within a data entry
unless an E precedes a single blank as in an unsigned exponent in a floating-point number. For example,
1.0E 4 would be correctly interpreted as 1.0 x 10°.
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The word “END” is a special data item. An “END” may have a name or label associated with it
(e.g., “END DATA”). The name 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 two blanks or a new line MUST follow every
labeled and unlabeled “END.” It is the user’s responsibility to ensure compliance with this restriction.
Failure to observe this restriction can result in the use of incorrect or incomplete data without the benefit of
warning or error messages.

Multiple entries of the same data value can be achieved by specifying the number of times the data value
is to be entered, followed by either R, *, or $, followed by the data value to be repeated. Imbedded blanks
are not allowed between the number of repeats and the repeat flag. For example, 5R12, 5*12, 5$12, or
5R 12, etc., will enter five successive 12s in the input data. Multiple zeros can be specified as nZ where n is
the number of zeroes to be entered.

The purpose of this section is to define the input data in discrete subsections relating to a particular type
of data. Tables of the input data are included in each subsection, and the entries are described in more
detail in the appropriate sections.

Resonance-corrected cross sections are generated using the appropriate boundary conditions for the unit
cell description (i.e., void for the outer surface of a single unit, white for the outer surface of an infinite
array of cylinders). As many unit cells as needed may be specified in a problem. A unit cell is cell-
weighted by using the keyword “CELLMIX=" followed by a unique user specified mixture number in the
unit cell data.

To check the input data without actually processing the cross sections, the words “PARM=CHECK” or
“PARM=CHK?” should be entered, as shown below.

=CSAS5 PARM=CHK
or
#CSAS5 PARM=CHK

This will cause the input data for CSAS5 to be checked and appropriate error messages to be printed.
If plots are specified in the data, they will be printed. This feature allows the user to debug and verify the
input data while using a minimum of computer time.

2.1.3.1 XSProc data

The XSProc reads the standard composition specification data and the unit cell geometry specifications.
It then produces the mixing table and unit cell information necessary for processing the cross sections if
needed. The XSProc section of this manual provides a detailed description of the input data and
processing options.

2.1.3.2 KENO V.adata

If the problem utilizes a sequence that contains KENO V.a as a functional module, the input to
KENO V.a comes after the XSProc input. Table 2.1.2 contains the outline for the KENO V.a input and
the SEARCH input, which is required for a search case (i.e., CSAS5S). The KENO V.a input is divided
into 13 data blocks and CSAS5S includes an additional block of search data. A brief outline of
commonly used data blocks is shown in Table 2.1.2. Note that parameter data must precede all other
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KENO data blocks. Information on all KENO V.a input is provided in the KENO chapter of this
document and will not be repeated here.

Table 2.1.2. Outline of KENO data

Type of data Starting flag Comments Termination flag
Parameters* READ PARAMETER Enter desired parameter data END PARAMETER
Geometry READ GEOMETRY Enter desired geometry data END GEOMETRY
Avrray data READ ARRAY Enter desired array data END ARRAY
Boundary conditions READ BOUNDS Enter desired boundary END BOUNDS

conditions
Energy group boundaries READ ENERGY Enter desired neutron energy END ENERGY
group boundaries
Start data or initial source  READ START Enter desired start data END START
Plot data READ PLOT Enter desired plot data END PLOT
Grid geometry data READ GRID Enter desired mesh data END GRID

Reaction

KENO V .a data terminus

Search data

READ REACTION

END DATA

READ SEARCH

Enter desire reaction tallies (CE
mode only)

Enter to signal the end of all
KENO V.a data

Enter for CSAS5

END REACTION

END SEARCH

*Must precede all other data blocks in this table.

2.1.3.3 Search Data

Search data must be entered for CSAS5S. The search data enable the code to perform a search according
to the instructions specified by the user. The code begins reading search data when it encounters the words
READ SEARCH and continues reading search data until it encounters the words END SEARCH. Search
data consist of the search type specification and auxiliary search commands.

2.1.3.3.1 Search type specification

These data are used to define the type of search and to set the parameters that provide limits for the
search. The search type specification data consist of (a) a search descriptor, (b) the search type, and
(c) optional search parameters as described below.

2.1.3.3.1.1 SEARCH DESCRIPTOR is used to define the search mode.

Use OPTIMUM if the maximum value of ke is to be determined.
Use CRITICAL if a specified value of ke is to be obtained.
Use MINIMUM if the minimum value of ks is to be determined.

213312
procedure.

SEARCH TYPE is used to specify the variable that is to be changed during the search

Use PITCH to alter the center-to-center spacing between the units at the lowest array level. By
default only the spacing in the X and Y directions will be altered. Use DIMENSION to alter the
dimensions of one or more geometry regions in one or more units. Use CONCENTRATION to
alter the concentration of one or more standard compositions in one or more mixtures.
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The combination of the search descriptor and the search type defines the search method. Each search type has
a set of predefined defaults and the ability to change the default settings and expand the scope of the search.
Only one SEARCH DESCRIPTOR and one SEARCH TYPE are allowed in a problem.

An OPTIMUM PITCH search determines the pitch that gives the maximum value of ky. By default the
X spacing will be altered for slab arrays, the X and Y spacing will be altered for arrays of cylinders, and
the X, Y, and Z spacing will be altered for spherical arrays. Auxiliary search commands can be used to instruct
the code to change any of these defaults.

An OPTIMUM DIMENSION search determines the maximum value of ke by altering the dimensions of one
or more geometry regions in one or more units in accordance with the specified auxiliary search
commands. Only the dimensions specified in the search commands will be modified. The relative
variations in dimensions are determined by the search constants specified for each dimension.

An OPTIMUM CONCENTRATION search determines the maximum value of ke by altering the
concentration of standard compositions in mixtures in accordance with specified search commands. Only the
standard compositions in the materials specified are altered. The relative variations in concentrations are
determined by the search constants specified for each composition.

A CRITICAL PITCH search alters the spacing between units in the same manner as an optimum pitch search to
achieve the specified value of ky. By default the X spacing will be altered for slab arrays, the X and
Y spacing will be altered for arrays of cylinders, and the X, Y, and Z spacing will be altered for spherical
arrays. Auxiliary search commands can be used to instruct the code to change any of these defaults.

A CRITICAL DIMENSION search alters the dimensions of one or more geometry regions in accordance
with the specified auxiliary search commands to achieve the specified value of k. Only the dimensions
specified in the search commands will be modified. The relative variations in dimensions are determined by
the search constants specified for each dimension.

A CRITICAL CONCENTRATION search alters the concentration of standard compositions in mixtures in
accordance with the specified auxiliary search commands to achieve the specified value of ke Only the
standard compositions in the materials specified are altered. The relative variations in concentrations are
determined by the search constants specified for each composition.

A MINIMUM PITCH search determines the pitch that gives the minimum value of k. By default the
X spacing will be altered for slab arrays, the X and Y spacing will be altered for arrays of cylinders, and the X,
Y, and Z spacing will be altered for spherical arrays. Auxiliary search commands can be used to instruct the
code to change any of these defaults.

A MINIMUM DIMENSION search determines the minimum value of k¢ by altering the dimensions of one
or more geometry regions in one or more units in accordance with the specified auxiliary search
commands. Only the dimensions specified in the search commands will be modified. The relative
variations in dimensions are determined by the search constants specified for each dimension.

A MINIMUM CONCENTRATION search determines the minimum value of ke by altering the
concentration of standard compositions in mixtures in accordance with specified search commands. Only the
standard compositions in the materials specified are altered. The relative variations in concentrations are
determined by the search constants specified for each composition.
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OPTIONAL SEARCH PARAMETERS are entered after the SEARCH DESCRIPTOR AND SEARCH
TYPE and are used to alter the default values of the optional search parameters. Only one set of optional
search parameters can be entered for a problem. The optional search parameters are listed below.

PAS=nn

NPM=nn

EPS=ff

KEF=ff

MINPITCH=ff

MAXPITCH=ff

MORE

is used to set the maximum number of times the search will calculate ker. The first pass
calculates the ke corresponding to the initial geometry dimensions. The second pass
calculates the ke corresponding to one of the constraints, and the third pass often
corresponds to the other constraint. After the third pass, the search dimensions or
concentrations are changed based on a fit to a quadratic or cubic equation. The default
value of nn is 10.

is used to set the number of search parameters. The default value of nn is 1 and should not
be overridden.

is used to set the search convergence tolerance (the amount by which ke is allowed to vary
from the desired kex). An optimum or minimum search is terminated when the calculated
Kerr is within EPS of the optimum or minimum value as indicated by the mathematical fit to
the calculated points. A critical search is terminated when the calculated ke is within EPS of
the specified k. The default value of ff is 0.005.

is used only for a CRITICAL search. The default value of ff is 1.000.

is allowed ONLY for a PITCH search. It is used to specify the minimum allowed pitch
(center-to-center spacing in the X; X,Y; or X,Y,Z directions depending on array type)
between the units in an array. The search will terminate if the pitch becomes smaller than
the specified minimum pitch. The default value of ff is the pitch at which the region
immediately inside the outer most region of the unit touches the same region in an adjacent
unit. It is much easier to specify the minimum allowed pitch than to calculate the
appropriate value of the minimum constraint.

is allowed ONLY for a PITCH search. It is used to specify the maximum allowed pitch
(center-to-center spacing in the X; X, Y; or X, Y, Zdirections depending on array type)
between units in an array. The search will terminate if the specified pitch is exceeded. The
default value of ff is the pitch corresponding to —5 times the parameter that corresponds to
the minimum pitch. It is much easier to specify a maximum allowed pitch than to calculate
the appropriate value of the maximum constraint.

is used to terminate the optional search parameters and initiate the auxiliary search
commands. Do not enter MORE unless auxiliary search commands are to be entered. This
command may only be entered once, immediately prior to the auxiliary search commands.

The input data for the CSASS5S search sequence are provided in Table 2.1.3.
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Table 2.1.3. Outline of search type specification

Entry

No Type of data Data entry Comments
1 Search descriptor OPTIMUM Initiates a search for the maximum value of Ke.
CRITICAL Initiates a search for a specified value of K.
MINIMUM Initiates a search for the minimum value of K.
2 Search type PITCH Vary the pitch of an array.
DIMENSION Vary one or more dimensions in one or more regions
of one or more units.
CONCENTRATION Vary the concentration of one or more standard
compositions in one or more mixtures.
3 Optional  search Optional search parameters allow changing default
parameters values. Any or all may be entered in any order.
3a No. of search PAS= Enter the keyword PAS= followed by the desired
passes number of search passes. Default=10.
3b No. of search NPM= Enter the keyword NPM= followed by the number of
parameters search parameters. Present capability is limited to
1.
3c Search EPS= Enter the keyword EPS= followed by the desired
convergence convergence tolerance. Default=0.005.
tolerance
ad Desired value of KEF= Enter the keyword KEF= followed by the desired
Keft value of ke. The default value is 1.000.
DO NOT ENTER FOR OPTIMUM OR MINIMUM
SEARCHES.
3e Maximum allowed MAXPITCH= Enter the keyword MAXPITCH= followed by the
pitch maximum allowed pitch for a search whose search
type, entry 2 above, is PITCH. The default value is
the pitch corresponding to —5.0 times the parameter
at the minimum possible pitch.
3f Minimum allowed MINPITCH= Enter the keyword MINPITCH= followed by the
pitch minimum allowed pitch for a search whose search
type, entry 2 above, is PITCH. The default value is
the minimum possible pitch (i.e., the pitch at which
the shapes in the array touch).
4 Additional search MORE Enter the delimiter MORE. This delimiter ends the
data optional search commands and initiates the

auxiliary search commands found in Table 2.1.4.

2.1.3.3.2 Auxiliary search commands and constraints

Auxiliary search commands are entered only if MORE, item 4, of the search type specification data is entered
(see Table 2.1.3). Individual search commands are used to specify search constraints and to communicate
to the search program. Searches can alter geometric dimensions (PITCH or DIMENSION Search) or alter
standard composition number densities (CONCENTRATION Search).
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A PITCH or DIMENSION search may require the user to specify the units that will be altered, the regions
that will be altered within those units, and the faces or surfaces of those regions that will be altered. For a
PITCH search, the program automatically assigns the units in the arrays to a unit cell if possible.
If multiple units are contained in the array, each unit could be assigned a unit cell if the data in the unit
cells match the geometry data of the units in the array. This data may be overridden in the MORE section of
the search data. For a DIMENSION search, if the user wishes to tie a unit to unit cell this must be explicitly done
in the MORE section of the search data. Several examples of search problems are provided in Sect. 2.1.1.

A CONCENTRATION search requires the user to specify the mixture, standard composition name, and the
search constant for the component being altered. For a CONCENTRATION search, the program
automatically assigns the material being changed to a unit cell. This data may be overridden in the
MORE section of the search data. Several examples of search problems are provided in Sect. 2.1.1.

The data comprising the auxiliary search commands are listed in Table 2.1.4. All data except items 1a,
1b, and 1c are keyworded (i.e., the data are entered by specifying a keyword, followed by a value).
An explanation of each individual search command follows the table.

1 Command definition. A command definition tells the code what action is to be taken. A new
search command is initiated whenever an item 1a through 1c is encountered. The code will vary
the geometry according to subsequent commands.

la. ALTER Alter geometry regions. These words specify that modifications will be made to
CHANGE the geometry according to subsequent commands.
MODIFY

1b. MAINTAIN Maintain the thickness. The thickness of the specified geometry region(s) will
be maintained when the interior regions grow or shrink (i.e., the specified region
will grow or shrink in conjunction with the interior region in such a way as to
maintain the original distance between the two regions). This means that the
original thickness of the region is preserved. For instance, the inner radius of a
pipe can be altered and the wall thickness can be preserved by applying the
MAINTAIN command to the region defining the outer radius of the pipe.

lc. KEEP HOLD Keep the original specification. This command causes the specified geometry
region(s) to be reset to their original input value for every search pass.
Therefore they go through the entire search process unchanged.

2 PAR= Parameter number. The search parameter number is not functional. The default
number is 1 and should not be overridden.

3 +CON= Maximum constraint. Enter the maximum value you wish to allow the search
parameter to obtain. The maximum constraint must be larger than the minimum
constraint. For a DIMENSION or PITCH search the default value of the
maximum constraint is 10**. For a CONCENTRATION search the default value
of the maximum constraint is as follows:

+CON= min(~1/FACTOR ), if any FACTOR < 0
+CON=—5*(—CON ), if all FACTOR > 0
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4  —CON=
5  CELL=

6  UNIT=

7 REGION=
8 TO

NOTE: For a PITCH search, the maximum constraint is redefined and is
calculated from the data entered for MAXPITCH. +CON should not
be entered if a value was entered for MAXPITCH. If constraints,
+CON= and/or —CON= are not entered as data, the code computes the
minimum constraint corresponding to the pins touching, and the
maximum constraint is then negative five times the magnitude of the
minimum constraint.

Minimum constraint. Enter the minimum value you wish to allow the search
parameter to obtain. The minimum constraint must be smaller than the
maximum constraint but need not be a negative number. The default value of the
minimum constraint for a dimension search is —10**. The default value of the
minimum constraint for a pitch search is redefined to correspond to the pins in
the lattice touching. For a CONCENTRATION search the default value of the
minimum constraint is as follows:

—CON=—5(+CON ), if all FACTOR <0
—CON=max(—1/FACTOR ), if any FACTOR > 0

Unit Cell Number. This is the unit cell to which the unit or mixture will be tied.
It needs to follow either the UNIT= or MIX= keyword data. Tying a unit cell to
a unit or mixture ensures the unit cell data gets changed as the geometry or
mixture data gets changed thus ensuring the cross sections are properly
processed.

Geometry unit number. This is the geometry unit to which the previously
entered command definition (item 1a, 1b, or 1c) is applied. Items 7, 8, and 9
specify the region(s) within the unit and the surfaces of the region(s) to be
altered.

First region to be altered. This is used to specify the first or only region in the
unit (specified by item 6) that is to be altered according to the search command
(item 1a, 1b, or 1c). The region(s) are altered according to the search constants
(items 9a, 9b, 9c, and/or 9d).

Last region to be altered. This item is entered to specify the last region to be
altered, starting with the region specified by REG=. For example, assume unit 3
contains eight regions and you wish to make changes to regions 4, 5, 6, 7, and 8.
These regions are identified by entering the following data. UNIT=3 REG=4
TO 8.

Geometric search constants. A search constant is the proportionality factor utilized to alter a
geometry region. A search constant must be entered for each surface of a region that is to be
altered. A nonzero search constant will cause the region dimension for that surface to be changed.
A search constant of 0.0 will cause the region dimension to remain unchanged. The default value
of the search constant is 0.0.
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9a.

9b.

9c.

9d.

10

11

ALL=

+X=

RADIUS=

+HEIGHT=

—HEIGHT=

CHORD=

MIX=

SCNAME=

Search constant for all surfaces. All of the surfaces in a region are altered
simultaneously by using this search command.

Search constant for +X face. This parameter is used to specify the value of the
search constant for the +X face of a cuboid.

Search constant for —X face. This parameter is used to specify the value of the
search constant for the —X face of a cuboid.

Search constant for +Y face. This parameter is used to specify the value of the
search constant for the +Y face of a cuboid.

Search constant for —Y face. This parameter is used to specify the value of the
search constant for the —Y face of a cuboid.

Search constant for +Z face. This parameter is used to specify the value of the
search constant for the +Z face of a cuboid.

Search constant for —Z face. This parameter is used to specify the value of the
search constant for the —Z face of a cuboid.

NOTE: If itis desirable to change all the faces of a cuboid except the —Z face
by some amount (search constant of 1.0), items 9a and 9b can be used
together as follows: ALL=1.0 —Z=0.0. This is the same as entering
+X=1.0 -X=1.0 +Y=1.0 —-Y=1.0 +Z=1.0. If both Z faces are to
remain unchanged, items 8a and 8b can be entered as: ALL=1.0
+7=0.0 =Z=0.0 or as +X=1.0 -X=1.0 +Y=1.0 —Y=1.0.

Search constant for radius. This parameter is used to specify the value of the
search constant for the radius of a sphere, hemisphere, cylinder, or hemicylinder.

Search constant for +height. This parameter is used to specify the value of the
search constant for the +height of a cylinder or hemicylinder.

Search constant for —height. This parameter is used to specify the value of the
search constant for the —height of a cylinder or hemicylinder.

Search constant for chord. This parameter is used to specify the value of the
search constant for the chord of a hemisphere or hemicylinder.

Search constant for mixture. This parameter is the mixture number containing
the standard composition that is to be changed during the search.

Search constant for the standard composition name. This parameter is the
standard composition name associated with the material that is to be changed
during the search. Only compositions listed in the Standard Composition
Library section of the Standard Composition Library chapter are allowed.
Standard compositions beginning with SOLN cannot be altered directly.
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12

FACTOR=

NOTE: If the standard composition name specified in the Material
Information Data begins with SOLN and the Concentration Search
Data specifies SCNAME=UO2(N03)2, the amount of UO2(NO3)2 in
the solution is altered but the amount of H2O and nitric acid is not
altered during the search. The resulting mixture, when the search is
finished, may no longer meet the criteria associated with the SOLN
specification.

Concentration search factor used to specify the value of the search constant used
in the concentration search. It is a proportionality factor used to alter the
specified mixture standard composition. A search constant must be entered for
each standard composition that is altered. A non-zero search constant will cause
the concentration of the associated standard composition to be altered. The
default value of the search constant is 1.0. A set of concentration search data
consists of the mixture to be altered, the standard composition to be altered in the
mixture, and the search factor. Keywords are used to enter the data. Each set of
data consists of items 10, 11, and 12. The keywords used in this data may be
entered using terse notation.
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Table 2.1.4. Outline of auxiliary search commands and constraints

Entry Keyword Type of data Comments
no. name
GENERIC SEARCH DATA — May be used with all Search Types —
la ALTER Begin a new search These words are used to specify that modifications will be
CHANGE command made to the geometry or concentration according to
MODIFY subsequent commands (entries 3 through 12 as required
to specify the desired changes).
1b  MAINTAIN Begin a new search The spacing (thickness) of the specified geometry regions
command will be maintained when the interior regions grow or
shrink.

1c  KEEP Begin a new search This command resets the specified geometry to the original

HOLD command input specifications.

2 PAR= Parameter number Enter the parameter number that the current command
(ALTER, MAINTAIN, KEEP) applies to. Default=1 and
should not be changed.

3 +CON= Maximum constraint Enter the maximum constraint for the current parameter.
Default = +10E10.

4 —CON= Minimum constraint Enter the minimum constraint for the current parameter.
Default = —10E10.

5 CELL= Unit Cell Associated Default values are assigned for PITCH and

with search data CONCENTRATION searches. Associated Unit Cells
must be entered for a DIMENSION search if desired.
PITCH & DIMENSION SEARCH DATA — Defines Geometric Changes —
6 UNIT= Unit to which the Enter the unit in which regions are to be altered.
current  command
applies
7 REGION= First region to be Enter the first or only region in the unit that the search
altered in the unit constants (entry 9a, b, ¢ and/or d) apply to. Default is the
first region.
8 TO Last region to be Enter the last region in the unit to which the search constants

altered in the unit

apply (entry 9a, b, ¢ and/or d).
Default is the first region.

NOTE: Entry 7 must be entered in order to alter a single
region in a unit. Entries 7 and 8 must both be
entered in order to alter more than one region in a

unit.
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Table 2.1.4. Outline of auxiliary search commands and constraints (continued)

Entry Keyword Type of data Comments
no. name
9 ALL= Search constant for all Enter a value for the search constants for the specified
surfaces (faces) of regions. This value will be applied to all surfaces of the
the region(s) region(s).
9a +X= Search constant for Enter a value for the search constant for the +X face ofa
+X face of cuboid cuboid.
—X= Search constant for Enter a value for the search constant for the —X face of a
—X face of cuboid cuboid.
+Y= Search constant for Enter a value for the search constant for the +Y face of a
+Y face of cuboid cuboid.
-Y= Search constant for Enter a value for the search constant for the —Y face ofa
=Y face of cuboid cuboid.
+7= Search constant for +Z Enter a value for the search constant for the +Z face
face of cuboid of a cuboid.
—7= Search constant for —Z  Enter a value for the search constant for the —Z face
face of cuboid of a cuboid.
9b RADIUS= Search constant for Enter a value for the search constant for the radius of a sphere
radius or a cylinder.
9c +HEIGHT= Search constant for Enter a value for the search constant for the +height of a
+height cylinder.
—HEIGHT= Search constant for Enter a value for the search constant for the —height
—height of a cylinder.
9d CHORD= Search constant for Enter a value for the search constant for the chord face of a
chord hemisphere or hemicylinder.
CONCENTRATION SEARCH DATA — Defines concentration changes —
10 MIX= Search constant for Enter the mixture number containing the standard
mixture composition to be changed.
11 SCNAME= Search constant for Enter the standard composition name whose density is to be
Standard changed.
Composition
12 FACTOR= Search proportionality  Enter the value of the search constant for the concentration

constant

search.
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2.1.4 Example Problems

This section contains example problems to demonstrate some of the options available in CSAS5 and its
associated sequences. A brief problem description and the associated input data for multigroup mode of
calculation are included for each problem. The same sample problems may be executed in the continuous
energy mode by changing the library name from *“v7-238” to “ce-v7”. Note that sample problems 3, 7,
and 8 do not run in the continuous energy mode because they use CELLMIX or DOUBLEHET cell type.
See Appendix A for additional and historical examples.

2.1.4.1 Sample problem 1 kg calculation

The purpose of this problem is to calculate the k-effective of a system. This problem is the same as the
KENO V.a sample problem 12 in Appendix B except the cross-section library and KENO V.a mixing
table are prepared by CSAS. The problem represents a critical experiment consisting of a composite
array?? of four highly-enriched (93.2%) uranium metal cylinders having a density of 18.76 g/cc and four
5.0677-L Plexiglas containers filled with uranyl nitrate solution. The uranium metal cylinders have a
radius of 5.748 cm and a height of 10.765 cm. The uranyl nitrate solution has a specific gravity of 1.555
and contains 415 g of uranium per liter. The ID of the Plexiglas bottle is 19.05 cm and the inside height
is 17.78 cm. The Plexiglas is 0.635 cm thick. The center-to-center spacing between the metal units is
13.18 cm in the Y direction and 13.45 cm in the Z direction. The center-to-center spacing between the
solution units is 21.75 cm in the Y direction and 20.48 cm in the Z direction. The spacing between the
Y-Z plane that passes through the centers of the metal units and the Y-Z plane that passes through the
centers of the solution units is 17.465 cm in the X direction.

The metal units in this experiment are designated in Table 1l of Ref. 2 as cylinder index 11 and reflector
index 1. A photograph of the experiment, Fig. 9 in Ref. 3, is given in Figure 2.1.4.1.

=csasb parm=(centrm)
sample problem 1 set up 4aqueous 4 metal in csas5
Vv7-238
read composition
uranium 1 0.985 300. 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
solution
mix=2
rho[uo2(no3)2]= 415. 92235 92.6 92238 5.9 92234 1.0 92236 0.5
molar[hno3]=9.783-3
temperature=300
end solution
plexiglass 3 end
end composition
read param
flx=yes fdn=yes nub=yes
end param
read geom
unit 1
com="uranyl nitrate solution in a plexiglas container”
cylinder 2 1 9.525 2p8.89
cylinder 3 1 10.16 2p9.525
cuboid 0 1 4p10.875 2p10.24
unit 2
com="uranium metal cylinder”
cylinder 1 1 5.748 2p5.3825
cuboid 0 1 4p6.59 2p6.225
unit 3
com="1x2x2 array of solution units”
array 1 3*0.0
unit 4
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com="1x2x2 array of metal units padded to match solution array”
array 2 3*0.0
replicate 0 1 2*0.0 2*8.57 2*8.03 1
global unit 5
array 3 3*0.0
end geom
read array
ara=1 nux=1 nuy=2 nuz=2 fill f1 end fill
ara=2 nux=1 nuy=2 nuz=2 fill f2 end fill
gbl=3 ara=3 nux=2 nuy=1 nuz=1
com="composite array of solution and metal units®
fill 4 3 end fill
end array
end data
end

UNCL ASSIF IED
MOTO 70801

Figure 2.1.4.1. Critical assembly of four solution units and four metal units.
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2.1.4.2 Sample problem 2 optimum pitch search using detailed geometry

This problem represents an attempt to optimize the reactivity of PWR-like fuel bundles in a storage pool.
The storage array is an infinite planar array of flooded fuel bundles. Each bundle consists of a
17 x 17 x 1 array of 2.35%-enriched UO, pins, density 9.21 g/cc, clad with Zircaloy-2. The fuel is
0.823 cm in diameter, the clad diameter is 0.9627 cm, and the length of each pin is 366 cm. Each fuel
bundle is encased in a Boral sheath. There is a 1/4-in. gap flooded with water between the bundle and the
sheath. The Boral sheath is 3/8 in. thick. One inch of water separates the fuel bundle sheaths in the
horizontal plane, and 15 cm of water is present on the top and bottom of the array.

The KENO V.a geometry represents each fuel pin in the bundle discretely. The search should determine
the optimum pitch within the fuel bundle. The gap between the bundle and the Boral remains fixed, as
does the thickness of the sheath and the spacing between sheaths.

=csasb5s
sample problem 2 storage array of pwr-like fuel bundles in poison sheaths
Vv7-238
read composition
uo2 1 .84 300.. 92235 2.35 92238 97.65 end
zirc2 2 1 end
h2o 31 end
b4c 4 den=2.65 0.3517 end
al 4 den=2.65 0.6483 end
h2o 51 end
end composition
read celldata
latticecell squarepitch pitch=1.2751 3 fueld=.823 1 cladd=.9627 2 end
end celldata

read param
nub=yes far=yes gen=103 npg=500 gas=no fdn=yes
end param
read geom
unit 1
cylinder 1 1 .4115 183.0 -183.0
cylinder 2 1 .48135 183.1 -183.1
cuboid 3 1 .63755 -.63755 .63755 -.63755 183.1 -183.1
global unit 2
array 1 3*0.0
reflector 5 1 4*0.635 2z 1
reflector 4 1 4*0.9525 2z 1
reflector 5 1 4*1.27 2z 1
reflector 5 2 4z 2*3.0 5
end geom

read array
ara=1 nux=17 nuy=17 nuz=1 fill f1 end fill

end array

read bounds
xyf=mirror

end bounds

read bias
id=500 2 6

end bias

end data

read search
optimum pitch

end search

end
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2.1.4.3 Sample problem 3 optimum pitch search using homogenized geometry

This problem illustrates the use of a cell-weighted mixture to represent a PWR-like fuel bundle. The cask
contains a 2 x 2 x 1 array of fuel bundles. Each fuel bundle consists of a 17 x 17 x 1 array of Zircaloy-2
clad, 2.35%-enriched UO, fuel pins with a density of 9.21 g/cc arranged in a square pitch. The pin
diameter is 0.823 cm, and its length is 366 cm. The clad is 0.06985 cm thick, and the pitch is 1.275 cm.
Each fuel bundle is contained in a 0.6625-cm-thick Boral sheath. The bundles are separated by 1 cm of
water, representing a flooded cask. The square aluminum cask is 10-cm thick on all faces and is reflected
by 15 cm of water.

By using CELLMIX=, a cell-weighted cross section is created to represent the fuel bundle. The
KENO V.a geometry utilizes the cell-weighted mixture (500) and the overall dimensions of the fuel
bundle to represent the entire fuel bundle as a single homogeneous region. The first reflector entry
represents the fuel cask, and the second reflector entry represents the 15-cm reflector. Because this
problem utilizes a cell-weighted mixture, which is not applicable in the continuous energy mode, the
problem will end with an error message in the continuous energy mode.

=csasb5s
sample problem 3 sample square fuel cask
Vv7-238
read composition
uo2 1 .84 300. 92235 2.35 92238 97.65 end
zirc2 2 1 end
h2o 31 end
b4dc 4 den=2.65 0.3517 end
al 4 den=2.65 0.6483 end
h2o 51 end
al 6 1 end
end composition
read celldata
latticecell
squarepitch pitch=1.275 3 fueld=.823 1 cladd=.9627 2 cellmix=500 end
end celldata
read param
nub=yes far=yes gen=103 npg=500 gas=no fdn=yes
end param
read geom
unit 1
cuboid 500 1 4p10.8375 2p183.0
cuboid 4 1 4p11.5 2p183.0
cuboid 5 1 4p12.0 2p183.0
global unit 2
array 1 3*0
reflector 6 1 6*10.0 1
reflector 5 2 6*3 5
end geom
read array
ara=l nux=2 nuy=2 nuz=1 fill f1 end fill
end array
read bias
id=500 2 6
end bias
end data
read search
optimum pitch
end search
end
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2.1.4.4 Sample problem 4 search for a specified value of ke

Find the pitch at which a 2 x 2 x 2 array of cylinders of highly enriched (93.2%) uranium metal with a
density of 18.76 g/cc are critical. Each cylinder has a radius of 5.748 cm and a height of 10.765 cm. The
surface-to-surface spacing between the units is the same in all directions. The initial guess for the critical
surface-to-surface spacing was 3.0 cm. The experimentally critical surface-to-surface separation for this
system is 2.248 cm. The input data for this problem are given below.

=csasb5s

sample problem 4 critical pitch search for case 2c8 bare
v7-238

read comp

uranium 1 0.985 300. 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
end comp

read parameters flx=yes fdn=yes far=yes gas=no rnd=65665led24de
end parameters

read geometry

unit 1

cylinder 1 1 5.748 5.3825 -5.3825

cuboid O 1 4p7.248 2p6.8825

end geometry

read array

com="single unit problem with 1 array is filled with unit 1*
ara=1l gbl=1 nux=2 nuy=2 nuz=2 fill f1 end fill

end array

end data

read search critical pitch maxpitch=15.5 more

alter unit=1 reg=2 +z=1.0531 -z=1.0531

end search

end
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2.1.45 Sample problem 5 solution conc. search for a specified ke

Consider a large spherical tank partially filled with UO,F, solution. The tank has a radius of 34.6 cm and
is filled with solution to a height of 30.0 cm above the midpoint. The tank is composed of a 0.759 cm
thick Al shell. The UO,F, solution is composed of three standard compositions: UO2F2, HF acid, and
H20. The code combines these using a set algorithm. This may or may not produce a solution at the
desired density. If the density of the solution is known it should be entered. Also, extra acid can be
added to the solution by specifying a non-zero acid molarity.

A critical concentration search is performed on the solution yielding system ket = 1.0 for various densities
of UO,F; in the solution. In the MORE search data, MIX=1 and SCNAME=UO2F2 specify that the
UO,F, component of the mixture 1 solution is to be altered during the search. The code calculates the
density of the solution. The initial uranium fuel density is 300 gm/liter. The maximum allowed uranium
density is 600 gm/liter. The minimum allowed uranium density is 150 gm/liter.

=csasb5s
sample problem 5 soln tank - crit. conc. search
v7-238
read composition
solution
mix=1
rho[uo2f2]= 300 92235 80 92238 19.98 92234 0.02
temp= 300
end solution
al 2 1.0 300.0 end
end composition
read geom
global unit 1
hemisphe-z 1 1 16 chord 15.5

sphere 0116
sphere 21 16.1
end geom
end data

read search
critical concentration kef=1.0
more
alter mix=1 scname=uo2f2 factor=1.0
-con=-0.5 +con=1.0
end search
end

2.1.4.6 Sample problem 6 dimension chord search for a specified ke

Consider a large spherical tank partially filled with UO,F, solution. The tank has a radius of 34.6 cm and
is filled with solution to an initial height of 10.0 cm above the midpoint. The tank is composed of a
0.759 cm thick Al shell. The UO,F, solution is composed of three standard compositions: UO2F2, HF
acid, and H20. The code combines these using a set algorithm. This may or may not produce a solution
at the desired density. If the density of the solution is known it should be entered. Also, extra acid can be
added to the solution by specifying a non-zero acid molarity.

A critical dimension search is performed on the chord length yielding system ke = 0.98. In the MORE
search data, UNIT=1 REG=1 CHORD=1.0 specify that the chord length in region 1 of unit 1 is to be
altered during the search. The constraints are set so the chord length varies from —10.0 cm to just under
34.6 cm.
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=csasb5s
sample problem 6 soln tank - crit. dim. search on chord
Vv7-238
read comp
solution
mix=1
rho[uo2f2]= 300 92235 80 92238 19.98 92234 0.02
temp= 300
end solution
al 2 1.0 300.0 end
end comp
read geom
global unit 1
hemisphe-z 1 1 16 chord 10.

sphere 0116
sphere 2116.1
end geom
end data

read search
critical dimension kef=0.98
more
alter unit=1 reg=1 chord=1.0
-con=-0.23 +con=0.23
end search
end

2.1.4.7 Sample problem 7 two material conc. search for a specified K

The fuel bundles in this problem represent 17 x 17 PWR fuel assemblies. The fuel pin lattice is
homogenized, making a cell-weighted mixture 100. Because this problem utilizes a cell-weighted
mixture, which is not applicable in the continuous energy mode, the problem will end with an error
message in the continuous energy mode. The fuel pins consist of 4.35 wt % 2*U having a diameter of
0.823 cm, zirconium cladding having an outer diameter of 0.9627 cm, and a pitch of 1.275 cm. The fuel
bundle is represented as a 10.8375 cm x 10.8375cm x 366 cm cuboid of mixture 100 surrounded by
Boral and then water. The Boral has a density of 2.61 g/cm® and has an initial composed of 50.0 wt %
B,4C and 50.0 wt % Al. The fuel bundles are at a fixed pitch of 13.0 cm. Boral plates surrounding the X
and Y sides of each fuel assembly are 0.1625 cm thick. Full density water is between the Boral plates.

A critical concentration search is performed on the Boral plates searching for a system kg = 0.95.
The Boral plates are at a fixed density of 2.61 gm/cc. As the density of the B,C changes, the density of
the Al changes in the opposite direction maintaining a constant Boral density. There are two entries in the
MORE search data. The first entry, MIX=4 SCNAME=b4c factor=1.0 specifies that the B,C of
mixture 4 is to be altered during the search. The second entry, MIX=4 SCNAME=al factor=—1.0
specifies that aluminum is to be changed in the opposite direction and proportionally to B,C during the
search. Both B,C and Al have the same initial density of 0.5 * 2.61 = 1.305 gm/cc.

=csasb5s
sample problem 7 flux trap between fuel bundles - crit. conc. srch
Vv7-238
read composition
uo2 1 .84 300. 92235 4.35 92238 95.65 end
zr 21 end
h2o 31 end
arbmb4c 2.61 2 0O 1 O 50004 6000 1 4 0.5 300.0 end
al 4 den=2.61 0.5 end
h2o 51.0 end
end composition
read celldata
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latticecell squarepitch pitch=1.275 3 fueld=.823 1
cladd=.9627 2 cellmix=100 end
more data
bal=none
end more
end celldata
read param
far=no gen=203 npg=1000
end param
read geom
global unit 1
cuboid 100 1 4p10.8375 2pl183.0
cuboid 4 1 4p11.0 2p183.0
cuboid 5 1 4p13.0 2p183.0
end geom
read bounds
xfc=mirror yfc=mirror
end bounds
end data
read search
critical concentration kef=0.95

more
alter mix=4 scname=arbmb4c factor=1.0
alter mix=4 scname=al factor=-1.0

-con=-0.9 +con=0.99
end search
end

2.1.4.8 Sample problem 8 ke for a pebble bed fuel

This problem demonstrates setting up a fuel pebble from a pebble bed reactor, and calculating its ke.. The
pebble consists of a fuel grain of UO, 0.025 cm in radius, coated with 0.003 cm of pyrolitic carbon, a
further coat of 0.0035 cm thick silicon carbide, with a final coat of 0.004 cm thick pyrolitic carbon.
15000 grains are packed with graphite into an internal fuel sphere of 2.5 cm radius clad with a 0.5 cm
thick covering of carbon and surrounded by helium. The fuel is 8.2% enriched ?°U. The pebbles are
stacked into an infinite square pitched array with a pitch of 6 cm.

This problem uses DOUBLEHET cell type, which is applicable only in the multigroup mode of KENO
calculations. Therefore, the continuous energy version of this problem will end with an error message.

=csasb parm=(centrm)
infinite array of pebbles on a square pitch
Vv7-238

read composition

* fuel kernel
u-238 1 0 2.12877e-2 293.6 end
u-235 1 0 1.92585e-3 293.6 end

o 1 0 4.64272e-2 293.6 end
" inner pyro carbon

c 3 0 9.52621e-2 293.6 end
" silicon carbide

c 4 0 4.77240e-2 293.6 end

si 4 0 4.77240e-2 293.6 end
" outer pyro carbon

c 5 0 9.52621e-2 293.6 end
" graphite matrix

c 6 0 8.77414e-2 293.6 end
® carbon pebble outer coating

c 7 0 8.77414e-2 293.6 end

he-3 8 0 3.71220e-11 293.6 end
he-4 8 0 2.65156e-5 293.6 end
end composition
read celldata
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doublehet right_bdy=white fuelmix=10 end
gfr=0.025 1 coatt=0.004 3 coatt=0.0035 4 coatt=0.004 5
matrix=6 numpar=15000 end grain
pebble sphsquarep right_bdy=white hpitch=3.0 8 fuelr=2.5 cladr=3.0 7 end
centrm data
ixprt=1 isn=8 nprt=2
end centrm
end celldata
read param
gen=210 npg=1000
end param
read bounds
all=mirror
end bounds
read geom
global unit 1
sphere 10 -
7 -
8

p

sphere

cuboid
end geom
end data
end

12
13
16

wou

.0

2.1.5 Warning and error messages

CSASS contains two types of warning and error messages. Warning messages appear when a possible
error is encountered. It is the responsibility of the user to verify whether the data are correct when a
warning message is encountered. The functional modules activated by CSAS5 sequences will be
executed if no error messages are generated and a warning message has been generated.

When an error is recognized, an error message is written and an error flag is set so the functional modules
will not be activated. The code stops immediately if the error is too severe to allow continuation of input.
However, it will continue to read and check the data if it is able. When the data reading is completed,
execution is terminated if an error flag was set when the data were being processed. If the error flag has
not been set, execution continues. When error messages are present in the output, the user should focus on
the first error message, because subsequent messages may have been caused by the error that generated
the first message.

The following messages originate in the part of CSASS that reads, checks, and prepares data for
KENO V.a and the search module MODIFY.

CS-10 *** ERROR *** CONCENTRATION SEARCH MATERIAL WAS NOT SPECIFIED IN THE
STANDARD COMPOSITION.

This self-explanatory message from subroutine CNCN indicates that the indicated material is not in the
standard composition data. Recheck the standard composition data and the search data, correct the input,
and resubmit the problem.

CS-11 *** ERROR *** CONCENTRATION SEARCH DATA HAS BEEN DESTROYED.
I= ICMND= IPNUM= MIXUR= SCNAME=

This message from subroutine CNCSRH indicates that the search data could not be read properly. This
usually indicates either: search data that is required for the specified search type is missing or search data
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inappropriate for the specified search type is present. Recheck the search data, correct the input, and
resubmit the problem.

CS-16 ***WARNING*** READ FLAG NOT FOUND. ASSUME KENO V PARAMETER DATA
FOLLOWS.

This message from subroutine CPARAM indicates that the word READ is not the first word of
KENO V.a data following the Material Information Processor input data. If parameter data is to be
entered, the code expects the words READ PARAMETERS to precede the parameter input data. If the
word READ is not the first word, the code assumes the data are parameter input data.

CS-21 A UNIT NUMBER WAS ENTERED FOR THE CROSS-SECTION LIBRARY. (LIB= IN
PARAMETER DATA.) THE DEFAULT VALUE SHOULD BE USED IN ORDER TO
UTILIZE THE CROSS SECTIONS GENERATED BY CSAS5. MAKE CERTAIN THE
CORRECT CROSS-SECTION LIBRARY IS BEING USED.

This message is from subroutine CPARAM. It indicates that a value has been entered for the cross-
section library in the KENO V.a parameter data. The cross-section library created by the analytical
sequence should be used. MAKE CERTAIN THAT THE CORRECT CROSS SECTIONS ARE BEING
USED.

CS-50 *** ERROR *** SEARCH COMMAND NUMBER IS UNABLE TO PERFORM A
PITCH SEARCH BECAUSE THE DIMENSIONS OF REGION OF UNIT ARE
NOT EXPLICITLY DEFINED.

This message from subroutine PCHSRH indicates that the specified search command is not valid for the
specified region. An ARRAY or CORE region cannot be altered; nor can a REPLICATE or
REFLECTOR region immediately following an ARRAY or CORE region.

CS-55 *** ERRORS WERE ENCOUNTERED IN PROCESSING THE CSAS-KENO5 DATA.
EXECUTION IS IMPOSSIBLE. ***

This message from subroutine SASSY is printed if errors were found in the KENO V.a input data for
CSASS. If a search is being made, data reading will continue until all the data have been entered or a
fatal error terminates the data reading. When the data reading and checking have been completed, the
problem will terminate without executing. Check the printout to locate the errors responsible for this
message.

CS-62 *** ERROR *** MIXTURE IN THE GEOMETRY WAS NOT CREATED IN THE
STANDARD COMPOSITIONS SPECIFICATION DATA.

This message from subroutine MIXCHK indicates that a mixture specified in the KENO V.a geometry
was not created in the standard composition data.
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CS-68 *** ERROR *** AN INPUT DATA ERROR HAS BEEN ENCOUNTERED IN THE
DATA ENTERED FOR THIS PROBLEM.

This message from the main program, CSASS5, is printed if the subroutine library routine LRDERR
returns a value of “TRUE,” indicating that a reading error has been encountered in the “KENO
PARAMETER” data or the CSAS5 “SEARCH” data. The appropriate data type is printed in the
message. Locate the unnumbered message stating “***** ERROR IN INPUT. CARD IMAGE
PRINTED ON NEXT LINE ****** Correct the data and resubmit the problem.

CS-69 ***ERROR*** MIXTURE IS AN INAPPROPRIATE MIXTURE NUMBER FOR USE
IN THE KENO GEOMETRY DATA BECAUSE IT IS A COMPONENT OF THE CELL-
WEIGHTED MIXTURE CREATED BY XSDRNPM.

This message from subroutine CMXCHK indicates that a mixture that is a component of a cell-weighted
mixture has been used in the KENO V.a geometry data.

CS-70 ***** ERROR ***** SEARCH OR OPTIMIZATION DATA MUST BE ENTERED FOR
CSAS5. NO SEARCH DATA WAS ENTERED.

This message from subroutine RDOPT is self-explanatory. If the user does not desire to run a search,

another sequence such as CSAS5 should be chosen.

CS-71 *** ERROR *** ISNOT A VALID SEARCH TYPE.

This message is from subroutine RDOPT. The allowed search types include PITCH, DIMENSION, and

CONCENTRATION. The first four characters of the search data after the words READ SEARCH must

be PIT, PITC, DIM, DIME, DMSN, CON, or CONC. The data may be misspelled or out of order.

CS-72 *** ERROR *** THE SEARCH TYPE IS INVALID. I=

This message is from subroutine RDOPT. The numerical index, I, should be 1 for an optimum pitch

search, 2 for a dimension search, and 3 for a concentration search. If it is none of these, the search type
has been incorrectly specified or a code error has been introduced.

CS-73 ***** AN END OF FILE WAS ENCOUNTERED BEFORE ALL THE SEARCH DATA WAS
READ.

This self-explanatory message is from subroutine RDOPT. Check the input data to be sure nothing was
omitted or misspelled.
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CS-74 ***** AN END SEARCH FLAG WAS READ BEFORE ALL THE SEARCH DATA WAS
READ.

This self-explanatory message is from subroutine RDOPT. Check the input data for omissions and
correct order.

CS-75 *** ERROR *** READ SEARCH FLAG WAS NOT FOUND. WAS READ
INSTEAD.

This self-explanatory message is from subroutine RDOPT. READ SEARCH was expected but was not
found. Check the input data for omissions and correct order.

CS-76 *** ERROR *** END SEARCH FLAG WAS NOT FOUND. WAS READ INSTEAD.

This self-explanatory message from subroutine RDOPT indicates that an end of file was encountered
when looking for READ SEARCH. Check the input data for omissions, correct order, and spelling.

CS-77 *** ERROR *** AN END OF FILE WAS FOUND WHEN THE READ SEARCH FLAG WAS
EXPECTED.

This self-explanatory message is from subroutine RDOPT. Check the input data for omissions,
correct order, and spelling.

CS-78 *** ERROR *** ISNOT A VALID SEARCH TYPE.

This message is from subroutines SRCHTYP. It indicates that an invalid search type was read. The valid
search names include PITCH, CONCENTRATION, and DIMENSION. Either the data was entered
improperly or a code error has been introduced. A STOP 215 is executed when this message is printed.

CS-80 *** ERROR *** SEARCH DATA HAS BEEN DESTROYED. I= ICMND=
IPNUM= = IGEOM=

This message from subroutines DIMSRH indicates that the search data cannot be interpreted.
This usually indicates either: search data that is required for the specified search type is missing or search
data inappropriate for the specified search type is present. Recheck the search data, correct the input, and
resubmit the problem.

CS-82 *** AN ERROR WAS ENCOUNTERED IN ONE OF THE FUNCTIONAL MODULES.
This message from CSAS5 or MODIFY indicates that an error was encountered during execution of one

of the functional modules such as CRAWDAD, BONAMI, CENTRM, PMC, XSDRNPM, or KENO V .a.
Check the printout to locate and correct the error.
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CS-83 ***** NO FEASIBLE SOLUTION WAS FOUND IN THE SEARCH PACKAGE. EXECUTION
IS TERMINATED.

This message comes from the MODIFY search package, and indicates that it is unable to find a solution
to the problem as presented. This usually occurs when a solution is not within the range specified. For
this case the user must decide what to change to improve the possibility of a solution. Fairly rarely, for an
optimum problem, there may be 2 maximums within the range specified, and the package has found the
wrong one. For this case, the user would tighten the range to be searched to eliminate the unwanted peak.
The package uses least mean square fitted cubic polynomials to make guesses as to where a solution is. If
the Keffectives have too much variance, the polynomials may not be a good representation of the actual
behavior of the system. For this case the user could rerun the problem using more histories per pass to
reduce the variance.

CS-85 *** ERROR *** ALL OF THE ROOTS FOR K= LIE OUTSIDE THE PARAMETER
CONSTRAINTS

This message from MODIFY indicates that the polynomial fit to the Keffectives already calculated only
has solutions for the Keffective asked for outside the parameter constraints specified. Keffectives with
large variances can lead to polynomials which fit the actual behavior of a system poorly. The user could
rerun the case with more histories to reduce the variance, if this is the problem. If the variance is not the
problem, then extending the parameter range, or making some other change to the problem definition to
change the Keffective range will be necessary.

CS-89 *** ERROR *** IS AN INVALID DIMENSION SEARCH COMMAND.

This message from subroutine DMSN indicates that the dimension search data are out of order, a search
command is spelled incorrectly, or the search data are specified incorrectly.

CS-90 *** ERROR *** IS AN INVALID SEARCH PARAMETER.

This message printed from subroutines CNCTYP, DIMTYP, and PCHTYP indicates that a parameter
entered in the search type specification data is not valid. The data could be misspelled or out of order.
Omission of the keyword MORE before entering the individual search commands can cause this error.
CS-91 *** ERROR *** IS AN INVALID CONCENTRATION SEARCH COMMAND.

This message from subroutine CNCN is caused by a misspelled or illegal search command when

attempting to do a concentration search.

CS-94 *** ERROR *** REG= IS AN INVALID SEARCH DATA ENTRY. THE REGION
NUMBER MUST BE GREATER THAN ZERO AND NO LARGER THAN THE NUMBER OF
REGIONS IN THE UNIT.

This message from subroutine DMSN indicates that the region to be altered is incorrectly specified. For
example, if the unit being altered contains five geometry regions, the value specified for REG= can be as
small as 1 and as large as 5.
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CS-95 *** ERROR *** AN ERROR WAS ENCOUNTERED IN THE SEARCH DATA. THE LAST
REGION NUMBER MUST BE AT LEAST AS LARGE AS THE FIRST REGION NUMBER.

CHECK THE SEARCH DATA PRINTED BELOW. keyword UNIT REGIONS
TO PARAMETER=_SEARCH CONSTANTS ARE

This message from subroutine DMSN indicates that the search data specified an invalid region number
for the final region to be altered. Check the printed data and correct as appropriate.

CS-96 *** ERROR *** AN ERROR WAS ENCOUNTERED IN THE SEARCH DATA. THE
REGION NUMBERS MUST BE GREATER THAN ZERO AND NO LARGER THAN THE
NUMBER OF REGIONS IN THE UNIT. CHECK THE SEARCH DATA PRINTED BELOW.
keyword UNIT REGIONS TO PARAMETER= SEARCH
CONSTANTS ARE

This message from subroutine DMSN indicates that one of the specified region numbers is incorrect.
Check the printed data and correct as appropriate.

CS-97 *** ERROR *** NO VALID SEARCH COMMANDS WERE FOUND IN THE DATA.
This message is accompanied by a STOP 235 and is printed from subroutines PCHSRH, CNCSRH, and

DIMSRH. A common cause of this error is the omission of the MORE command before the individual
search commands are entered.

CS-99 *** ERROR *** THIS PROBLEM WILL NOT BE RUN BECAUSE PARM=CHECK WAS
ENTERED IN THE ANALYTICAL SEQUENCE SPECIFICATION.
This message from subroutine CSASS5 indicates that the problem data were read and checked and no

errors were found. To execute the problem, remove the PARM=CHECK or PARM=CHK from the
analytical sequence indicator data entry.

CS-100 *** ERROR *** THIS PROBLEM WILL NOT BE RUN BECAUSE ERRORS WERE
ENCOUNTERED IN THE INPUT DATA.

This message from subroutine CSASS is self-explanatory. Examine the printout to locate the error or
errors in the input data. Correct them and resubmit the problem.
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CS-101 *** ERROR *** THE CONSTRAINTS ARE NOT VALID FOR PARAMETER SET.
—CON= +CON=

This message is printed from either subroutine CNCN or DMSN if the parameter set is invalid. Fora
parameter set to be valid, ~CON must be less than 0.0 and +CON must be greater than 0.0. They can be
explicitly set or calculated using default or provided data.

CS-102 *** ERROR *** THE UNIT CELL SPECIFICATION FOR UNIT IS OUT OF
BOUNDS. CELL NUMBER WAS SPECIFIED. THE SPECIFIED CELL MUST BE
BETWEEN 1 AND THE NUMBER OF CELLS

This self-explanatory message from subroutine DMSN indicates that the unit cell specified is not between
1 and the number of unit cells present in the problem. Recheck the unit cell number specified in the
search data, correct the input, and resubmit the problem.

CS-103 *** ERROR *** THE UNIT CELL SPECIFICATION FOR MIXTURE IS OUT OF
BOUNDS. CELL NUMBER WAS SPECIFIED. THE SPECIFIED CELL MUST BE
BETWEEN 1 AND THE NUMBER OF UNIT CELLS

This self-explanatory message from subroutine CNCN indicates that the unit cell specified for the
indicated mixture is not between 1 and the number of unit cells present in the problem. Recheck the unit
cell number specified in the search data, correct the input, and resubmit the problem.
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2.1.A Additional Example Applications of CSAS5

Several example uses of CSAS5 are shown in this section for a variety of applications. Note that many of
these examples have been provided since the earliest versions of the CSAS sequences and output data
shown may not represent the most current version.

2.1.A.1 Typical Search

EXAMPLE 1. CSAS5S — Determine the optimum pitch for an array of Example 4 fuel assemblies

Consider a 4 x 4 x 1 array of fuel assemblies in a square aluminum cask. Each assembly consists of a
17 x 17 x 1 array of zirconium-clad, 2.35%-enriched UO, fuel pins in a square pitched array. The UO, has a
density of 9.21 g/cc. The pin diameter is 0.8 cm and is 366 cm long. The clad is 0.07 cm thick, and the
pitch is 1.3 cm. Each fuel bundle is contained in a 0.65-cm-thick Boral sheath. The bundles are separated
by an edge-to-edge spacing of 1 cm. The array of bundles is centered in a 10-cm-thick aluminum cask whose
inside dimensions are 0.5 cm beyond the outer edges of the fuel bundles. Search for the assembly spacing that
yields the maximum value of k.. Because the spacing between the assemblies is to be altered, the last
region of unit 2 will be altered. In order to do this, the fuel assembly shroud cannot be defined as a
replicate, because the code does not know the size of the array until later. In order to perform a pitch or
dimension search, the code calculates the distance between the outermost region of the unit and the region
interior to it. Therefore, the fuel assembly gap must be defined as a cuboid, and the water gap between
assemblies can be entered as either a cuboid or a replicate. This search has been defined as an optimum
dimension search. The input data for this problem follow.

=CSAS5S

SAMPLE FUEL CASK EXAMPLE

V7-238

READ COMP

U02 1 DEN=9.21 1.0 293. 92235 2.35 92238 97.65 END
ZR 2 1 END

H20 3 1 END

B4C 4 0.367 END

AL 4 0.636 END

AL 5 1 END

END COMP

READ CELLDATA

LATTICECELL SQUAREPITCH PITCH=1.3 3 FUELD=0.8 1 CLADD=0.94 2 END
END CELLDATA

READ PARAM TME=6.0 NUB=YES FAR=YES GEN=103

END PARAM

READ GEOM UNIT 1 COM="FUEL PIN*

CYLINDER 1 1 0.4 2P183.0 CYLINDER 2 1 0.47 2P183.07
CUBOID 3 1 4P0.65 2P183.07

UNIT 2

COM="FUEL ASSEMBLY*"

ARRAY 1 2R-11.05 -183.07 CUBOID 4 1 4P11.7 2P183.72
REPLICATE 3 1 6*0.5 1

GLOBAL UNIT 3

COM="FUEL CASK CONTAINING 4X4 ARRAY OF ASSEMBLIES*®
ARRAY 2 2R-48.8 -184.22

REPLICATE 5 1 6R10.0 1

END GEOM

READ ARRAY ARA=1 NUX=17 NUY=17 NUZ=1 FILL F1 END FILL
ARA=2 NUX=4 NUY=4 NUZ=1 FILL F2 END FILL

END ARRAY

END DATA

READ SEARCH OPTIMUM DIMENSION MORE

ALTER UNIT=2 REG=3 +X=1 -X=1 +Y=1 -Y=1
+CON=0.204918 -CON= -0.0409836

END SEARCH

END
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An alternative method of entering the search data for this problem is to define the search as an optimum pitch
search and require that the spacing of the fuel pin cells remain unchanged. Because a pitch search is
always conducted at the lowest array level, in this case the spacing between the pins in the fuel assembly
(the outer region of unit 1), it is necessary to countermand the automatic alteration of the outer region of unit 1
by entering the KEEP command. Search constants must be entered for the X and Y faces to instruct the
code to KEEP those dimensions unchanged. It is easier to use the keyword ALL, which applies the KEEP
command to all of the faces since the optimum pitch search would have changed only the X and Y faces
leaving the Z faces unchanged. The ALTER command must then be entered to instruct the search to alter
the spacing between the fuel assemblies (region 3 of unit2). Only the X and Y dimensions are to be altered;
so the search constants are entered individually for those dimensions. It is acceptable to enter ALL=1
+7=0 —Z=0 rather than +X=1 —X=1 +Y=1 —Y=1. It is not necessary to enter the constraints for an
optimum pitch search (+CON= and —CON=). They were entered in this case to ensure that the alternative
data more nearly duplicate the optimum dimension search data from the previous example. These
alternative search data are:

READ SEARCH OPTIMUM PITCH MORE
KEEP UNIT=1 REG=3 ALL=1

ALTER UNIT=2 REG=3 +X=1 -X=1 +Y=1 -Y=1 END
SEARCH

2.1.A.2 Auxiliary search commands

Auxiliary search commands are entered ONLY if the word MORE was entered in the search type
specification data. These data are used to define the method the search will use to alter the pitch, geometry or
concentration data and to set the constraints for the parameter search. The auxiliary search commands
consist of (1) INDIVIDUAL SEARCH COMMANDS and (2) SEARCH PARAMETER CONSTRAINTS.

EXAMPLE 1

Consider an example in which region 2 of unit1 is a cuboid and all of the dimensions of the
cuboid are to be altered. The search data could be entered as:

ALTER UNIT=1 REG=2 ALL=1.0
or
ALTER UNIT=1 REG=2 +X=1.0 —X=1.0 +Y=1.0 —Y=1.0 +Z=1.0 —Z=1.0
Because all of the search constants are nonzero, all of the dimensions will be changed. Because
the search constants are identical, the original relationship between the dimensions will be preserved as

they are altered.

For example, if region 2 of unit 1 is a cylinder and if all the dimensions of the cylinder are to be
altered, and if unit 1 is tied to unit cell 1 the search data could be entered as:

ALTER UNIT=1 REG=2 ALL=1.0 CELL=1

or

ALTER UNIT=1 REG=2 RADIUS=1.0 +H=1.0 ?H=1.0 CELL=1
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Because all of the search constants are nonzero, all of the dimensions will be changed. Because the
search constants are identical, the original relationship between the dimensions will be preserved as they
are altered. If the original height-to-diameter ratio is 1.5, that ratio will be preserved throughout the search
only if the search constants for the radius and + and — height are identical.

Search constants can be entered sequentially with each new entry overriding only identical previous entries.
For example, if region 2 of unit 1 is a cuboid and if all of the dimensions except the —Z dimension are to be
altered, the search data could be entered as:

ALTER UNIT=1 REG=2 +X=1.0 -X=1.0 +Y=1.0 -Y=1.0 +Z=1.0

or

ALTER UNIT=1 REG=2 ALL=1.0 -Z=0.0

In the second example, all of the search constants corresponding to the cuboid’s dimensions are set to 1.0 by
using the ALL= command. This includes the —Z dimension. To reset the search constant for the
—Z dimension to zero, —Z=0.0 is added following the ALL=1.0 command. If the search commands are
reversed, —Z=0.0 ALL=1.0, the —Z dimension will also be altered because the —Z portion of the ALL=
command will override the previously entered —Z=0.0 command.

EXAMPLE 2

A search command must be entered for each unit and region specification. Consider a problem having units 1,
2, and 3. Unit 1 consists of three concentric spheres in a cuboid. Unit 2 consists of a single sphere in a
cuboid, and unit 3 contains three concentric cuboids. A search is to be made that changes the inner sphere
and outer cuboid of unit 1, and the sphere and cuboid of unit 2, and the exterior cuboid of unit3. The
thicknesses of the outer spheres of unit 1 are to be maintained, and the two inner cuboids of unit 3 are to
remain unchanged. The search data for this problem can be entered as follows:

ALTER UNIT=1 REG=1 ALL=1.0

ALTER UNIT=1 REG=4 ALL=1.0 MAINTAIN UNIT=1
REG=2 TO 3 ALL=1.0 ALTER UNIT=2 REG=1 TO 2
ALL=1.0 ALTER UNIT=3 REG=3 ALL=1.0

2.1.A.3 Search constraints for dimension or pitch searches

SEARCH PARAMETER CONSTRAINTS set the parameter limits for the search. The minimum
constraint is the minimum value of the parameter allowed in the search. The maximum constraint is the
maximum value of the parameter allowed in the search. The initial geometry configuration corresponds
to a parameter value of 0.0. A physical limit occurs when the value of the parameter causes geometry
intersections. Constraints should be entered for a DIMENSION search. Only one set of constraints
(i.e., min and max) are allowed per problem. These constraints apply to all the dimensions that are being
altered.

For a DIMENSION search, the constraints are given by Egs. (2.1.1) and (2.1.2):
Crin = (Dmin /D; ) — 1.0)/SC , (2.1.1)
Crax = (D /D; ) — 1.0)/SC (2.1.2)

where
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Cmin
Cmax

Dmin

Dmax

Di

SC

For example,

is the minimum constraint for the search

is the maximum constraint for the search

is the minimum allowed dimension for the search [For a chord, Dmi, = (Radiusy, +
Chordin )/ 2 Radius ] min

is the maximum allowed dimension for the search [For a chord, Dmw = (Radiusme +
Chordpmax )/ 2 Radiusay]

is the initial dimension [For a chord, D; = (RadiuSiitia + Chordinitia )/2 RadiuSinitia]
is the search constant for that dimension (i.e., +X, —X, RADIUS, etc.)

the initial radius of a sphere is 6 cm, and a search is to be conducted to determine the radius

at which the sphere is critical. The minimum radius the user wishes to allow is 3 cm, and the maximum

radius to be

allowed is 9cm. A nonzero search constant must be entered to cause the radius to be

changed. A search constant of 1.0, will be used for the radius (RADIUS=1.0). The constraints calculated
from Egs. (2.1.1) and (2.1.2) are:

Cumin = ((3.0/6.0)-1.0)/1.0=—0.5

Cmax

= ((9.0/6.0)-1.0)/1.0= 0.5

The constraints would be entered in the problem by entering the following data:

-CON=-0.5 +CON=0.5

For a PITCH search, the minimum constraint defines the limit for shrinking the system, and the maximum
constraint defines the limit for expanding the system:

where
Cmin
Cmax

D.

i= number of faces
C...—MAXI[D,, D_] for shrinking ,

i=1

i= number of faces
C.,.x —MIN[D,, D ] for expanding ,

i=1

is the minimum constraint,
is the maximum constraint,
are face constraints for the positive dimensions,

are face constraints for the negative dimensions.
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Face constraints must be calculated for each face using Egs. (2.1.3) and (2.1.4):

where

Xd+

SC.

SC-

del,

del_

D - (X4 —X.,)(SC, x del, SC_ x del_) (2.13)
T (X=X )(SC, 2 xdel,) o
D - (X4 — X )(SC, x del,SC_ x del.)

i (X, = X;_)(SC_**2 x del_)

, (2.1.4)

is the desired limit of the positive dimension of the spacing cuboid in that direction (positive
dimension of X, Y, or Z, whichever dimension is under consideration)

is the initial positive dimension of the spacing cuboid in that direction (positive dimension
of X, Y, or Z, whichever dimension is under consideration)

is the desired limit of the negative dimension of the spacing cuboid in that direction
(negative dimension of X, Y, or Z, whichever dimension is under consideration)

is the initial negative dimension of the spacing cuboid in that direction (negative
dimension of X, Y, or Z, whichever dimension is under consideration)

is the search constant for the positive dimension of the spacing cuboid in that direction
(positive dimension of X, Y, or Z, whichever dimension is under consideration)

is the search constant for the negative dimension of the spacing cuboid in that direction
(negative dimension of X, Y, or Z, whichever dimension is under consideration)

NOTE: Using a search constant of 1.0 simplifies the determination of C..x and C.;, when the
dimensions are to change proportionately.

is the initial distance from the spacing cuboid to the closest interior region in the positive
direction (positive dimension of X, Y, or Z, whichever dimension is under consideration)

is the initial distance from the spacing cuboid to the closest interior region in the negative
direction (negative dimension of X, Y, or Z, whichever dimension is under consideration)

The search parameter constraints are entered using the following keywords:

—CON=pp

+CON-=rr

is used to set the minimum constraint for the current parameter. The value of pp is defaulted to
—10E10 for a dimension search. The value of pp is defaulted to a value that allows geometry
regions to touch for a pitch search unless a value was entered for MINPITCH, in which case
the parameter corresponding to that pitch is calculated and used.

is used to set the maximum constraint for the current parameter. The value of rr is defaulted to
+10E10 for a dimension search and to —5 x pp for a pitch search.
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NOTE: A search will reset a constraint (entered using the keyword +CON= or —CON=) that
falls outside the default range to the default value. If a PITCH search is specified and
if a value has been entered for MAXPITCH and/or MINPITCH, values should not be
entered for the constraints. If values are entered for +CON= and/or —CON= for a
PITCH search and if MAXPITCH and/or MINPITCH were specified in the optional
search parameters, the maximum and minimum constraints will be set to the values
corresponding to MAXPITCH and MINPITCH, even though the value of
MINPITCH may result in an intersection.

2.1.A.3.1.1 Individual concentration search commands

An INDIVIDUAL SEARCH COMMAND for a concentration search consists of (1) a command
definition, (2) the mixture number of the mixture to be altered, (3) the name of the standard composition to be
altered, (4) a search constant, and (5) a unit cell containing the mixture. A series of individual search
commands can be entered to govern the search process. A new search command is initiated whenever a
command definition, item (1) above, is encountered.

The COMMAND DEFINITION defines the action to be taken for the specified mixture and standard
composition component. ALTER, CHANGE, or MODIFY are used to cause the concentration (number
densities) of the specified standard composition in the specified mixture to be modified.

ALTER The commands to the left are command definitions, item (1) above. These commands
CHANGE instruct the code to modify the specified concentration data.
MODIFY

The MIXTURE NUMBER, item (2) above, defines the mixture that contains the standard composition
whose concentration is to be varied during the search. The keyword MIX= is entered, followed by the
mixture number, nn.

MIX=nn is used to define the mixture number associated with the component that is to be changed.
The keyword MIX=is entered, followed by the mixture number, nn. There is no default
value of nn.

The STANDARD COMPOSITION NAME, item (3) above, defines the standard composition whose
concentration will be changed in the defined mixture. Only standard compositions listed in the Standard
Composition Library chapter can be entered.

SCNAME=mm is used to specify the standard composition name of the component that is to be altered.
The keyword SCNAME-= is entered, followed by the mixture number, mm. There is no
default value for mm.

NOTE: If the standard composition component name specified in the Material Information Data
(tem1 of the Standard Composition Specification Data) is a solution, for example,
SOLNUO2(NO3)2, and the Concentration Search Data specifies SCNAME=UO2(NO3)2,
the amount of UO2(NO3)2 in the solution will be altered, but the amount of water and nitric
acid will not be changed. Thus, the resultant mixture may no longer meet the criteria
associated with the SOLN specification.
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The SEARCH CONSTANT for a concentration search, item (4) above, is a proportional factor that
applies to the standard composition being altered. The keyword FACTOR= followed by a proportionality
search constant is used to specify the search constant for a concentration search.

FACTOR=pc is used to specify the search constant. The keyword FACTOR= is entered, followed by the
value of the search constant or proportionality factor, pc.

The UNIT CELL NUMBER, item (5) above, defines the unit cell containing the mixture to be varied during
the search. The keyword CELL= is entered, followed by the unit cell number, mm.

CELL=mm is used to link mixture nn to unit cell mm. The keyword CELL= is entered, followed by the
unit cell number, mm. The code defaults the cell number to the unit cell containing the
mixture specified using MIX=.

ENTERING AUXILIARY SEARCH COMMANDS IN THE CONCENTRATION SEARCH DATA

EXAMPLE 1

Consider an example in which the density of water is to be varied and is contained in unit cell 2.
Full density water, mixture 1, was specified in the standard composition specification data as: H20 1
END The auxiliary search data could be entered as follows:

ALTER MIX=1 SCNAME=H20 FACTOR=1.0 CELL=2
or

ALTER MIX=1 SCNA=H20 FAC=1.0 CE=2

or
ALTER M=1  S=H20 F=1.0 c=2
Note that terse input allows truncation of the keywords.

EXAMPLE 2

Consider an example in which the density of UO,F,, is to be varied in mixture 2 contained in unit cell 4, a
uranyl fluoride solution. The uranyl fluoride solution was specified as:

SOLNUO2F2 2 300 0 1 293 92235 5 92238 95 END

The auxiliary search data could be entered as follows:

ALTER MIX=2 SCNAME=UO2F2 FACTOR=1 CELL=4

or

ALTER M=2 S=U02F2 F=1 C=4
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The terse input option allows truncation of the keywords.

2.1.A.4 Search constraints for concentration searches

A SEARCH PARAMETER CONSTRAINT for concentration searches sets the parameter limits for the
search. The minimum constraint is the minimum value of the parameter allowed in the search. The
maximum constraint is the maximum value of the parameter allowed in the search. The initial
concentration corresponds to a parameter value of 0.0. A physical limit occurs when the value of the parameter
causes the density of the specified standard composition to become negative. The search can produce an
unrealistically high density. Users should manually eliminate those results or set constraints to avoid
them. Only one set of constraints (i.e., min and max) are allowed per problem. These constraints apply to
all the standard compositions that are being altered.

For a CONCENTRATION search, the constraints are given by Egs. (2.1.5) and (2.1.6). The maximum
constraint must be larger than the minimum constraint.

Crin {(—D[;““ j—l]/ FACTOR , (2.1.5)
cmaxz[( D[r)naXJ_]_J/ FACTOR , (2.1.6)
where

Cuin is the minimum constraint for the search,

Cax is the maximum constraint for the search,

Dumin is the minimum allowed density for the specified standard composition,

D max is the maximum allowed density for the specified standard composition,

D; is the initial density of the specified standard composition,

FACTOR is the search constant for the standard composition that is being varied.
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Default search constraints are calculated if +CON and —CON are not entered. The default concentration
search constraints are calculated as follows:

CON min(1/FACTOR), if any FACTOR <0
+ = ,
—~Sx(~CON), if all FACTOR >0

CON -S(+CON), if all FACTOR <0
~ | max(~L/FACTOR), if any FACTOR >0

2.1.A.5 Search considerations

DIMENSION, PITCH, and CONCENTRATION searches can be performed using CSASS5S.
A DIMENSION search alters only those regions specified in the search data. A PITCH search alters the
center-to-center spacing of units in an array and any other dimensions specified in the auxiliary data.
A CONCENTRATION search alters the density of the standard compositions in the mixtures specified.

By default a pitch search is performed at the lowest array level and changes the spacing in either the
X dimension for a slab, the X and Y dimensions for an array of cylinders, or the X, Y and Z dimensions for an
array of spheres. For example, if an array of fuel assemblies is described in the geometry, the lowest array level is
the array of fuel pins comprising an assembly. Therefore, an optimum pitch search would alter the
spacing between the fuel pins within the assembly. The spacing can be expanded until the array intersects the
first region external to it. The exterior size of the fuel pin array would grow or shrink within the confines of
the exterior region (fuel assembly shroud). If the external regions are described using replicate regions,
the array can grow or shrink within the confines of the maximum and minimum constraints.

If replicate regions are used outside an altered region or an array whose spacing units are altered, the
dimensions of the replicate regions are recalculated (maintaining the thickness) at each search pass
without having to enter search data for those regions. However, geometry regions specified by a geometry
shape (sphere, cuboid, cylinder, etc.) that exist outside an altered region or an array whose spacing units
are being altered will remain unchanged unless search data are provided for them. In other words, REPLICATE
regions will grow and shrink in response to changes in the dimensions of the interior region, but other
geometry shapes will not.

Some of the limitations applicable to a pitch or dimension search are:

1. A pitch search is performed only at the lowest array level unless search commands are entered to keep the
lowest array level unit unchanged and other commands are entered to cause other units to be altered.

2. A pitch search alters the spacing in either the X dimension for a slab, the X and Y dimensions for an array
of cylinders, or the X Y and Z dimensions for an array of spheres. Entering a search constant of zero for
+X, X, +Y, —Y, +Z, and/or —Z will keep the corresponding dimension from being altered.

3. A pitch search alters only the outer region of the unit(s) used in the array at the lowest array level unless the
search data specifying otherwise is input.

4. A search cannot alter a region whose boundaries are set by the code (i.e., an ARRAY, CORE BOUNDARY,
or REPLICATE following an ARRAY). If the dimensions of a replicate region are to be altered, the
dimensions of the region interior to it must be explicitly defined. For example, the interior region can be a
standard geometry shape (sphere, cylinder, cuboid, etc.), but cannot be a replicate following an array or core
boundary.
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5. All searches allow auxiliary search data.

Concentration searches can also be performed using CSAS5S. A concentration search alters only those
standard compositions specified in the search data. Care must be taken when searching on standard
compositions beginning with SOLN, ATOM, WTPT, or ARBM (predecessor to ATOM and WTPT in
earlier SCALE versions). One or more of their components can be altered but this will not directly affect
the other components. For example, if the standard composition component name specified in the
material information data is SOLN (SOLNUOZ2F2) and the concentration search data specifies
SCNAME=UO2F2, the amount of uranyl fluoride salt, UO2F2, in the solution will be altered, but the
amount of water and hydrofluoric acid in the solution will remain unchanged. Therefore, the resultant
mixture may no longer meet the criteria for a solution (SOLN) specification.

Physically, the concentration can vary from zero to some upper limit. The code will prevent the
concentration from falling below zero, but the user is responsible for setting constraints that prevent the
concentration from exceeding reasonable values. The theoretical density is a reasonable upper limit.

2.1.A.6 Optimum pitch search

An optimum pitch search searches for the pitch that yields the highest value of k. An optimum pitch
search is activated by entering “OPTIMUM PITCH” in the search data. By default, the search is
performed at the lowest array level and only the spacing in the X-direction for slabs, the X and
Y-directions for cylindrical arrays, and the X, Y, and Z-directions for spherical arrays. The search
constants are defaulted to 1.0 for the applicable +X, —X, +Y, =Y, +Z, and —Z dimensions of the outermost
region. The dimensions of other geometry regions will not be changed (their search constants are
defaulted to 0.0) unless additional search data containing appropriate instructions are supplied.

The limits for an optimum pitch search can be set using either the MAXPITCH= and MINPITCH=
options in the optional search parameters or the +CON= and —CON= options in the search parameter
constraints of the auxiliary search commands. MAXPITCH= and MINPITCH= are used to enter a value
of the maximum allowed pitch and minimum allowed pitch respectively. +CON= and —CON= are used
to enter values for the parameter constraints (i.e., the maximum and minimum allowed value of the search
parameter). Typically, it is easier to set the maximum allowed pitch and minimum allowed pitch using
MAXPITCH= and MINPITCH= than it is to calculate the value of the parameter corresponding to those
pitches. The default minimum constraint corresponds to MINPITCH, the pitch at which the largest
interior region of a unit used in the array is in contact with the spacing cuboid of that unit. The maximum
constraint is defaulted to —5 times the minimum constraint. In the first search pass, the code calculates ke
for the initial problem geometry. The next two passes calculate the kg for the dimensions corresponding
to the minimum constraint and maximum constraint. Subsequent passes fit the previous results to a cubic
equation to select new dimensions.

Consider a 10 x 10 x 10 array of uranium spheres surrounded by water having a “square” pitch. The
uranium spheres are 2 cm in radius, and the center-to-center spacing is 8 cm. The uranium spheres and
their associated spacing are defined to be unit 1, and the 10 x 10 x 10 array is defined to be array 1.
Search data and results for some optimum pitch searches using this example are given in inputs 1 through
6 below.

Default Search — Array of Centered Spheres

This problem contains search data for a default optimum pitch search. The problem consists of a
10 x 10 x 10 array of uranium spheres surrounded by low density water. The spheres are 90% **U and
10% **®U and have a radius of 2.0 cm. The spheres are originally centered on an 8.0 cm X, Y, and Z pitch
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with interstitial low density (0.01 gm/cc) water. The problem searches for the pitch that will produce the
maximum K for the system.

=CSAS5S

10x10x10 ARRAY DEFAULT PITCH SEARCH

V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 0.01 300.0 END

END COMP

READ CELLDATA

LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1

SPHERE 1 1 2.0

CUBOID 2 1 6P4.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY

END DATA

READ SEARCH OPTIMUM PITCH END SEARCH

END

This data will cause the code to alter the +X, —X, +Y, —Y, +Z, and —Z dimensions of the outer region of
unit 1 and search for the dimensions that give the maximum k. Because the next to last outer dimension
of the unit contained in the array are spheres, all six dimensions are altered. The original relationship
between the dimensions is preserved (i.e., the original ratio of the X to Y to Z dimensions of the cuboid is
preserved throughout the search). Because this is an optimum pitch search, the sphere dimensions will not be
changed. For this particular example, results for six passes are given. A final search results for the
problem follow:

search pass 1 keff= 5.05769E-01 + or - 1.10681E-03
the parameter was 0.00000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 1.28382E+00 + or - 1.70155E-03
the parameter was -5.00000E-01
***** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 2.58700E-01 + or - 8.16664E-04
the parameter was 2.50000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 2.86712E-01 + or - 8.92672E-04
the parameter was 1.25000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 5 keff= 2.66952E-01 + or - 8.42503E-04
the parameter was 1.96018E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 6 keff= 2.63611E-01 + or - 7.74438E-04
the parameter was 2.16471E+00
1 10x10x10 array default pitch search

convergence was achieved on pass 2 the parameter was -5.00000E-0
the equation used in the search was:

k-eff = +6.69365E-01 -7.39837E-01*p +4.33577E-01*p**2 -8.22064E-02*p**3

k-effective= 1.28382E+00 + or - 1.70155E-03 the corresponding geometry follows;
media bias geometry description for those units utilized in this problem
region num id
————— unit 1 -————
1 sphere 1 1 radius = 2.0000 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).
2 cuboid 2 1 +x = 2.0000 -x = -2.0000 +y = 2.0000 -y = -2.0000 +z = 2.0000 -z = -2.0000
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Default Search — Array of Off-Centered Spheres

This is the same problem as described above except the spheres are now off-centered in the X and
Y dimensions. The input data and the final search results for this problem follow:

=CSAS5S

10x10x10 ARRAY DEFAULT PITCH SEARCH- OFFSET
V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 0.01 300.0 END

END COMP

READ CELLDATA

LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1

SPHERE 1 1 2.0

cuBoID 2 16.0-2.0 3.0 -5.0 4.0 -4.0

END GEOMETRY

READ ARRAY
ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY
END DATA
READ SEARCH OPTIMUM PITCH END SEARCH
END
search pass 1 keff= 5.06585E-01 + or - 1.12636E-03
the parameter was 0.00000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 1.28382E+00 + or - 1.70155E-03
the parameter was -5.00000E-01
***** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 2.58916E-01 + or - 8.16022E-04
the parameter was 2.50000E+00
*x*** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 2.87506E-01 + or - 8.38203E-04
the parameter was 1.25000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 5 keff= 2.67987E-01 + or - 8.48127E-04
the parameter was 1.95962E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 6 keff= 2.64640E-01 + or - 7.99055E-04
the parameter was 2.15903E+00
10x10x10 array default pitch search - offset
convergence was achieved on pass 2 the parameter was -5.00000E-01
the equation used in the search was:
k-eff = +6.69265E-01 -7.40343E-01*p +4.35409E-01*p**2 -8.28404E-02*p**3
k-effective= 1.28382E+00 + or - 1.70155E-03 the corresponding geometry follows;
media bias geometry description for those units utilized in this problem

region num id
————— unit 1 —-———
1 sphere 1 1 radius = 2.0000 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).
2 cuboid 2 1 +x = 2.0000 -x = -2.0000 +y = 2.0000 -y = -2.0000 +z = 2.000 -z = -2.0000

Array of Centered Spheres — Constant Z Spacing

This is the same problem as the first problem described above except the array does not change in the
Z dimensions. This is done by using MORE and specifying a KEEP command. The input data and the final
search results for this problem follow:

=CSAS5S
10x10x10 ARRAY DEFAULT PITCH SEARCH - CHANGE IN X & Y ONLY
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V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 0.01 300.0 END

END COMP

READ CELLDATA

LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1

SPHERE 1 1 2.0

CUBOID 2 1 6p4.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY

END DATA

READ SEARCH OPTIMUM PITCH MORE

KEEP UNIT=1 REG=2 +7Z=1.0 -Z=1.0

END SEARCH

END

search pass 1 keff= 5.05769E-01 + or - 1.10681E-03
the parameter was 0.00000E+00
*x*** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 9.06304E-01 + or - 1.57239E-03
the parameter was -5.00000E-01
*****x modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 2.82956E-01 + or - 8.20501E-04
the parameter was 2.50000E+00
*x*** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 3.19086E-01 + or - 9.27655E-04
the parameter was 1.25000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 5 keff= 2.94889E-01 + or - 8.49552E-04
the parameter was 1.91631E+00
10x10x10 array default pitch search - change in x & y only

convergence was achieved on pass 2 the parameter was -5.00000E-01
the equation used in the search was:

k-eff = +5.70750E-01 -4.42912E-01*p +2.39464E-01*p**2 -4_.35513E-02*p**3

k-effective= 9.06304E-01 + or - 1.57239E-03 the corresponding geometry follows
media bias geometry description for those units utilized in this problem
region num id
————— unit 1 -———
1 sphere 1 1 radius = 2.0000 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).
2 cuboid 2 1 +x = 2.0000 -x = -2.000 +y = 2.0000 -y = -2.0000 +z = 4.0000 -z = -4.0000

Default Search — Array of Centered Cylinders

This problem contains search data for a default optimum pitch search. The problem consists of a
10 x 10 x 10 array of uranium cylinders surrounded by low density water. The cylinders are 90% %*°U
and 10% *®U and have a radius of 2.0 cm and a length of 20 cm. The cylinders are originally centered on
an 8.0cm X and Y pitch and a 24 cm Z pitch with interstitial low density (0.01 gm/cc) water. The
problem searches for the pitch that will produce the maximum ke for the system. Because this is an array
of cylinders, by default only the X and Y dimensions are modified during the search. The input data and
the final search results for this problem follow:

=CSAS5S

10x10x10 ARRAY DEFAULT PITCH SEARCH - CHANGE IN X & Y ONLY
V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
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H20 2 0.01 300.0 END

END COMP

READ CELLDATA

LATTICECELL SQUAREPITCH PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1

CYLINDER 1 1 2.0 10.0 -10.0

CUBOID 2 1 4p4.0 2pl2.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY

END DATA

READ SEARCH OPTIMUM PITCH

END SEARCH

END

search pass 1 keff= 1.09882E+00 + or - 1.75627E-03
the parameter was 0.00000E+00
*****x modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 1.66591E+00 + or - 1.93770E-03
the parameter was -5.00000E-01
***** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 5.08235E-01 + or - 1.28586E-03
the parameter was 2.50000E+00
*x*** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 6.33884E-01 + or - 1.28582E-03
the parameter was 1.25000E+00
10x10x10 array default pitch search - change in x & y only

convergence was achieved on pass 2 the parameter was -5.00000E-01
the equation used in the search was:

k-eff = +1.09882E+00 -8.48276E-01*p +5.17313E-01*p**2 -1.08998E-01*p**3

k-effective= 1.66591E+00 + or - 1.93770E-03 the corresponding geometry follows;
media bias geometry description for those units utilized in this problem
regio num id
————— unit 1 -———
1 cylinder 1 1 vradius = 2.0000 +z = 10.000 -z = -10.000 centerline is at x = 0.000 y = 0.000
2 cuboid 2 1 +x = 2.0000 -x = -2.0000 +y = 2.0000 -y = -2.0000 +z = 12.000 -z = -12.000

Array of Centered Cylinders — Search Extended to Z Dimension

This is the same problem as given above except the search has been extended to include the Z dimension.
The input data causes the code to alter the +X, —X, +Y, —Y, +Z, and —Z dimensions of the outer region of unit 1
and search for the dimensions that give the maximum k. The +Z and —Z search constants were chosen to
maintain the same spacing between cylinder surfaces in the X, Y and Z dimensions throughout the search.
Because this is an optimum pitch search, the cylinder dimensions will not be changed. The input data and the
final search results for this problem follow:

=CSAS5S

10x10x10 ARRAY DEFAULT PITCH SEARCH - CHANGE IN X, Y, Z
V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END

H20 2 0.01 300.0 END

END COMP

READ CELLDATA

LATTICECELL SQUAREPITCH PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1
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CYLINDER 1 1 2.0 10.0 -10.0

CUBOID 2 1 4p4.0 2pl2.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY

END DATA

READ SEARCH OPTIMUM PITCH MORE

ALTER UNIT=1 REG=2 +Z=0.33333 -Z=0.33333
END SEARCH

END

search pass 1 keff= 1.09882E+00 + or - 1.75627E-03
the parameter was 0.00000E+00

***** modified keno v data has been rewritten on unit 95 *****

search pass 2 keff= 1.77881E+00 + or - 1.79505E-03
the parameter was -5.00000E-01

***** modified keno v data has been rewritten on unit 95 *****

search pass 3 keff= 4.54894E-01 + or - 1.09005E-03
the parameter was 2.50000E+00

***** modified keno v data has been rewritten on unit 95 *****

search pass 4 keff= 5.70747E-01 + or - 1.32088E-03
the parameter was 1.25000E+00
10x10x10 array default pitch search - change in X, Y, z

convergence was achieved on pass 2 the parameter was -5.00000E-01
the equation used in the search was:

k-eff = +1.09882E+00 -1.00799E+00*p +6.36691E-01*p**2 -1.34609E-01*p**3

k-effective= 1.77881E+00 + or - 1.79505E-03 the corresponding geometry follows;
media bias geometry description for those units utilized in this problem
region num id
----- unit 1 —-———
1 cylinder 1 1 radius = 2.0000 +z = 10.000 -z = -10.000 centerline is at x = 0.000 y = 0.000
2 cuboid 2 1 +x =2.0000 -x = -2.0000 +y = 2.0000 -y = -2.0000 +z = 10.000 -z = -10.000

2.1.A.7 Minimum pitch search

A minimum pitch search searches for the pitch that yields the lowest value of k. A minimum pitch
search is activated by entering “MINIMUM PITCH” in the search data. By default, the search is performed
at the lowest array level and only the spacing in the X-direction for slabs, the X and Y directions for cylindrical
arrays, and the X, Y, and Z directions for spherical arrays. The search constants are defaulted to 1.0 for the
applicable +X, —X, +Y, —Y, +Z, and —Z dimensions of the outermost region. The dimensions of other
geometry regions will not be changed (their search constants are defaulted to 0.0) unless additional search data
containing appropriate instructions are supplied.

The limits for a minimum pitch search are the same as an optimum pitch search as described in the
previous section.

Array of Centered Uranium Slabs

Consider a 10 x 1 x 1 array of uranium metal slabs. The uranium slabs are 2cm in thick in the
X dimension and 200 cm thick in the Y and Z dimensions. On each side of the uranium slab in the X dimension is
1 cm of H,0, then 1 cm of Boral, then 1 cm of H,O resulting in an initial center-to-center spacing is 8.0 cm.
The slabs are 90% U and 10% 2**U, the water is full density, and the Boral is 36.7% B,C. The uranium slabs
and their associated materials are defined to be unitl1, and the 10 x 1 x 1 array is defined to be array 1.
A minimum pitch of 6.01 cm is specified, MINPITCH=6.01, and a maximum pitch of 14.0 cm is specified,
MAXPITCH=14.0. The input data and the final search results for this problem follow:

=CSAS5S
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10x1x1 ARRAY DEFAULT PITCH SEARCH - SLAB

V7-238
READ COMP
URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 21.0 300.0 END
B4C 3 0.367 300.0 END
Al 3 0.633 300.0 END
H20 4 1.0 300.0 END
END COMP
READ CELLDATA
LATTICECELL SYMMSLABCELL PITCH=8.0 4 FUELD=2.0 1
CLADD=6.01 3 GAPD=4.0 2 END
END CELLDATA
READ GEOMETRY
UNIT 1
CuBOID 111.0 -1.0 4P100.0
CuBOID 21 2.0 -2.0 4pl00.0
CuBOID 3 1 3.0 -3.0 4P100.0
CuBOID 4 1 4.0 -4.0 4P100.0
END GEOMETRY
READ ARRAY
ARA=1 NUX=10 NUY=1 NUZ=1 FILL F1 END FILL
END ARRAY
END DATA
READ SEARCH MINIMUM PITCH
MINPITCH=6.0 MAXPITCH=14.0
END SEARCH
END
search pass 1 keff= 1.13755E+00 + or - 1.50108E-03

the parameter was 0.00000E+00

***** modified keno v data has been rewritten on unit 95 *****

search pass 2 keff= 1.43116E+00 + or - 1.57018E-03

the parameter was -2.50000E-01

***** modified keno v data has been rewritten on unit 95 *****

search pass 3 keff= 8.04815E-01 + or - 1.47600E-03

the parameter was 7.50000E-01

***** modified keno v data has been rewritten on unit 95 *****

search pass 4 keff= 9.05346E-01 + or - 1.47107E-03

the parameter was 3.75000E-01

10x1x1 array default pitch search - slab

convergence was achieved on pass 3 the parameter was 7.50000E-01

the equation used in the search was:

k-eff = +1.13755E+00 -9.12964E-01*p +9.40907E-01*p**2 -4.20205E-01*p**3
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k-effective= 8.04815E-01 + or - 1.47600E-03 the corresponding geometry follows;
media bias geometry description for those units utilized in this problem

region num id

1 cuboid 1 1 +x = 1.0000 -x = -1.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
2 cuboid 2 1 +x = 2.0000 -x = -2.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
3 cuboid 3 1 +x = 3.0000 -x = -3.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00

4 cuboid 4 1 +x = 7.0000 -x = -7.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00

2.1.A.8 Ciritical pitch search

A critical pitch search alters the outer region of the unit or units at the lowest array level in search of a
specified value of ke A critical pitch search is activated by entering “CRITICAL PITCH” in the search
data. By default, the search is performed at the lowest array level, and only the spacing in the X and
Y directions (the X and Y dimensions of the outermost region of the unit(s) used in the array at the lowest array
level) will be changed. The search constants are defaulted to 1.0 for the +X, —X, +Y, and —Y dimensions
of the region. The dimensions of other geometry regions will not be changed (their search constants are defaulted to
0.0) unless additional search data containing appropriate instructions are supplied.

The limits for a critical pitch search can be set using either MAXPITCH= and MINPITCH= in the
optional search parameters or +CON= and CON= in the search parameter constraints of the auxiliary search
commands. MAXPITCH= and MINPITCH= are used to enter a value of the maximum allowed pitch and
minimum allowed pitch respectively. Parameters +CON= and —CON= are used to enter values for the
parameter constraints (i.e., the maximum and minimum allowed value of the search parameter). Typically, it is
easier to set the maximum allowed pitch and minimum allowed pitch using MAXPITCH= and
MINPITCH= than it is to calculate the value of the parameter corresponding to those pitches. The default
minimum constraint corresponds to MINPITCH, the pitch at which the largest interior region of a unit
used in the array is in contact with the spacing cuboid of that unit. The maximum constraint is defaulted to
=5 times the minimum constraint. The code calculates ke for the initial geometry first. Then the dimensions
corresponding to the minimum constraint and maximum constraint are calculated.

Default Search — Array of Centered Spheres

This problem contains search data for a default critical pitch search with kg specified to be 0.95.
The problem consists of a 10 x 10 x 10 array of uranium spheres surrounded by low density water.
The spheres are 90% **°U and 10% **®U and have a radius of 2.0 cm. The spheres are originally centered
onan 8.0 cm X, Y, and Z pitch with interstitial low density (0.01 gm/cc) water. The problem searches for
the pitch that will produce a ke = 0.95 for the system.

=CSAS5S

10x10x10 ARRAY DEFAULT PITCH SEARCH

V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 0.01 300.0 END

END COMP

READ CELLDATA
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LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END

END CELLDATA

READ GEOMETRY
UNIT 1

SPHERE 1 1 2.0
CUBOID 2 1 6P4.0
END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL

END ARRAY
END DATA

READ SEARCH CRITICAL PITCH KEF=0.95 END SEARCH

END

search pass

Kk Ak Kk

modified
search pass

Kk A Ak

modified
search pass

Kk A Ak

modified
search pass

Kk A Ak

modified
search pass

Kk A h Kk

modified
search pass

1 keff=
the parameter
keno v data has

2 keff= 2.

the parameter
keno v data has
3
the parameter
keno v data has
4 keff=
the parameter
keno v data has

5 keff= 9.

the parameter
keno v data has

6 keff= 9.

the parameter

keff= 1.

8.

5.05769E-01 + or -

was 0.00000E+00
been rewritten on
58700E-01 + or -
was 2.50000E+00
been rewritten on
28382E+00 + or -
was -5.00000E-01
been rewritten on
08580E-01 + or -
was -3.04076E-01
been rewritten on
37897E-01 + or -
was -3.73908E-01
been rewritten on
49167E-01 + or -
was -3.79251E-01

1.10681E-03

*kkhKk

unit 95

8.16664E-04

KkK Ak

unit 95

1.70155E-03

*kkhKk

unit 95

1.54692E-03

*kk Kk

unit 95

1.63624E-03

Kk kKK

unit 95

1.64684E-03

10x10x10 array default pitch search

convergence was achieved on pass -3.79251E-01

the equation used

6 the parameter was
in the search was:

k-eff = +5_.33889E-01 -9.31824E-02*p +2.29294E+00*p**2 -9.20141E-01*p**3

k-effective= 9.49167E-01 + or -
media bias

region num id
————— unit

2.0000
-X = -2.4830

radius =
+Xx = 2.4830

1 sphere 1 1

2 cuboid 2 1 +y =

1.64684E-03
geometry description for those units utilized

the center is located at ( 0.0000 ,
2.4830

the corresponding geometry follows;
in this problem

1 ——-e-
0.0000 ,
2.4830

0.0000 ).
-z = -2.4830

-y -2.4830 +z

T

T

R T

T

10x10x10 array default pitch search

T

Fhkkhhkkhhrrhhkk

T

R T

based on the preceding data, the best estimate of the parameter is -3.79602E-01
the geometry corresponding to this parameter follows:

media bias geometry description for those units utilized in this problem

region num id

unit 1

the center is located at ( 0.0000 , 0.0000 ,

-2.4816 +y = 2.4816 -y = -2.4816 +z = 2.4816

radius 2.0000
+X 2.4816 -x =

0.0000 ).
-z = -2.4816

1 sphere 1 1
2 cuboid 2 1

Array of Centered Cylinders — Search Extended to Z Dimension

This problem contains search data for a default critical pitch search with ke specified to be 0.95.
The problem consists of a 10 x 10 x 10 array of uranium cylinders surrounded by low density water.
The cylinders are 90% 2*U and 10% 2®*U and have a radius of 2.0 cm and a length of 20 cm. The
cylinders are originally centered on an 8.0 cm X and Y pitch and a 24 cm Z pitch with interstitial low
density (0.01 gm/cc) water. The problem searches for the pitch that will produce a ke = 0.95 for the
system. Because this is an array of cylinders, by default only the X and Y dimensions are modified
during the search. The +Z and —Z search constants were included and chosen such that the same spacing
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is maintained between cylinder surfaces in the X, Y and Z dimensions throughout the search. The input
data and the final search results for this problem follow:
=CSAS5S
10x10x10 ARRAY DEFAULT PITCH SEARCH - CHANGE IN X, Y, Z
V7-238
READ COMP
URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 0.01 300.0 END
END COMP
READ CELLDATA
LATTICECELL SQUAREPITCH PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA
READ GEOMETRY
UNIT 1
CYLINDER 1 1 2.0 10.0 -10.0
CUBOID 2 1 4p4.0 2p12.0
END GEOMETRY
READ ARRAY
ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY
END DATA
READ SEARCH CRITICAL PITCH KEFF=0.95 MORE
ALTER UNIT=1 REG=2 +Z=0.33333 -Z=0.33333
END SEARCH
END
search pass 1 keff= 1.09882E+00 + or - 1.75627E-03
the parameter was 0.00000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 1.77881E+00 + or - 1.79505E-03
the parameter was -5.00000E-01
***** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 1.00616E+00 + or - 1.61956E-03
the parameter was 1.09424E-01
*x*** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 9.48455E-01 + or - 1.66901E-03
the parameter was 1.91336E-01
10x10x10 array default pitch search - change in x, y, z
convergence was achieved on pass 4 the parameter was 1.91336E-01
the equation used in the search was:
k-eff = +1.09882E+00 -9.31106E-01*p +7.86483E-01*p**2 -1.42575E-01*p**3
k-effective= 9.48455E-01 + or - 1.66901E-03 the corresponding geometry follows;
media bias geometry description for those units utilized in this problem
region num id
-——— unit 1 —-——-
1 cylinder 1 1 vradius = 2.0000 +z = 10.000 -z = -10.000 centerline is at x = 0.000 y = 0.000
2 cuboid 2 1 +x = 4.7653 -x = -4.7653 +y = 4.7653 -y = -4.7653 +z = 12.765 -z = -12.765
10x10x10 array default pitch search - change in x, y, z
0

based on the preceding data, the best estimate of the parameter is

1.88950E-01

the geometry corresponding to this parameter follows:

media bias

region num id
1 cylinder 1 1 vradius = 2.0000
2 cuboid 2 1 +x = 4.7558

-X

10.000
-4.7558

+z

-z
+y =

————— unit 1 -——
= -10.000 centerline is at Xx
4.7558 -y = -4.7558 +z =

12.756

geometry description for those units utilized in this problem

0.000 y = 0.000
-z = -12.756
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Array of Centered Uranium Slabs

Consider a 10 x 1 x 1 array of uranium metal slabs. The uranium slabs are 2 cm thick in the X dimension
and 200 cm thick in the Y and Z dimensions. On each side of the uranium slab in the X dimension is
1 cm of H,0O, then 1 cm of Boral, then 1 cm of H,O resulting in an initial center-to-center spacing of
8.0 cm. The slabs are 90% ?*°U and 10% 2**U, the water is full density, and the Boral is 36.7% B,C. The
uranium slabs and their associated materials are defined to be unit 1, and the 10 x 1 x 1 array is defined to
be array 1. A minimum pitch of 6.0 cm is specified, MINPITCH=6.0, and a maximum pitch of 14.0 cm is
specified, MAXPITCH=14.0. The code searches for the default value of ke The input data and the final

search results for this problem follow:

=CSAS5S

10x1x1 ARRAY DEFAULT PITCH SEARCH - SLAB

V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 1.0 300.0 END

B4C 3 0.367 300.0 END

Al 3 0.633 300.0 END

H20 4 1.0 300.0 END

END COMP

READ CELLDATA

LATTICECELL SYMMSLABCELL PITCH=8.0 4 FUELD=2.0 1
CLADD=6.0 3 GAPD=4.0 2 END
END CELLDATA
READ GEOMETRY
UNIT 1
CuBOID 111.0 -1.0 4P100.0
CuBOID 21 2.0 -2.0 4pl00.0
CuBOID 3 1 3.0 -3.0 4P100.0
CuBOID 4 1 4.0 -4.0 4P100.0
END GEOMETRY
READ ARRAY
ARA=1 GBL=1 NUX=10 NUY=1 NUZ=1 FILL F1 END FILL
END ARRAY
END DATA
READ SEARCH CRITICAL PITCH
MINPITCH=6.0 MAXPITCH=14.0
END SEARCH
END
search pass 1 keff= 1.13755E+00 + or - 1.50108E-03

the parameter was 0.00000E+00
***x** modified keno v data has been rewritten on unit 95 *****

search pass 2 keff= 1.43116E+00 + or - 1.57018E-03
the parameter was -2.50000E-01
***x** modified keno v data has been rewritten on unit 95 *****

search pass 3 keff= 1.04384E+00 + or - 1.47394E-03
the parameter was 1.17120E-01
***x** modified keno v data has been rewritten on unit 95 *****

search pass 4 keff= 9.97707E-01 + or - 1.60798E-03
the parameter was 1.89330E-01
10x1x1 array default pitch search - slab

convergence was achieved on pass 4 the parameter was 1.89330E-01
the equation used in the search was:
k-eff = +1.13755E+00 -9.08380E-01*p +9.68867E-01*p**2 -3.81717E-01*p**3

k-effective= 9.97707E-01 + or - 1.60798E-03 the corresponding geometry follows;

media bias geometry description for those units utilized in this proble
region num id
————— unit 1 -————
1 cuboid 1 1 +x =1.0000 -x = -1.0000 +y = 100.00 -y = -100.00 +z = 100.00
2 cuboid 2 1 +x = 2.0000 -x = -2.0000 +y = 100.00 -y = -100.00 +z = 100.00
3 cuboid 3 1 +x = 3.0000 -x = -3.0000 +y = 100.00 -y = -100.00 +z = 100.00
4 cuboid 4 1 +x = 4.7573 -x = -4.7573 +y = 100.00 -y = -100.00 +z = 100.00

m

-100.00
-100.00
-100.00
-100.00
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10x1x1 array default pitch search - slab

based on the preceding data, the best estimate of the parameter is 1.85414E-01

the geometry corresponding to this parameter follows:
media bias geometry description for those units utilized in this problem
region num id

————— unit 1 ————
1 cuboid 1 1 +x =1.0000 -x = -1.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
2 cuboid 2 1 +x =2.0000 -x = -2.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
3 cuboid 3 1 +x =3.0000 -x = -3.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
4 cuboid 4 1 +x = 4.7417 -x = -4.7417 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00

2.1.A.9 Optimum dimension search

An optimum dimension search searches for the geometry dimensions that yield the highest value of ket An
optimum dimension search is activated by entering “OPTIMUM DIMENSION” in the search data. There are
no defaulted search data in a dimension search. The user must specify the dimensions to be changed and the
manner in which they will be changed as described in the auxiliary search commands .

A dimension search is performed by altering the regions having nonzero search constants specified in the
auxiliary search commands portion of the search data. By default, the search constants for every dimension in
the problem are zero. Only those dimensions having a nonzero search constant are altered by the code.

By default, a dimension search sets the minimum constraint to —10E10 and the maximum constraint t0
+10E10. The relationship between the constraints and the search constants are given in Egs. (2.1.1) and
(2.1.2). If the default values of the constraints are used, appropriate search constants must be calculated
using these equations. It may be simpler to set the search constants to 1.0 and calculate the corresponding
maximum and minimum constraints. Several dimension search examples are shown below.

Array of Centered Spheres — Search in X, Y, and Z Dimensions

Consider a 10 x 10 x 10 array of uranium spheres arranged in an array having a “square” pitch. The
uranium spheres are 2 cm in radius, and the center-to-center spacing is 8 cm. The uranium spheres and their
associated spacing are defined to be unit 1, and the 10 x 10 x 10 array is defined to be array 1. The
constraints are set to be consistent with those of this optimum pitch search case. The search data and
results for an optimum dimension search that alters the X, Y, and Z dimensions of region 2 of unit 1 are
given as follows.

=CSAS5S

10x10x10 ARRAY - DIMENSION SEARCH

V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 0.01 300.0 END

END COMP

READ CELLDATA

LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1

SPHERE 1 1 2.0

CUBOID 2 1 6P4.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY

2-59



END DATA

READ SEARCH OPTIMUM DIMENSION MORE
ALTER UNIT=1 REG=2 ALL=1.0
-CON=-0.5 +CON=2.5

END SEARCH

END

search pass 1 keff= 5.05769E-01 + or - 1.10681E-03
the parameter was 0.00000E+00
***x** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 1.28075E+00 + or - 1.89662E-03
the parameter was -5.00000E-01
***x** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 2.59110E-01 + or - 8.15306E-04
the parameter was 2.50000E+00
***x** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 2.87025E-01 + or - 8.24079E-04
the parameter was 1.25000E+00
***x** modified keno v data has been rewritten on unit 95 *****
search pass 5 keff= 2.65737E-01 + or - 7.89427E-04
the parameter was 1.96019E+00
***x** modified keno v data has been rewritten on unit 95 *****
search pass 6 keff= 2.63297E-01 + or - 8.48658E-04
the parameter was 2.17436E+00
10x10x10 array - dimension search

convergence was achieved on pass 2 the parameter was -5.00000E-01
the equation used in the search was:

k-eff = +6.70283E-01 -7.35957E-01*p +4.26318E-01*p**2 -7.98562E-02*p**3

k-effective= 1.28075E+00 + or - 1.89662E-03 the corresponding geometry follows;
media bias geometry description for those units utilized in this problem
region num id

————— unit 1 ————
1 sphere 1 1 radius = 2.0000 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).
2 cuboid 2 1 +x = 2.0000 -x = -2.0000 +y = 2.0000 -y = -2.0000 +z = 2.0000 -z = -2.0000

These MORE search data will cause the code to alter the +X, —X, +Y, =Y, —Z, and +Z dimensions of the
outer region (region 2) of unit 1 and search for the dimensions that give the maximum ke Since all the UNIT 1
outer dimensions are the same (4 or —4) and all the search constants are the same (ALL=1.0) the code will
alter each dimension the same amount for a search pass thus preserving the original relationship between
dimensions. Because this is an optimum pitch search, the sphere dimensions will not be changed. The
optimum dimension for this problem is when the spheres touch as shown in the output data above.

Array of Centered Spheres — Search in X and Y Dimensions

This is the same problem as described above except the spacing is only varied in the X and Y dimensions.
Since only changes in the X and Y dimensions of the outer region are desired, the +X, —X, +Y, and —Y search
constants must be set. Since all dimensions are to change at the same rate and have the same initial value, the
search constants for the changing surfaces must be the same. The +Z and —Z search constants by default are
zero so these dimensions will not change. The input data and the final search results for this problem follow:

=CSAS5S

10x10x10 ARRAY - X & Y DIMENSION OPTIMUM SEARCH
V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END

H20 2 0.01 300.0 END

END COMP

READ CELLDATA

LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA
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READ GEOMETRY
UNIT 1
SPHERE 11 2.0

CUBOID 2 1 6P4.

END GEOMETRY
READ ARRAY

0

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL

END ARRAY
END DATA

READ SEARCH OPTIMUM DIMENSION MORE

ALTER UNIT=1 REG=2
+CON=

-CON=-0.5
END SEARCH
END

2.5

search pass

Fh kA K

modified

search pass

*h kA K

modified

search pass

Kk kA K

modified

search pass

*h kA K

modified

1 keff=
the parameter
keno v data has

2 keff= 9.

the parameter
keno v data has

3 keff= 2.

the parameter
keno v data has

4 keff= 3.

the parameter
keno v data has

5 keff= 2.

+X=1.0 -X=1.0 +Y=1.0 -Y=1.0

5.05769E-01 + or -

was 0.00000E+00
been rewritten on
06304E-01 + or -
was -5.00000E-01
been rewritten on
82956E-01 + or -
was 2.50000E+00
been rewritten on
19086E-01 + or -
was 1.25000E+00
been rewritten on
94889E-01 + or -

1.10681E-03

unit 95

e

1.57239E-03

unit 95

Kk kKK

8.20501E-04

unit 95

Kk kKK

9.27655E-04

unit 95

Kk kKK

8.49552E-04

search pass
was 1.91631E+00
dimension optimum

the parameter

10x10x10 array - X & y search

convergence was achieved on pass 2 the parameter was -5.00000E-01

the equation used in the search was:
k-eff = +5_.70750E-01 -4.42912E-01*p +2.39464E-01*p**2 -4_.35513E-02*p**3

k-effective=
media bias

9.06304E-01 + or - 1.57239E-03 the corresponding geometry follows;
geometry description for those units utilized in this problem

region num id
————— unit 1 -————
1 sphere 1 1 radius = 2.0000 the center is located at ( 0.0000 , 0.0000 , 0.000 ).
2 cuboid 2 1 +x = 2.0000 -x = -2.0000 +y = 2.0000 -y = -2.0000 +z = 4.0000 -z = -4.0000

Array of Offset Spheres — Searchin X and Y Dimensions

This is the same problem as described above except the spheres are now off-centered in the X and
Y dimensions. Since only changes in the X and Y dimensions of the outer region are desired, the +X, —X, +Y,
and —Y search constants must be set. All dimensions are to change at the same rate but they have
different initial values. The search constants specify how surfaces change relative to each other. For this
case the search constants were chosen so that the moderator spacing for the X and Y dimensions will change at the
same rate. The +Z and —Z search constants by default are zero so these dimensions will not change.

The input data and the final search results for this problem follow:

=CSAS5S

10x10x10 ARRAY - X & Y DIMENSION OPTIMUM SEARCH - OFFSET
V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END

H20 2 0.01 300.0 END

END COMP

READ CELLDATA

LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END

END CELLDATA
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READ GEOMETRY
UNIT 1
SPHERE 1 1
CuBOID 2 1
END GEOMETRY
READ ARRAY

2.0 O
6.0 -2

RIGIN 2.0 1.0 0.0
.0 5.0 -3.0 2P4.0

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL

END ARRAY
END DATA

READ SEARCH OPTIMUM DIMENSION MORE

ALTER UNIT=1 REG=2

-CON=-1.0 +CON=5.0
END SEARCH
END

search pass

1 keff=

+X=0.3333333 -X=1.0 +Y=0.4 -Y=0.6666666

5.07412E-01 + or -

1.16598E-03

the parameter was 0.00000E+00
***x** modified keno v data has been rewritten on unit 95 ***
search pass 2 keff= 9.05152E-01 + or - 1.53983E-03
the parameter was -1.00000E+00
***x** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 2.83216E-01 + or - 8.07313E-04
the parameter was 5.00000E+00
***x** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 3.20108E-01 + or - 7.96799E-04
the parameter was 2.50000E+00
***x** modified keno v data has been rewritten on unit 95 *****
search pass 5 keff= 2.93841E-01 + or - 8.39609E-04

the parameter was 3.82730E+00
10x10x10 array - x & y dimension optimum search - offset

convergence was achieved on pass 2 the parameter was -1.00000E+00

the equation used in the search was:
k-eff = +5_73236E-01 -2.19195E-01*p +5.80895E-02*p**2 -5.19734E-03*p**3

k-effective=
media bias

9.05152E-01 + or - 1.53983E-03 the corresponding geometry follows;
geometry description for those units utilized in this problem

region num id
————— unit 1 —-———
1 sphere 1 1 radius = 2.0000 the center is located at ( 2.0000 , 1.0000 , 0.0000 ).
2 cuboid 2 1 +x = 4.0000 -x = 0.0000 +y = 3.0000 -y = -1.0000 +z = 4.0000 -z = -4.0000

Array of Cylinders — Search in X, Y, and Z Dimensions

This is the same array of cylinder problem as described in the previous section, except the search is an
optimum dimension search. Since changes in the X, Y, and Z dimensions of the outer region are desired,
the +X, —X, +Y, =Y, +Z, and —Z search constants must be set. The search data ALL=1.0 sets all the outer
region search constants to 1.0. However, a constant ratio for the center-to-center spacing of the units in
desired so the Z dimensions will need to be reset to a lower value of 0.333333. This will ensure that the
Z dimensions change at 1/3 the rate of the X and Y dimensions relative to their initial values. The input
data and the final search results for this problem follow:

=CSAS5S

10x10x10 ARRAY, OPTIMUM DIMENSION SEARCH - MAINTAIN C-TO-C SPACING RATIO
V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END

H20 2 0.01 300.0 END

END COMP

READ CELLDATA

LATTICECELL SQUAREPITCH PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1
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CYLINDER 1 1 2.0 10.0 -10.0

CUBOID 2 1 4p4.0 2pl2.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY

END DATA

READ SEARCH OPTIMUM DIMENSION MORE

ALTER UNIT=1 REG=2 ALL=1.0 +Z=0.3333333 -7=0.3333333
-CON= -0.5 +CON=2.5

END SEARCH

END

search pass 1 keff= 1.09882E+00 + or - 1.75627E-03
the parameter was 0.00000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 1.78193E+00 + or - 2.12022E-03
the parameter was -5.00000E-01
*****x modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 4.54369E-01 + or - 1.10229E-03
the parameter was 2.50000E+00
*x***x modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 5.67573E-01 + or - 1.26038E-03
the parameter was 1.25000E+00
10x10x10 array, optimum dimension search - maintain c-to-c spacing ratio

convergence was achieved on pass 2 the parameter was -5.00000E-01
the equation used in the search was:

k-eff = +1_.09882E+00 -1.01312E+00*p +6.38864E-01*p**2 -1.34691E-01*p**3
k-effective= 1.78193E+00 + or - 2.12022E-03 the corresponding geometry follows;

media bias geometry description for those units utilized in this problem
region num id

————— unit 1 ————
1 cylinder 1 1 radius = 2.0000 +z = 10.000 -z = -10.000 centerline is at x = 0.000 y = 0.000
2 cuboid 2 1 +x = 2.0000 -x = -2.0000 +y = 2.0000 -y = -2.0000 +z = 10.000 -z = -10.000

2.1.A.10 Minimum dimension search

A minimum dimension search searches for the geometry dimensions that yield the lowest value of k. A
minimum dimension search is activated by entering “MINIMUM DIMENSION” in the search data.
There are no defaulted search data in a dimension search. The user must specify the dimensions to be
changed and the manner in which they will be changed as described in the auxiliary search commands.

A dimension search is performed by altering the regions having nonzero search constants specified in the
auxiliary search commands portion of the search data. By default, the search constants for every
dimension in the problem are zero. Only those dimensions having a nonzero search constant are altered
by the code.

By default, a dimension search sets the minimum constraint to —10E10 and the maximum constraint to
+10E10. The relationship between the constraints and the search constants are given in Egs. (2.1.1) and
(2.1.2). If the default values of the constraints are used, appropriate search constants must be calculated
using these equations. In some cases it may be simpler to set the search constants to 1.0 and calculate the
corresponding maximum and minimum constraints. Several dimension search examples are shown below.

Infinite Array of Fuel Bundles Separated by Flux Traps — Search in X and Y-Dimensions

The fuel bundles in this problem represent 17 x 17 PWR fuel assemblies. The fuel pins are smeared
together, making a mixture 100. The fuel pins consist of 2.35 wt % **U having a diameter of 0.823 cm,
zirconium cladding having an outer diameter of 0.9627 cm, and a pitch of 1.275 cm. The fuel bundle is
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represented as a 10.8375 cm x 10.8375 cm x 366 cm cuboid of mixture 100 surrounded by Boral and then
water. The Boral has a density of 2.65 g/cm® and is composed of 35.17 wt % B,C and 64.83 wt % Al.
The fuel bundles are at a fixed pitch of 13.0 cm. The problem searches for the thickness of Boral that will
produce the lowest system ke, The input data and the final search results for this problem follow:

=csasb5s

array of fuel bundles with flux trap
v7-238

read comp

uo2 1 .84 300. 92235 2.35 92238 97.65 end
zr 2 1 end

h2o 3 1 end

b4c 4 den=2.65 0.3517 end

al 4 den=2.65 0.6483 end

h2o 51 end

end comp

read celldata

latticecell squarepitch pitch=1.275 2 fueld=0.823 1 gapd=0.9627 2 cellmix=100 end
end celldata

read param far=yes gen=203 npg=1000 end param
read geom

global unit 1

cuboid 100 1 4p10.8375 2p183.0

cuboid 4 1 4pll1.0 2p183.0

cuboid 5 1 4p13.0 2p183.0

end geom

read bounds xfc=mirror yfc=mirror end bounds
end data

read search minimum dimension more

alter unit=1 reg=2 +x=1.0 -x=1.0 +y=1.0 -y=1.0
-con=-0.009 +con=0.181818

end search

end

search pass 1 keff= 7.18665E-01 + or - 1.69354E-03
the parameter was 0.00000E+00
**** xsdrnpm mesh intervals ****
4 mesh intervals in zone 1
4 mesh intervals in zone 2
14 mesh intervals in zone 3
****x* modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 7.95965E-01 + or - 1.50272E-03
the parameter was 1.81818E-01
**** xsdrnpm mesh intervals ****
4 mesh intervals in zone 1
4 mesh intervals in zone 2
14 mesh intervals in zone 3
****x* modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 7.12247E-01 + or - 1.42902E-03
the parameter was 6.06060E-02
**** xsdrnpm mesh intervals ****
4 mesh intervals in zone 1
4 mesh intervals in zone 2
14 mesh intervals in zone 3
***** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 7.40472E-01 + or - 1.45576E-03
the parameter was 1.21212E-01
****x xsdrnpm mesh intervals ****
4 mesh intervals in zone 1
4 mesh intervals in zone 2
14 mesh intervals in zone 3
***** modified keno v data has been rewritten on unit 95 *****
search pass 5 keff= 7.08528E-01 + or - 1.56618E-03
the parameter was 4.01175E-02
array of fuel bundles with flux trap
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convergence was achieved on pass 5 the parameter was 4_01175E-02
the equation used in the search was:

k-eff = +7.18297E-01 -5.33084E-01*p +7.78791E+00*p**2 -1.40353E+01*p**3

k-effective= 7.08528E-01 + or - 1.56618E-03 the corresponding geometry follows;
media bias geometry description for those units utilized in this problem
region num id
global
————— unit 1 ————
1 cuboid 100 1 +x = 10.837 -x = -10.837 +y = 10.837 -y = -10.837 +z = 183.00 -z = -183.00
2 cuboid 4 1 +x = 11.441 -x = -11.441 +y = 11.441 -y = -11.441 +z = 183.00 -z = -183.00
3 cuboid 5 1 +x = 13.000 -x = -13.000 +y = 13.000 -y = -13.000 +z = 183.00 -z = -183.00
* %k
array of fuel bundles with flux trap
based on the preceding data, the best estimate of the parameter is 3.81620E-02
the geometry corresponding to this parameter follows:
media bias geometry description for those units utilized in this problem
region num id
----- unit 1 ————
1 cuboid 100 1 +x = 10.837 -x = -10.837 +y = 10.837 -y = -10.837 +z = 183.00 -z = -183.00
2 cuboid 4 1 +x = 11.420 -x = -11.420 +y = 11.420 -y = -11.420 +z = 183.00 -z = -183.00
3 cuboid 5 1 +x = 13.000 -x = -13.000 +y = 13.000 -y = -13.000 +z = 183.00 -z = -183.00

Two Uranium Slabs Separated by a Flux Trap — Search in +X Dimensions

This problem consists of two 90 wt % enriched uranium metal slabs separated by a flux trap. Each
uranium slab is 3.0 cm thick. The spacing between the slabs is 4 cm. Between the slabs is a Boral plate
at each slab surface and water in between the two Boral plates. This problem searches for the thickness of the
Boral plates and separating water that produces the lowest system k. The input data and the final search
results for this problem follow:

=CSAS5S

MINIMUM DIMENSION SEARCH - SLAB

V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END

B4C 2 0.367 300.0 END

AL 2 0.633 300.0 END

H20 3 1.0 300.0 END

END COMP

READ CELLDATA
MULTIREGION SLAB RIGHT_BDY=VACUUM LEFT_BDY=REFLECTED END
312215 END ZONE

END CELLDATA

READ GEOMETRY

GLOBAL UNIT 1

CuUBOID 3 1 1.0 0.0 4P100.0
CUBOID 2 1 2.0 0.0 4P100.0
CUBOID 1 1 5.0 0.0 4P100.0

END GEOMETRY

READ BOUNDS

-XB=MIRROR

END BOUNDS

END DATA

READ SEARCH MINIMUM DIMENSION MORE
ALTER UNIT=1 REG=1 +X=1.0 CELL=1
-CON=-1.0 +CON=1.0

END SEARCH

END
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search pass 1 keff= 8.60439E-01 + or - 1.55744E-03
the parameter was 0.00000E+00
***x** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 8.72016E-01 + or - 1.60673E-03
the parameter was -1.00000E+00
***x** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 1.08607E+00 + or - 1.73386E-03
the parameter was 1.00000E+00
***x** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 8.59819E-01 + or - 1.41625E-03
the parameter was 5.00000E-01
***x** modified keno v data has been rewritten on unit 95 *****
search pass 5 keff= 8.56856E-01 + or - 1.53569E-03
the parameter was 2.75785E-01
minimum dimension search - slab

convergence was achieved on pass 5 the parameter was 2_.75785E-01
the equation used in the search was:

k-eff = +8.71321E-01 -9.39460E-02*p +9.57041E-02*p**2 +1.97682E-01*p**3
k-effective= 8.56856E-01 + or - 1.53569E-03 the corresponding geometry follows;

media bias geometry description for those units utilized in this problem
region num id

global
————— unit 1 ————
1 cuboid 3 1 +x = 1.2758 -x = 0.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
2 cuboid 2 1 +x = 2.0000 -x = 0.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
3 cuboid 1 1 +x = 5.0000 -x = 0.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
minimum dimension search - slab
based on the preceding data, the best estimate of the parameter is 2.68105E-01
the geometry corresponding to this parameter follows:
media bias geometry description for those units utilized in this problem
region num id
global
----- unit 1 ————

1 cuboid 3 1 +x = 1.2681 -x = 0.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
2 cuboid 2 1 +Xx = 2.0000 -x = 0.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
3 cuboid 1 1 +x = 5.0000 -x = 0.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00

2.1.A.11 Critical dimension search

A critical dimension search searches for the geometry dimensions that yield a specified value of ke A
critical dimension search is activated by entering “CRITICAL DIMENSION” in the search data. No
defaulted search data are in a dimension search. The user must specify the dimensions to be changed and the
manner in which they will be changed.

A dimension search is performed by altering the regions having nonzero search constants specified in the
individual search commands portion of the search data. By default, the search constants for every
dimension in the problem are zero. Only those dimensions having a nonzero search constant are altered by the
code.

By default, a dimension search sets the minimum constraint to —10E10 and the maximum constraint t0
+10E10. The relationship between the constraints and the search constants is given in Egs. (2.1.1) and
(2.1.2). If the default values of the constraints are used, appropriate search constants must be calculated
using these equations. It may be simpler to set the search constants to 1.0 and calculate the corresponding
maximum and minimum constraints. Several critical dimension search examples are shown below.

2-66



Array of Centered Spheres — Search in X, Y, and Z Dimensions

Consider a 10 x 10 x 10 array of uranium spheres arranged in an array having a “square” pitch. The
uranium spheres are 2 cm in radius, and the center-to-center spacing is 8 cm. The uranium spheres and
their associated spacing are defined to be unit 1, and the 10 x 10 x 10 array is defined to be array 1.
A critical dimension search is performed on the outer dimension of the cuboid that will produce a system Ke
of 1.0. In the MORE search data, All=1.0 on region 2 of unit 1 specifies all six surfaces of the cuboid
change identically. The search constraints are set to search from a sphere center-to-center spacing of

4 cmto 20 cm. The search data and results are given below.

=CSAS5S

10x10x10 ARRAY - DIMENSION SEARCH

V7-238
READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END

H20
END COMP
READ CELLDATA

2 0.01 300.0 END

LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END

END CELLDATA
READ GEOMETRY
UNIT 1

SPHERE 1 1 2.0

CUBOID 2 1 6P4.0

END GEOMETRY
READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL

END ARRAY
END DATA

READ SEARCH CRITICAL DIMENSION MORE
ALTER UNIT=1 REG=2 ALL=1.0 CELL=1

-CON=-0.5
END SEARCH
END

+CON=2.5

search pass

*k kA k

modified

search pass

Kk kA K

modified

search pass

*h kA k

modified

search pass

*k kA k

modified

search pass

Kk kA K

modified

search pass

Kk kA k

modified

search pass

1 keff=
the parameter
keno v data has

2 keff= 2.

the parameter
keno v data has

3 keff= 1.

the parameter
keno v data has

4 keff= 8.

the parameter
keno v data has

5 keff= 9.

the parameter
keno v data has

6 keff= 1.

the parameter
keno v data has

7 keff= 1.

the parameter
10x10x10 array

5.05364E-01 + or - 1

was 0.00000E+00
been rewritten on
59843E-01 + or -
was 2.50000E+00
been rewritten on
27927E+00 + or -
was -5.00000E-01
been rewritten on
62177E-01 + or -
was -3.36734E-01
been rewritten on
92494E-01 + or -
was -3.98906E-01
been rewritten on
00529E+00 + or -
was -4.01988E-01
been rewritten on
00145E+00 + or -
was -4.00885E-01
- dimension search

.20323E-03
unit 95  xx**x
8.30139E-04
unit 95  xx**x
1.51758E-03
unit 95  xxE*x
1.51303E-03
unit 95  xx**x
1.58120E-03
unit 95  xx**x
1.78980E-03
unit 95  xx**x
1.59308E-03

convergence was achieved on pass
the equation used in the search was:
+4.71062E-01 +7.54530E-02*p +2.99529E+00*p**2 -1.22324E+00*p**3

k-eff

k-effective=
media bias

region num id
1 sphere 1 1

2 cuboid 2 1

+X =

2.3965 -x

1.00145E+00 + or -
geometry description for those units utilized in this problem

unit

-2.3965

1.59308E-03

7 the parameter was

the corr

radius = 2.0000 the center is located at ( 0.0000 ,
+y = 2.3965

-y = -2.396

-4.00885E-0

esponding geometry follows;

0.0000 ,

5 +z = 2.3965




10x10x10 array - dimension search

based on the preceding data, the best estimate of the parameter is -4_00545E-01

the geometry corresponding to this parameter follows:
media bias geometry description for those units utilized in this problem
region num id
————— unit 1 —-———
1 sphere 1 1 radius = 2.0000 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).
2 cuboid 2 1 +x = 2.3978 -x = -2.3978 +y = 2.3978 -y = -2.3978 +z = 2.3978 -z = -2.3978

Array of Centered Spheres — Search in X, Y, and Z Dimensions

Consider a 10 x 10 x 10 array of uranium spheres arranged in an array having a “square” pitch. The
uranium spheres are 2 cm in radius, and the center-to-center spacing is 8 cm. The uranium spheres and
their associated spacing are defined to be unit 1, and the 10 x 10 x 10 array is defined to be array 1.
A critical dimension search is performed on the radius of the uranium sphere that will produce a system K of
1.0. In the MORE search data, RADIUS=1.0 on region 1 of unit 1 specifies the sphere’s radius is to be
altered. The search constraints are set to search from a radius of 0.5 cm to 4.0 cm. The search data and
results are given below.

=CSAS5S

10x10x10 ARRAY - DIMENSION SEARCH

V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 0.01 300.0 END

END COMP

READ CELLDATA

LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1

SPHERE 1 1 2.0

CUBOID 2 1 6P4.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY

END DATA

READ SEARCH CRITICAL DIMENSION MORE
ALTER UNIT=1 CELL=1 REG=1 RADIUS=1.0
-CON=-0.75 +CON=1.0

END SEARCH

END

search pass 1 keff= 5.05364E-01 + or - 1.20323E-03
the parameter was 0.00000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 1.79497E+00 + or - 1.93055E-03
the parameter was 1.00000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 9.91353E-01 + or - 1.56062E-03
the parameter was 3.83555E-01
***** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 9.97513E-01 + or - 1.61171E-03
the parameter was 3.90304E-01
10x10x10 array - dimension search
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convergence was achieved on pass 4 the parameter was 3.90304E-01
the equation used in the search was:

k-eff = +5.05364E-01 +1.84705E+00*p -2.10615E+00*p**2 +1.54871E+00*p**3

k-effective= 9.97513E-01 + or - 1.61171E-03 the corresponding geometry follows;
media bias geometry description for those units utilized in this problem
region num id
----- unit 1 -————
1 sphere 1 1 radius = 2.7806 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).
2 cuboid 2 1 +x = 4.0000 -x = -4.0000 +y = 4.0000 -y = -4.0000 +z = 4.0000 -z = -4.0000

10x10x10 array - dimension search

based on the preceding data, the best estimate of the parameter is 3.93037E-01

the geometry corresponding to this parameter follows:
media bias geometry description for those units utilized in this problem
region num id
————— unit 1 —-——
1 sphere 1 1 radius = 2.7861 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).
2 cuboid 2 1 +x = 4.0000 -x = -4.0000 +y = 4.0000 -y = -4.0000 +z = 4.0000 -z = -4.0000

Array of Centered Cylinders — Search in X and Y Dimensions

This problem contains search data for a critical dimension search with ke specified to be 0.95.
The problem consists of a 10 x 10 x 2 array of uranium cylinders surrounded by low density water.
The cylinders are 90% 2*U and 10% 2*U and have a radius of 2.0 cm and a length of 20 cm. The
cylinders are originally centered on an 8.0 cm X and Y pitch and a 24 cm Z pitch with interstitial low
density (0.01 gm/cc) water. The problem searches for the cylinder center-to-center spacing that will
produce a ke = 0.95 for the system. Because this is a dimension search, all search data must be specified.
The +X, =X, +Y, and —Y search constants are specified as well as the —CON and +CON search
constraints. The search data is set up to alter the cylinder center-to-center spacing from 4.0 cm to 16.0 cm
during the search. The MORE search data CELL=1 ties the search data to the first unit cell thus ensuring
they change in unison properly modifying the cross-section processing. The input data and the final

search results for this problem follow:

=CSAS5S

10x10x2 ARRAY DIMENSION SEARCH - CHANGE IN X, Y
V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 0.01 300.0 END

END COMP

READ CELLDATA

LATTICECELL SQUAREPITCH PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1

CYLINDER 1 1 2.0 10.0 -10.0

CUBOID 2 1 4p4.0 2pl2.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=2 FILL F1 END FILL

END ARRAY

END DATA

READ SEARCH CRITICAL DIMENSION KEFF=0.95 MORE
ALTER UNIT=1 REG=2 +X=1.0 -X=1.0 +Y=1.0 -Y=1.0 CELL=1
-CON=-0.5 +CON=2.0

END SEARCH

END



search pass 1 keff= 8.48434E-01 + or - 1.50137E-03
the parameter was 0.00000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 4.22734E-01 + or - 9.98609E-04
the parameter was 2.00000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 1.49380E+00 + or - 1.81532E-03
the parameter was -4.77172E-01
***** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 9.23415E-01 + or - 1.68810E-03
the parameter was -8.66017E-02
***** modified keno v data has been rewritten on unit 95 *****
search pass 5 keff= 9.47041E-01 + or - 1.57053E-03
the parameter was -1.13412E-01
10x10x2 array dimension search - change in x, y

convergence was achieved on pass 5 the parameter was -1.13412E-01
the equation used in the search was:

k-eff = +8.52892E-01 -6.96099E-01*p +1.13262E+00*p**2 -4.46134E-01*p**3

k-effective= 9.47041E-01 + or - 1.57053E-03 the corresponding geometry follows;
media bias geometry description for those units utilized in this problem
region num id
————— unit 1 —-———
1 cylinder 1 1 radius = 2.0000 +z = 10.000 -z = -10.000 centerline is at x = 0.000 y = 0.000
2 cuboid 2 1 +x = 3.5464 -x = -3.5464 +y = 3.5464 -y = -3.5464 +z = 12.000 -z = -12.000

10x10x2 array dimension search - change in x, y

based on the preceding data, the best estimate of the parameter is -1.16433E-01

the geometry corresponding to this parameter follows:
media bias geometry description for those units utilized in this problem
region num id
————— unit 1 -———
1 cylinder 1 1 radius = 2.0000 +z = 10.000 -z = -10.000 centerline is at x = 0.000 y = 0.000
2 cuboid 2 1 +x = 3.5343 -x = -3.5343 +y = 3.5343 -y = -3.5343 +z = 12.000 -z = -12.000

Array of Centered Uranium Slabs

Consider a 10 x 1 x 1 array of uranium metal slabs. The uranium slabs are 2 cm thick in the X dimension
and 200 cm thick in the Y and Z dimensions. On each side of the uranium slab in the X dimension is
1 cm of H,0O, then 1 cm of Boral, then 1 cm of H,O resulting in an initial center-to-center spacing of
8.0 cm. The slabs are 90% ?*°U and 10% 2**U, the water is full density, and the Boral is 36.7% B,C. The
uranium slabs and their associated materials are defined to be Unit 1, and the 10 x 1 x 1 array is defined
to be array 1. The problem searches for the slab center-to-center spacing that will produce a ke = 1.0 for
the system, which is the default search value. Because this is a dimension search all search data must be
specified. The +X and —X search constants are specified as well as the —CON and +CON search
constraints. The search data is set up to alter the cylinder change the water slab thickness between the
Boral plates from 0.8 cm to 10.0 cm thick during the search. The MORE search data CELL=1 ties the
search data to the first unit cell thus ensuring they change in unison properly modifying the cross-section
processing. The input data and the final search results for this problem follow:

=CSAS5S

10x1x1 ARRAY DIMENSION SEARCH - SLAB

V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 1.0 300.0 END

B4C 3 0.367 300.0 END

AL 3 0.633 300.0 END

H20 4 1.0 300.0 END
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END COMP

READ CELLDATA

LATTICECELL SYMMSLABCELL PITCH=8.0 4 FUELD=2.0 1
GAPD=6.0 3 CLADD=4.0 2 END

END CELLDATA

READ GEOMETRY

UNIT 1

CuBOID 11 1.0 -1.0 4P100.0

CuBOID 21 2.0 -2.0 4p100.0

CuBOID 31 3.0 -3.0 4P100.0

CUBOID 41 4.0 -4.0 4P100.0

END GEOMETRY

READ ARRAY

ARA=1 GBL=1 NUX=10 NUY=1 NUZ=1 FILL F1 END FILL
END ARRAY

END DATA

READ SEARCH CRITICAL DIMENSION MORE

ALTER UNIT=1 REG=4 +X=1.0 -X=1.0 CELL=1
-CON=-0.24 +CON=1.0

END SEARCH

END

search pass 1 keff= 1.13914E+00 + or - 1.53132E-03
the parameter was 0.00000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 1.41849E+00 + or - 1.58152E-03
the parameter was -2.40000E-01
***** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 1.04012E+00 + or - 1.79880E-03
the parameter was 1.19536E-01
***** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 9.99495E-01 + or - 1.65714E-03
the parameter was 1.80331E-01
10x1x1 array dimension search - slab

convergence was achieved on pass 4 the parameter was 1.80331E-01
the equation used in the search was:

k-eff = +1.13914E+00 -9.36766E-01*p +9.20374E-01*p**2 -1.09475E-01*p**3
k-effective= 9.99495E-01 + or - 1.65714E-03 the corresponding geometry follows;

media bias geometry description for those units utilized in this problem
region num id

————— unit 1 ———
1 cuboid 1 1 +x = 1.0000 -x = -1.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
2 cuboid 2 1 +x = 2.0000 -x = -2.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
3 cuboid 3 1 +x = 3.0000 -x = -3.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
4 cuboid 4 1 +x = 4.7213 -x = -4.7213 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
10x1x1 array dimension search - slab
based on the preceding data, the best estimate of the parameter is 1.79511E-01
the geometry corresponding to this parameter follows:
media bias geometry description for those units utilized in this problem
region num id
————— unit 1 -————
1 cuboid 1 1 +x = 1.0000 -x = -1.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
2 cuboid 2 1 +x = 2.0000 -x = -2.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
3 cuboid 3 1 +x = 3.0000 -x = -3.0000 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00
4 cuboid 4 1 +Xx = 4.7180 -x = -4.7180 +y = 100.00 -y = -100.00 +z = 100.00 -z = -100.00

Search on Multiple Units and Regions

Consider a problem having Units 1, 2, and 3. Unit 1 consists of three concentric spheres in a cuboid.
Unit 2 consists of a single sphere in a cuboid, and Unit 3 contains three concentric cuboids. A search is to
be made that changes the exterior dimensions of the three units, the inner sphere of Unit 1, and the sphere of
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Unit 2. The thicknesses of the outer spheres of Unit 1 are to be maintained, and the two inner cuboids of
Unit 3 are to remain unchanged. The search data and results for this problem are the following:

=CSAS5S

DEMONSTRATION OF CRITICAL DIMENSI
V7-252

READ COMP

ON SEARCH

URANIUM 1 0.985 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 END

PLEXIGLAS 2 END

SS304 3 END

END COMP

READ PARAMETERS GEN=203 NPG=1500
END PARAMETERS

READ GEOMETRY

UNIT 1

SPHERE 1 1 3.0
SPHERE 0 1 3.25
SPHERE 2 1 3.5
CUBE 0 1 2P5.0
UNIT 2

SPHERE 1 1 3.0
CUBE 0 1 2P5.0
UNIT 3

CUBE 0 1 2P4.9
CUBE 3 1 2P5.0
CUBE 0 1 2P5.0
END GEOMETRY

READ ARRAY ARA=1 NUX=3 NUY=3 NUZ=
132323231
323132313
231313132
END FILL END ARRAY
END DATA

READ SEARCH  CRITICAL DIMENSION
KEF=1.000 EPS=0.005 MORE
ALTER UNIT=1 REG=1 ALL=1.0
ALTER UNIT=1 REG=4 ALL=1.0
ALTER UNIT=2 REG=1 TO 2 ALL=1.0
ALTER UNIT=3 REG=3 ALL=1.0

MAINTAIN UNIT=1 REG=2 TO 3 ALL=1.
+CON=2.0 -CON=-0.5

END SEARCH

END

search pass

*h kA k

modified
search pass

*h kA k

modified
search pass

e

modified
search pass

e

modified
search pass

3 FILL

0

1 keff=
the parameter
keno v data has
2 keff=

the parameter
keno v data has
3 keff=

the parameter
keno v data has
4 keff=

the parameter
keno v data has
5 keff=

the parameter

1.

1.

9.

9.

4._.04885E-01 + or -

was 0.00000E+00
been rewritten on
07404E+00 + or -
was 2.00000E+00
been rewritten on
01654E+00 + or -
was 1.77869E+00
been rewritten on
94811E-01 + or -
was 1.71784E+00
been rewritten on
99482E-01 + or -
was 1.73183E+00

8.44823E-04

e

unit 95
1.44587E-03

Kk kKK

unit 95
1.38559E-03

Kk A kk

unit 95
1.34462E-03

Kk kKK

unit 95
1.35858E-03

search demonstration of critical dimension search

convergence was achi

eved on pass

5 the parameter was

the equation used in the search was:

1.73183E+00

k-eff = +4_05037E-01 -7.56139E-02*p +4.77691E-01*p**2 -1.36173E-01*p**3

k-effective= 9.99482E-01
media bias

region num id

+ or -

unit

1.35858E-03
geometry description for those units utilized in this problem

the corresp

onding geometry follows;
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1 sphere 1 1 radius = 8.1955 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).

2 sphere 0 1 radius = 8.4455 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).

3 sphere 2 1 radius = 8.6955 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).

4 cuboid 0 1 +x = 13.659 -x = -13.659 +y = 13.659 -y = -13.659 +z = 13.659 -z = -13.659
————— unit 2 ————

1 sphere 1 1 radius = 8.1955 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).

2 cuboid 0 1 +x = 13.65 -x = -13.659 +y = 13.659 -y = -13.659 +z = 13.659 -z = -13.659
————— unit 3 ————

1 cuboid 0 1 +x = 4.9000 -x = -4.9000 +y = 4.9000 -y = -4.9000 +z = 4.9000 -z = -4.9000

2 cuboid 3 1 +x = 5.0000 -x = -5.0000 +y = 5.0000 -y = -5.0000 +z = 5.0000 -z = -5.0000

3 cuboid 0 1 +x = 13.659 -x = -13.659 +y = 13.659 -y = -13.659 +z = 13.659 -z = -13.659

search demonstration of critical dimension search
based on the preceding data, the best estimate of the parameter is 1.73328E+00

the geometry corresponding to this parameter follows:
media bias geometry description for those units utilized in this problem
region num id

————— unit 1 -———

1 sphere 1 1 radius = 8.1998 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).

2 sphere 0 1 radius = 8.4498 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).

3 sphere 2 1 radius = 8.6998 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).

4 cuboid 0 1 +x = 13.666 -x = -13.666 +y = 13.666 -y = -13.666 +z = 13.666 -z = -13.666
————— unit 2 -———

1 sphere 1 1 radius = 8.1998 the center is located at ( 0.0000 , 0.0000 , 0.000 ).

2 cuboid 0 1 +x = 13.666 -x = -13.666 +y = 13.666 -y = -13.666 +z = 13.666 -z = -13.666
————— unit 3 —-———

1 cuboid 0 1 +x = 4.9000 -x = -4.9000 +y = 4.9000 -y = -4.9000 +z = 4.9000 -z = -4.9000

2 cuboid 3 1 +x = 5.0000 -x = -5.0000 +y = 5.0000 -y = -5.0000 +z = 5.0000 -z = -5.0000

3 cuboid 0 1 +x = 13.666 -x = -13.666 +y = 13.666 -y = -13.666 +z = 13.666 -z = -13.666

UO,F, Solution Tank — Critical Search on Chord Length

Consider a large spherical tank partially filled with UO,F, solution. The tank has a radius of 34.6 cm and
is initially filled with solution to a height of 10.0 cm above the midpoint. The tank is composed of a
0.759-cm-thick Al shell. The UO,F, solution is composed of three standard compositions: UO,F,,
HF acid, and H,O. The code combines these using a set algorithm. This may or may not produce a
solution at the desired density. If the density of the solution is known it should be entered. Also, extra
acid can be added to the solution by specifying a non-zero acid molarity.

A critical dimension search is performed on the length of the chord yielding system kg = 0.98. In the
MORE search data, UNIT=1 REG=1 CHORD=1 specifies that the chord length of region 1 in Unit 1 is
to be altered with the limits defined by the search constraints. The minimum search constraint is set so
region 1 consists of the part of the sphere below an X-Y plane 10.0 cm below the sphere’s midpoint. The
maximum search constraint is set so region 1 consists of almost the entire sphere.

The constraints are calculated as follows:

D; = ( Radius; + Chord; ) / ( 2*Radius; ) = ( 34.6 + 20.0 ) / 2*34.6 ) = 0.6445
Dimax = ( RadiUSmax + Chortmax ) / ( 2*RadiUsmay ) = ( 34.6 + 34.6) / 2%34.6 ) = 1.0

The maximum constraint is calculated according to:
+CON =[(Dmax/ Dj)—1.0]1/CHORD =[ ( 1.0/ 0.6445)-1.0 ]/ 1.0=0.5515
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The minimum constraint is calculated according to:

~CON = [ ( Dyax/ D)~ 1.0 ]/ CHORD = [ ( 0.3555/0.6445 ) — 1.0/ 1.0 = —0.4484

The search data and final search results for this problem follow:

=csasbs

sample problem 6 soln tank - crit.

v7-238
read comp

dim.

search on chord

solnuo2f2 1 500 0 1 300.0 92235 4.89 92238 95.09 92234 0.02 end

al
end comp

sample problem 6 soln tank - crit.

read geom
unit 1
hemisphe-z
sphere
sphere

end geom
end data

READ SEARCH CRITICAL DIMENSION KEF=0.98

2 1.0 300.0 end

11 34.6
01 34.6
2 1 34.759

chord 10.

ALTER UNIT=1 REG=1 CHORD=1.0

-CON=-0.4484 +CON=0.5515
END SEARCH
end

Fkkkk

FAkkk

FAkkk

search pass

modified
search pass

modified
search pass

modified
search pass

1

ke
2

ke
3

ke
4

dim.

keff= 9.

the parameter
no v data has

keff= 1.

the parameter
no v data has

keff= 9.

the parameter
no v data has

keff= 9.

the parameter

search on chord

MORE

32087E-01 + or -
was 0.00000E+00
been rewritten on
00306E+00 + or -
was 5.51500E-01
been rewritten on
95554E-01 + or -
was 3.72325E-01
been rewritten on
80534E-01 + or -
was 2.37245E-01

solution tank - critical dimension search on

1.25932E-03

unit 95
1.54366E-03

unit 95
1.33223E-03

unit 95
1.47774E-03

chord length

Fkkhk

Fhkhk

Fhkhk

region

1 -zhemisphere 1 1 radius

media bias

convergence was achieved on pass 4 the parameter was
the equation used in the search was:

2.37245E-01

k-eff = +9.32087E-01 +2.68165E-01*p -2.82174E-01*p**2 +5.30631E-02*p**3

k-effective=

num id

9.80534E-01 + or -

1.47774E-03

global
unit 1
34.600 existing in the -z direction center=(0.00,0.00,0.00) chord=20.581

the corresponding geometry follows;
geometry description for those units utilized in this problem

2 sphere 0 1 radius = 34.600 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).
3 sphere 2 1 radius = 34.759 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).
solution tank - critical dimension search on chord length
based on the preceding data, the best estimate of the parameter is 2.33538E-01
the geometry corresponding to this parameter follows:
media bias geometry description for those units utilized in this problem
region num id
global
————— unit 1 —_———
1 -zhemisphere 1 1 radius = 34.600 existing in the -z direction center=(0.00,0.00,0.00) chord=20.416
2 sphere 0 1 radius = 34.600 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).
3 sphere 2 1 radius = 34.759 the center is located at ( 0.0000 , 0.0000 , 0.0000 ).
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2.1.A.12 Optimum concentration search

An optimum concentration search alters the concentration of the specified standard composition in the
specified mixture to determine the highest value of k. The limits for an optimum concentration search
are governed by the values entered for the parameter constraints. An optimum concentration search is
activated by entering “OPTIMUM CONCENTRATION” in the search data. No defaulted search data are
in a concentration search. The user must specify the material and standard composition name to be
changed and the manner in which they will be changed.

A concentration search is performed by altering the atom densities of the specified standard compositions
in the specified materials. The ratio of how the standard compositions change relative to each other is
controlled using FACTOR. If a material and standard composition is not listed in the search data it
remains unchanged. The concentration search can vary from zero to some upper limit. The code will
prevent the concentration from falling below zero, but the user is responsible for setting constraints that
prevent the concentration from exceeding reasonable values. In most cases the theoretical density is a
reasonable upper limit.

Array of Spheres in H,O — Search on H,O Density

Consider a 10 x 10 x 10 array of uranium spheres arranged in an array having a “square” pitch.
The uranium spheres are 2 cm in radius, and the center-to-center spacing is 8 cm. The uranium spheres
and their associated spacing are defined to be unit 1, and the 10 x 10 x 10 array is defined to be array 1.
The spheres are initially moderated by ¥ density water.

An optimum concentration search is performed on the water yielding the maximum system ke for various
densities of water. In the MORE search data, MIX=2 and SCNAME=H20 specify that the water
component of mixture 2 is to be altered during the search. The maximum allowed density is full density
water. The minimum allowed density is 0.05 density water.

The maximum constraint is calculated according to:

+CON=(h—1J/FACTOR +CON= (%-1)/1:1/0 .

initial

The minimum constraint is calculated according to:

—CON:(h —1]/FACTOR —CON= (%— j/1=—0.9 .

initial

The search data and final search results for this problem follow:

=CSAS5S

10x10x10 ARRAY - CONCENTRATION SEARCH
V7-238

READ COMP
URANIUM 1 1.
H20 2 0.
END COMP
READ CELLDATA

LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

0.0 92235 90.0 92238 10.0 END

0 30
5 300.0 END
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UNIT 1

SPHERE 1 1 2.0

CUBOID 2 1 6P4.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY

END DATA

READ SEARCH OPTIMUM CONCENTRATION MORE
ALTER MIX=2 SCNAME=H20 FACTOR=1.0

-CON=-0.9 +CON=1.0
END SEARCH
END

keff= 1.
the parameter
modified keno v data has
search pass 2

search pass 1

KAkhk

the parameter
modified keno v data has
search pass 3

KAkhk

the parameter
modified keno v data has
search pass 4

FAkhk

the parameter
modified keno v data has
search pass 5

FAkhk

the parameter
10x10x10 array -

keff= 5.

keff= 1.

keff= 1.

keff= 1.

22228E+00 + or -
was 0.00000E+00
been rewritten on unit 95
58399E-01 + or - 1.29164E-03
was -9.00000E-01

been rewritten on unit 95
01673E+00 + or - 1.58517E-03
was 1.00000E+00

been rewritten on unit 95
14752E+00 + or - 1.59590E-03
was 5.00000E-01

been rewritten on unit 95
22423E+00 + or - 1.82022E-03
was 4.32687E-02
concentration search

1.75549E-03

Khkhk

Khkhk

Fhkhk

Fhkhk

convergence was achieved on pass 5
the equation used i

k-eff = +1.22278E+00 +5.50106E-02*p
k-effective= 1.22423E+00 + or - 1.82022

10x10x10 array - con
mixing t

number of scattering a
cross section message thr

mixture = 1 density(g/cc) = 19.050

nuclide atom-dens. wgt. frac. za a
1092235 4.39277E-02 9.00000E-01 92235 235.044
1092238 4.81921E-03 1.00000E-01 92238 238.051

mixture = 2 density(g/cc) = 0.52068
nuclide atom-dens. wgt. frac. za

2001001 3.48291E-02 1.11926E-01 1001  1.0077
2008016 1.74146E-02 8.88073E-01 8016 15.9904

the parameter was 4 _32687E-02

n the search was:

-5_.25565E-01*p**2 +2.61295E-01*p**3

E-03 the corresponding geometry follows;
centration search
able

ngles = 2
eshold =5.7E-02

wt nuclide title
1 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
0 92U 238 ANL+ EVALJUN77 E.PENNINGTONMOD3 02/13/92

awt nuclide title
hydrogen in water 1301/1002 modl 11/23/92
80 16 from version 6 evaluation

based on the preceding data, the best estimate of the parameter is 5.45542E-02
the mixing table corresponding to this parameter follows:
10x10x10 array - concentration search
mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 19.050

nuclide atom-dens. wgt. frac. za awt nuclide title

1092235 4.39277E-02 9.00000E-01 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 4.81921E-03 1.00000E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E.PENNINGTON MOD3 02/13/92
mixture = 2 density(g/cc) = 0.52631

nuclide atom-dens. wgt. frac. za awt nuclide title

2001001 3.52059E-02 1.11927E-01 1001 1.0077 hydrogen in water 1301/1002 modl  11/23/92
2008016 1.76029E-02 8.88073E-01 8016 15.9904 80 16 from version 6 evaluation

Array of Cylinders in H,O — Search on H,O Density
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This problem contains search data for an optimum concentration search. The problem consists of a
10 x 10 x 1 array of uranium cylinders surrounded initially by 0.5 gm/cc density water. The cylinders are
90% 2*U and 10% U and have a radius of 2.0 cm and a length of 200 cm. The cylinders are originally
centered on an 8.0cm X and Y pitch with interstitial low density (0.5 gm/cc) water. The problem
searches for the H,O density that will produce the maximum system ke In the MORE search data,
MIX=2 and SCNAME=H20 specify that the water component of mixture 2 is to be altered during the
search. The maximum allowed density is full density water. The minimum allowed density is 0.05
density water.

The maximum constraint is calculated according to:

+CON= Dﬂ—l /[FACTOR +CON=[§)'—C5)— Jllz—l.O :

initial
The minimum constraint is calculated according to:

D, 0.05

-1|/FACTOR —CON:[E— j/1=—0.9 .

—CON=

initial
The search data and final search results for this problem follow:

=CSAS5S

10x10x1 ARRAY CONCENTRATION SEARCH - CHANGE H20
V7-238

READ COMP
URANIUM 1 1.
H20 2 0.
END COMP
READ CELLDATA

LATTICECELL SQUAREPITCH PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1

CYLINDER 1 1 2.0 100.0 -100.0

CUBOID 2 1 4p4.0 2pl100.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=1 FILL F1 END FILL

END ARRAY

END DATA

READ SEARCH OPTIMUM CONCENTRATION MORE

ALTER MIX=2 SCNAME=H20 FACTOR=1.0

-CON=-0.9 +CON=1.0

END SEARCH

END

0.0 92235 90.0 92238 10.0 END
0.0 END

[ Ne]

30
30

search pass 1 keff= 1.63537E+00 + or - 1.70164E-03
the parameter was 0.00000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 1.26936E+00 + or - 1.79640E-03
the parameter was -9.00000E-01
***** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 1.51475E+00 + or - 1.50298E-03
the parameter was 1.00000E+00
***** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 1.61045E+00 + or - 1.48777E-03
the parameter was 5.00000E-01
***** modified keno v data has been rewritten on unit 95 *****
search pass 5 keff= 1.63831E+00 + or - 1.43843E-03
the parameter was 1.29491E-01
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10x10x10 array concentration search - change h2o

convergence was achieved on pass 5 the parameter was 1.29491E-01
the equation used in the search was:
k-eff = +1.63481E+00 +6.23193E-02*p -2.85686E-01*p**2 +1.05562E-01*p**3

k-effective= 1.63831E+00 + or - 1.43843E-03 the corresponding geometry follows;
10x10x10 array concentration search - change h2o
mixing table
number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 19.050

nuclide atom-dens. wgt. frac. za awt nuclide title

1092235 4.39277E-02 9.00000E-01 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 4.81921E-03 1.00000E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E_PENNINGTON MOD3 02/13/92

mixture = 2 density(g/cc) = 0.56371
nuclide atom-dens. wgt. frac. za awt nuclide title
2001001 3.77076E-02 1.11926E-01 1001 1.0077 hydrogen in water 1301/1002 modl  11/23/92
2008016 1.88538E-02 8.88073E-01 8016 15.9904 80 16 from version 6 evaluation
based on the preceding data, the best estimate of the parameter is 1.16606E-01

the mixing table corresponding to this parameter follows:
10x10x10 array concentration search - change h2o
mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 19.050

nuclide atom-dens. wgt. frac. za awt nuclide title

1092235 4.39277E-02 9.00000E-01 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 4.81921E-03 1.00000E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E_PENNINGTON MOD3 02/13/92

mixture = 2 density(g/cc) = 0.55728

nuclide atom-dens. wgt. frac. za awt nuclide title

2001001 3.72774E-02 1.11927E-01 1001 1.0077 hydrogen in water 1301/1002 modl 11/23/92
2008016 1.86387E-02 8.88074E-01 8016 15.9904 80 16 from version 6 evaluation

Cell-Weighted Array of Uranium Cylinders in H,O — Search on H,O Density

This problem contains search data for an optimum concentration search. The problem consists of a single
material representing a 10 x 10 x 1 array of uranium cylinders surrounded initially by 0.5 gm/cc density
water. The cylinders are 90% %*U and 10% #**U and have a radius of 2.0 cm and a length of 200 cm.
The cylinders are originally centered on an 8.0 cm X and Y-pitch with interstitial low density (0.5 gm/cc)
water. The keyword CELL=100 in the unit cell data indicates this will be a cell-weighted problem with
mixture 100 representing the array of uranium rods in water. The problem searches for the H,O density
that will produce the maximum system ke In the MORE search data, MIX=2 and SCNAME=H,0
specify that the water component of mixture 2 is to be altered during the search. On each pass the water
density is altered, XSDRNPM is run to produce a new mixture 100, and mixture 100 is used in
KENO V .a to calculate a new system ket The cylinder and cuboid in unit 1 and the array contained in the
above problem are replaced by a cuboid of the same size as the array containing mixture 100. The
maximum allowed density is full density water. The minimum allowed density is 0.05 density water.
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The maximum constraint is calculated according to:

D,.. 1.0

+CON= -1|/FACTOR +CON= E—l 1=-1.0.

initia
The minimum constraint is calculated according to:

—CON= h—l /FACTOR —-CON= %—1 1=-09 .

initial
The search data and final search results for this problem follow:

=CSAS5S

10x10x1 ARRAY CONCENTRATION SEARCH - CHANGE H20
V7-238

READ COMP
URANIUM 1 1.
H20 2 0.
END COMP
READ CELLDATA

LATTICECELL CELL=100 SQUAREPITCH PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1

CUBOID 100 1 4p40.0 2pl100.0

END GEOMETRY

END DATA

READ SEARCH OPTIMUM CONCENTRATION MORE

ALTER MIX=2 SCNAME=H20 FACTOR=1.0

-CON=-0.9 +CON=1.0

END SEARCH

END

00.0 92235 90.0 92238 10.0 END

0 3
5 300.0 END

search pass 1 keff= 1.63905E+00 + or - 1.69932E-03
the parameter was 0.00000E+00
*x** xsdrnpm mesh intervals ****
20 mesh intervals in zone 1
4 mesh intervals in zone 2
***** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 1.28883E+00 + or - 1.67697E-03
the parameter was -9.00000E-01
***x* xsdrnpm mesh intervals ****
20 mesh intervals in zone 1
20 mesh intervals in zone 2
*x*** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 1.51930E+00 + or - 1.21366E-03
the parameter was 1.00000E+00
**** xsdrnpm mesh intervals ****
20 mesh intervals in zone 1
20 mesh intervals in zone 2
***** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 1.61577E+00 + or - 1.47397E-03
the parameter was 5.00000E-01
0 **** xsdrnpm mesh intervals ****
20 mesh intervals in zone 1
20 mesh intervals in zone 2
***** modified keno v data has been rewritten on unit 95 *****
search pass 5 keff= 1.64316E+00 + or - 1.70752E-03
the parameter was 1.35197E-01
10x10x10 array concentration search - change h2o

convergence was achieved on pass 5 the parameter was 1.35197E-01
the equation used in the search was:

k-eff = +1.63882E+00 +6.77742E-02*p -2.75913E-01*p**2 +8.93705E-02*p**3

k-effective= 1.64316E+00 + or - 1.70752E-03 the corresponding geometry follows;
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10x10x10 array concentration search - change h2o
mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 19.050

nuclide atom-dens. wgt. frac. za awt nuclide title

1092235 4.39277E-02 9.00000E-01 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 4.81921E-03 1.00000E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E_PENNINGTON MOD3 02/13/92

mixture = 2 density(g/cc) = 0.56656
nuclide atom-dens. wgt. frac. za awt nuclide title

2001001 3.78981E-02 1.11926E-01 1001 1.0077 hydrogen in water 1301/1002 modl  11/23/92
2008016 1.89490E-02 8.88073E-01 8016 15.9904 80 16 from version 6 evaluation

mixture = 100 density(g/cc) = 0.0000

nuclide atom-dens. wgt. frac. za awt nuclide title

2001001 0.0000OE+00
2008016 0.00000E+00
1092235 0.00000E+00
1092238 0.00000E+00

-00000E+00 1001 1.0077 hydrogen in water 1301/1002 modl 11/23/92
-00000E+00 8016 15.9904 80 16 from version 6 evaluation

_.00000E+00 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
.00000E+00 92238 238.0510 92U 238 ANL+ EVALJUN77 E.PENNINGTON MOD3 02/13/92

[eNeoNeNe)

based on the preceding data, the best estimate of the parameter is 1.31179E-01

the mixing table corresponding to this parameter follows:
10x10x10 array concentration search - change h2o
mixing table
number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 19.050

nuclide atom-dens. wgt. frac. za awt nuclide title

1092235 4.39277E-02 9.00000E-01 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 4.81921E-03 1.00000E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E.PENNINGTON MOD3 02/13/92

mixture = 2 density(g/cc) = 0.56455

nuclide atom-dens. wgt. frac. za awt nuclide title

2001001 3.77639E-02 .11927E-01 1001 1.0077 hydrogen in water 1301/1002 modl  11/23/92
2008016 1.88820E-02 8.88074E-01 8016 15.9904 80 16 from version 6 evaluation

=

mixture = 100 density(g/cc) = 0.0000

nuclide atom-dens. wgt. frac. za awt nuclide title

2001001 0.00000E+00 .00000E+00 1001 1.0077 hydrogen in water 1301/1002 mod 11/23/92

2008016 0.00000E+00 .O0O000E+00 8016 15.9904 80 16 from version 6 evaluation

1092235 0.00000E+00 .00000E+00 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89

1092238 0.00000E+00 .0O0000E+00 92238 238.0510 92U 238 ANL+ EVALJUN77 E.PENNINGTON A. MOD3 02/13/92

[eNeoNeoNe]

2.1.A.13 Minimum concentration search

A minimum concentration search searches for the standard composition density that yields the lowest
value of Ky A minimum concentration search is activated by entering “MINIMUM
CONCENTRATION” in the search data. There are no defaulted search data in a concentration search.
The user must specify the material and standard composition name to be changed and the manner in
which they will be changed as described in the auxiliary search commands.

A concentration search is performed by altering the atom densities of the specified standard compositions
in the specified materials. The ratio of how the standard compositions change relative to each other is
controlled using FACTOR. If a material and standard composition is not listed in the search data it
remains unchanged. The concentration search can vary from zero to some upper limit. The code will
prevent the concentration from falling below zero, but the user is responsible for setting constraints that
prevent the concentration from exceeding reasonable values. In most cases the theoretical density is a
reasonable upper limit.
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Infinite Array of Fuel Bundles Separated by Flux Traps — Search on H,O Density in Trap

The fuel bundles in this problem represent 17 x 17 PWR fuel assemblies. The fuel pins are smeared
together, making a mixture 100. The fuel pins consist of 2.35 wt % “**U having a diameter of 0.823 cm,
zirconium cladding having an outer diameter of 0.9627 cm, and a pitch of 1.275 cm. The fuel bundle is
represented as a 10.8375 cm x 10.8375 cm x 366 cm cuboid of mixture 100 surrounded by Boral and then
water. The Boral has a density of 2.65 g/cm® and is composed of 35.17 wt % B,C and 64.83 wt % Al.
The fuel bundles are at a fixed pitch of 13.0 cm. This is the same problem as described for a minimum
dimension search above with the water component of the trap size optimized, thus producing a minimum
system k. The input data and the final search results for this problem follow:

=csasb5s

array of fuel bundles with flux trap
Vv7-238

read comp

uo2 1 .84 300. 92235 2.35 92238 97.65 end
zr 21 end

h2o 31end

b4dc 4 den=2.65 0.3517 end

al 4 den=2.65 0.6483 end

h2o 5 0.5 end

end comp

read celldata

latticecell squarepitch pitch=1.275 3 fueld=0.823 1 cladd=0.9627 2 cellmix=100 end
end celldata

read param far=yes gen=203 npg=1000 end param
read geom

cuboid 100 1 4p10.8375 2p183.0

cuboid 4 1 4p11.0 2p183.0

cuboid 5 1 4p13.0 2p183.0

end geom

read bounds xfc=mirror yfc=mirror end bounds
end data

read search minimum concentration more
alter mix=5 scname=h2o0 factor=1.0

-con=-0.9 +con=1.0

end search

end

search pass 1 keff= 7.70310E-01 + or - 1.31009E-03
the parameter was 0.00000E+00
***% xsdrnpm mesh intervals ****
4 mesh intervals in zone 1
4 mesh intervals in zone 2
14 mesh intervals in zone 3
***** modified keno v data has been rewritten on unit 95 *****
search pass 2 keff= 8.62695E-01 + or - 1.43366E-03
the parameter was -9.00000E-01
***% xsdrnpm mesh intervals ****
4 mesh intervals in zone 1
4 mesh intervals in zone 2
14 mesh intervals in zone 3
***** modified keno v data has been rewritten on unit 95 *****
search pass 3 keff= 7.04284E-01 + or - 1.44875E-03
the parameter was 1.00000E+00
***% xsdrnpm mesh intervals ****
4 mesh intervals in zone 1
4 mesh intervals in zone 2
14 mesh intervals in zone 3
***** modified keno v data has been rewritten on unit 95 *****
search pass 4 keff= 7.36291E-01 + or - 1.54213E-03
the parameter was 5.00000E-01
array of fuel bundles with flux trap

convergence was achieved on pass 3 the parameter was 1.00000E+00
the equation used in the search was:
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k-eff = +7.70310E-01 -7.54970E-02*p +2.03650E-02*p**2 -1.08939E-02*p**3

k-effective= 7.04284E-01 + or - 1.44875E-03 the corresponding geometry follows;
array of fuel bundles with flux trap
mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 9.2064

nuclide atom-dens. wgt. frac. za awt nuclide title

1008016 4.10743E-02 1.18465E-01 8016 15.9904 80 16 from version 6 evaluation

1092235 4.88650E-04 2.07161E-02 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 2.00485E-02 8.60819E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E_PENNINGTON MOD3 02/13/92

mixture = 2 density(g/cc) = 6.4900
nuclide atom-dens. wgt. frac. za awt nuclide title
2040000 4.28457E-02 1.00000E+00 40000 91.2196 40zr sai evalapr76 m.drake d.sa mod2 01/03/89

mixture = 3 density(g/cc) = 0.99817
nuclide atom-dens. wgt. frac. za awt nuclide title

3001001 6.67692E-02 1.11927E-01 1001 1.0077 hydrogen in water 1301/1002 modl 11/23/92
3008016 3.33846E-02 8.88074E-01 8016 15.9904 80 16 from version 6 evaluation

mixture = 4 density(g/cc) = 2.6500

nuclide atom-dens. wgt. frac. za awt nuclide title

4005010 8.08716E-03 5.07413E-02 5010 10.0130 5b 100lasl evaldec76 g.hale modl 12/11/92 free gas
4005011 3.25519E-02 2.24568E-01 5011 11.0096 5bll gebnl evalsep7l cowan modl 12/11/92 free gas
4006012 1.01598E-02 7.63956E-02 6000 12.0001 6c ornl evaldec73 c.y.fu mod2 12/11/92 free gas
4013027 3.83444E-02 6.48295E-01 13027 26.9818 13al 270lasl evaldec73 p.g. young modl 11/29/88
mixture = 5 density(g/cc) = 0.99817

nuclide atom-dens. wgt. frac. za awt nuclide title

5001001 6.67692E-02 1.11927E-01 1001 1.0077 hydrogen in water 1301/1002 modl  11/23/92
5008016 3.33846E-02 8.88074E-01 8016 15.9904 80 16 from version 6 evaluation

mixture = 100 density(g/cc) = 0.0000

nuclide atom-dens. wgt. frac. za awt nuclide title

3001001 0.00000E+00 0.00000E+00 1001 1.0077 hydrogen in water 1301/1002 modl  11/23/92
3008016 0.00000E+00 0.00000E+00 8016 15.9904 80 16 from version 6 evaluation

1008016 0.00000E+00 0.00000E+00 8016 15.9904 80 16 from version 6 evaluation

2040000 0.00000E+00 0.00000E+00 40000 91.2196 40zr sai evalapr76 m.drake d.sa mod2 01/03/89
1092235 0.00000E+00 0.00000E+00 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 0.00000E+00 0.00000E+00 92238 238.0510 92U 238 ANL+ EVALJUN77 E._PENNINGTON MOD3 02/13/92

2.1.A.14 Critical concentration search

A critical concentration search alters the concentration of the specified standard composition in the
specified mixture to obtain a specified value of k.. A critical concentration search is activated by
entering “CRITICAL CONCENTRATION” in the search data. There are no defaulted search data in a
critical concentration search except for the value of ke If something other than ke = 1.0 is desired the
user must specify KEF=**, where ** is the desired value of k. The remaining data is entered after the
keyword MORE in the search data block. The user must specify the material and standard composition
name to be changed and the manner in which they will be changed as described in the auxiliary search
commands.

A concentration search is performed by altering the atom densities of the specified standard compositions
in the specified materials. The ratio of how the standard compositions change relative to each other is
controlled using FACTOR. If a material and standard composition is not listed in the search data it
remains unchanged. The concentration search can vary from zero to some upper limit. The code will
prevent the concentration from falling below zero, but the user is responsible for setting constraints that
prevent the concentration from exceeding reasonable values. In most cases the theoretical density is a
reasonable upper limit.

Array of Spheres in H,O — Search on H,O Density
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Consider a 10 x 10 x 10 array of uranium spheres arranged in an array having a “square” pitch.
The uranium spheres are 2 cm in radius, and the center-to-center spacing is 8 cm. The uranium spheres
and their associated spacing are defined to be unit 1, and the 10 x 10 x 10 array is defined to be array

1.0 cm. The spheres are initially moderated by ¥ density water.

A critical concentration search is performed on the water yielding system ket = 1.0 for various densities of
water. In the MORE search data, MIX=2 and SCNAME=H20 specify that the water component of
mixture 2 is to be altered during the search from an initial density of 0.5 gm/cc. The maximum allowed

density is full density water (1.0 gm/cc). The minimum allowed water density is 0.0005 gm/cc.

The maximum constraint is calculated according to:

+CON= (1.0/0.5 - 1)/1.0 = 1.0

The minimum constraint is calculated according to:

—CON= (0.0005/0.5 — 1)/1.0 =—-0.999

The search data and final search results for this problem follow:

=CSAS5S

10x10x10 ARRAY - CONCENTRATION SEARCH

V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 0.5 300.0 END

END COMP

READ CELLDATA

LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1

SPHERE 1 1 2.0

CUBOID 2 1 6P4.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY

END DATA

READ SEARCH CRITICAL CONCENTRATION KEF=1.0 MORE
ALTER MIX=2 SCNAME=H20 factor=1.0
-CON=-0.999 +CON=1.0

END SEARCH

END

search pass 1 keff= 1.22228E+00 + or -
the parameter was 0.00000E+00

***** modified keno v data has been rewritten on

search pass 2 keff= 4.97499E-01 + or -
the parameter was -9.99000E-01

***** modified keno v data has been rewritten on

search pass 3 keff= 1.15356E+00 + or -
the parameter was -3.06377E-01

***** modified keno v data has been rewritten on

search pass 4 keff= 9.72210E-01 + or -
the parameter was -5.52436E-01

***** modified keno v data has been rewritten on

search pass 5 keff= 1.00805E+00 + or -

1.75549E-03

unit 95  FxExx
1.19161E-03

unit 95 (FFxx*
1.85214E-03

unit 95 (FFxx*
1.89881E-03

unit 95 (FFxx*
1.91023E-03

2-83



the parameter was -5.21036E-01

***** modified keno v data has been rewritten on unit 95 *****

search pass 6 keff= 1.00056E+00 + or - 2.05463E-03
the parameter was -5.28450E-01
10x10x10 array - concentration search

convergence was achieved on pass 6 the parameter was -5.28450E-01

the equation used in the search was:

k-eff = +1.19891E+00 -5.90957E-01*p -2.41575E+00*p**2 -1_11098E+00*p**3

k-effective= 1.00056E+00 + or - 2.05463E-03 the corresponding geometry follows;

10x10x10 array - concentration search
mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 19.050
nuclide atom-dens. wgt. frac. za awt nuclide title

1092235 4.39277E-02 9.00000E-01 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 4.81921E-03 1.00000E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E_PENNINGTON MOD3 02/13/92

mixture = 2 density(g/cc) = 0.23534
nuclide atom-dens. wgt. frac. za awt nuclide title
2001001 1.57425E-02 1.11926E-01 1001 1.0077 hydrogen in water 1301/1002

2008016 7.87126E-03 8.88074E-01 8016 15.9904 80 16 from version 6 evaluation

mod1l 11/23/92

based on the preceding data, the best estimate of the parameter is -5.28963E-01

the mixing table corresponding to this parameter follows:
10x10x10 array - concentration search
mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 19.050
nuclide atom-dens. wgt. frac. za awt nuclide title

1092235 4.39277E-02 9.00000E-01 92235 235.0441 92u 235 bnl evalapr77 m.r._.bhat mod3 02/28/89
1092238 4.81921E-03 1.00000E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E.PENNINGTON MOD3 02/13/92

mixture = 2 density(g/cc) = 0.23509
nuclide atom-dens. wgt. frac. za awt nuclide title
2001001 1.57254E-02 -11927E-01 1001 1.0077 hydrogen in water 1301/1002

=

modl 11/23/92

2008016 7.86270E-03 8.88074E-01 8016 15.9904 80 16 from version 6 evaluation

Array of Spheres in H,O — Search on H,O Density

This is the same problem as described above with the exception of the initial water density, which is now
0.25 gm/cc. A critical concentration search is performed on the water yielding a system keg = 1.0 for
various densities of water. In the MORE search data, MI1X=2 and SCNAME=H20 specify that the water
component of mixture 2 is to be altered during the search from an initial value of 0.25 gm/cc.
maximum allowed density is % density water (0.5gm/cc). The minimum allowed water density

is 0.1 gm/cc.

The maximum constraint is calculated according to:

+CON=(5.0/0.25 - 1)/1.0=1.0

The minimum constraint is calculated according to:



—CON=(0.1/0.25-1)/1.0=-0.6

The search data and final search results for this problem follow:

=CSAS5S

10x10x10 ARRAY - CONCENTRATION SEARCH

V7-238

READ COMP

URANIUM 1 1.0 300.0 92235 90.0 92238 10.0 END
H20 2 0.25 300.0 END

END COMP

READ CELLDATA

LATTICECELL SPHSQUAREP PITCH=8.0 2 FUELD=4.0 1 END
END CELLDATA

READ GEOMETRY

UNIT 1

SPHERE 1 1 2.0

CUBOID 2 1 6P4.0

END GEOMETRY

READ ARRAY

ARA=1 NUX=10 NUY=10 NUZ=10 FILL F1 END FILL
END ARRAY

END DATA

READ SEARCH CRITICAL CONCENTRATION KEF=1.0 MORE
ALTER MIX=2 SCNAME=H20 factor=1.0

-CON=-0.6 +CON=1.0

END SEARCH

END

search pass 1 keff= 1.02599E+00 + or - 1.98346E-03
the parameter was 0.00000E+00
***** modified keno v data has been rewritten on unit 95 *****

search pass 2 keff= 6.69203E-01 + or - 1.55844E-03
the parameter was -6.00000E-01
***** modified keno v data has been rewritten on unit 95 *****

search pass 3 keff= 1.00197E+00 + or - 1.73659E-03
the parameter was -4.37073E-02
10x10x10 array - concentration search

convergence was achieved on pass 3 the parameter was -4.37073E-02
the equation used in the search was:

k-eff = +0.00000E+00 +0.00000E+00*p +0.00000E+00*p**2 +0.00000E+00*p**3

k-effective= 1.00197E+00 + or - 1.73659E-03 the corresponding geometry follows;

10x10x10 array - concentration search
mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 19.050
nuclide atom-dens. wgt. frac. za awt nuclide title

1092235 4.39277E-02 9.00000E-01 92235 235.0441 92u 235 bnl evalapr77 m.r._bhat mod3 02/28/89
1092238 4.81921E-03 1.00000E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E_PENNINGTON MOD3 02/13/92

mixture = 2 density(g/cc) = 0.23864
nuclide atom-dens. wgt. frac. za awt nuclide title

2001001 1.59627E-02 1.11926E-01 1001 1.0077 hydrogen in water 1301/1002 modl 11/23/92

2008016 7.98136E-03 8.88074E-01 8016 15.9904 80 16 from version 6 evaluation

based on the preceding data, the best estimate of the parameter is -4_.37073E-02

the mixing table corresponding to this parameter follows:
10x10x10 array - concentration search
mixing table



number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 19.050

nuclide atom-dens. wgt. frac. za awt nuclide title

1092235 4.39277E-02 9.00000E-01 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 4.81921E-03 1.00000E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E_PENNINGTON MOD3 02/13/92

mixture = 2 density(g/cc) = 0.23864

nuclide atom-dens. wgt. frac. za awt nuclide title

2001001 1.59627E-02 1.11926E-01 1001 1.0077 hydrogen in water 1301/1002 modl 11/23/92
2008016 7.98136E-03 8.88074E-01 8016 15.9904 80 16 from version 6 evaluation

UO,F, Solution Tank — Critical Search on UO,F, Density

Consider a large spherical tank partially filled with UO,F, solution. The tank has a radius of 34.6 cm and
is filled with solution to a height of 30.0 cm above the midpoint. The tank is composed of a 0.759 cm
thick Al shell. The UO,F, solution is composed of three standard compositions: UO2F2, HF acid, and
H20. The code combines these using a set algorithm. This may or may not produce a solution at the
desired density. If the density of the solution is known it should be entered. Also, extra acid can be
added to the solution by specifying a non-zero acid molarity.

A critical concentration search is performed on the water yielding system ke = 1.0 for various densities of
UO,F; in the solution. In the MORE search data, MIX=1 and SCNAME=UO2F2 specify that the UO,F,
component of the mixture 1 solution is to be altered during the search. The code calculates the density of
the solution. The initial uranium fuel density is 300 gm/liter. The maximum allowed uranium density is
600 gm/liter. The minimum allowed uranium density is 150 gm/liter.

The maximum constraint is calculated according to:

+CON= (600/300 — 1)/1.0= 1.0

The minimum constraint is calculated according to:

—CON= (150/300 — 1)/1.0=-0.5

The search data and final search results for this problem follow:

=CSAS5S

SOLUTION TANK - CRITICAL CONCENTRATION SEARCH
V7-238

READ COMP
SOLNUO2F2 1 300 O
AL 21.03
END COMP

READ GEOM
HEMISPHE-Z 1 1
SPHERE 01
SPHERE 21
END GEOM

END DATA

READ SEARCH CRITICAL CONCENTRATION KEF=1.0 MORE
ALTER MIX=1 SCNAME=UO2F2 FACTOR=1.0

-CON=-0.5 +CON=1.0

END SEARCH

1 300.0 92235 4.89 92238 95.09 92234 0.02 END
00.0 END

CHORD 30.

W ww

4.6
4.6
4.759
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END

KAk AAk

*AkAAk

KAk

search pass 1
the
modified keno
search pass 2
the
modified keno
search pass 3
the
modified keno
search pass 4
the

keff=

8.31461E-01 + or -

1.14626E-03

parameter was 0.00000E+00

v data has been rewritten on unit 95
1.05426E+00 + or -

keff=

parameter was
v data has been rewritten on unit 95
1.01773E+00 + or -

keff=

KAk

1.63141E-03
1.00000E+00

KAk Ak

1.42881E-03

parameter was 7.56451E-01

v data has been rewritten on unit 95
9.97887E-01 + or -

keff=

KAk

1.42235E-03

parameter was 6.59454E-01
solution tank - critical concentration search

convergence was achieved on pass 4 the parameter was

6.59454E-01

the equation used in the search was:

k-eff = +8.31461E-01 +2.45656E-01*p +7.41484E-02*p**2 -9.70021E-02*p**3

k-effective= 9.

mixture = 1
nuclide atom-dens.
1001001 6.36618E-02
1008016 3.43513E-02
1009019 2.52040E-03
12/16/88

1092234 2.56198E-07
01/10/91
1092235 6.23730E-05
1092238 1.19757E-03
02/13/92

mixture = 2
nuclide atom-dens.
2013027 6.03066E-02
11/29/88

based on

mixture = 1
nuclide atom-dens.
1001001 6.36618E-02
1008016 3.43662E-02
1009019 2.53528E-03
12/16/88
1092234 2.57710E-07
01/10/91
1092235 6.27412E-05
1092238 1.20464E-03
02/13/92

mixture = 2
nuclide atom-dens.
2013027 6.03066E-02
11/29/88

97887E-01 + or - 1
solution tank -

.42235E-03
critical

the corresponding geometry follows;

concentration search

mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

density(g/cc) =

wgt. frac.
6.67438E-02
5.71507E-01
4.98199E-02

1001
8016
9019
6.23860E-05 92234

1.52534E-02
2.96614E-01

92235
92238

density(g/cc) =
wgt. frac.

1.00000E+00 13027 26.9818 13al 270lasl evaldec73 p.g.

the preceding data, the best estimate of the parameter is

1.5960
Za awt
1.0077
15.9904
18.9982

234.0405
235.0441
238.0510

2.7020
za awt

nuclide title
hydrogen in water 1301/1002
80 16 from version 6 evaluation
9f 19 ornl evaljul74 c.y.fu d.c.lars mod3

mod1l

92U234 BNL HEDL+EVALJUL78 DIVADEENAM MOD3

92u 235 bnl evalapr77 m.r._.bhat mod3 02/28/89
92U 238 ANL+ EVALJUN77 E.PENNINGTON MOD3

nuclide title
young d.g modl

6.69249E-01

the mixing table corresponding to this parameter follows:

solution tank - critical

concentration search

mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

density(g/cc) =

wgt. frac.
6.65852E-02
5.70395E-01
4.99948E-02

1001
8016
9019
6.26050E-05 92234

1.53069E-02
2.97655E-01

92235
92238

density(g/cc) =
wgt. frac.
1.00000E+00 13027

1.5998

Za awt
1.0077
15.9904
18.9982

234.0405
235.0441
238.0510

2.7020

za awt

26.9818

nuclide title
hydrogen in water 1301/1002 modl 11/23/92
80 16 from version 6 evaluation
9f 19 ornl evaljul74 c.y.fu d.c.lars mod3

92U 234 BNL HEDL+EVALJUL78 DIVADEENAM MOD3

92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
92U 238 ANL+ EVALJUN77 E.PENNINGTON MOD3

nuclide title

13al 270lasl evaldec73 p.g. young d.g modl

11/23/92
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The final solution for this search contains 500 gm/liter of uranium. The search, however, did not change
the amount of acid or water in the solution. To get a better estimation of the solution density and ke for
this concentration of uranium the problem should be run again with an initial uranium density of
500 gm/liter as shown below.

UO,F, Solution Tank — Critical Search on UO,F, Density, Check

This is the same UO,F, solution tank problem examined above except the initial uranium density is
500 gm/liter. This problem is run again so the code will calculate water and acid densities associated with
this density of uranium. The search data has also been modified to account for the new density of
uranium.

A critical concentration search is performed on the water yielding system ke = 1.0 for various densities of
UO,F; in the solution. In the MORE search data, MIX=1 and SCNAME=UQO2F2 specify that the UO,F,
component of the mixture 1 solution is to be altered during the search. The code calculates the density of
the solution. The initial uranium fuel density is 500 gm/liter. The maximum allowed uranium density is
600 gm/liter. The minimum allowed uranium density is 400 gm/liter.

The maximum constraint is calculated according to:

+CON= (600/500 — 1)/1.0=0.2

The minimum constraint is calculated according to:

—CON= (400/500 — 1)/1.0=-0.2

The search data and final search results for this problem follow:

=csasb5s

solution tank - critical concentration search
Vv7-238

read comp
solnuo2f2 1 50
al 21
end comp

read geom
hemisphe-z 1 1 34.6
sphere 01 34.6
sphere 2134.7
end geom

end data

READ SEARCH CRITICAL CONCENTRATION KEF=1.0 MORE
ALTER MIX=1 SCNAME=uo2f2 factor=1.0

-CON=-0.2 +CON=0.2

END SEARCH

end

00.0 92235 4.89 92238 95.09 92234 0.02 end

chord 30.

search pass 1 keff= 9.99662E-01 + or - 1.40567E-03
the parameter was 0.00000E+00
solution tank - critical concentration search
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convergence was achieved on pass 1 the parameter was 0.00000E+00
the equation used in the search was:

k-eff = +0.00000E+00 +0.00000E+00*p +0.00000E+00*p**2 +0.00000E+00*p**3

I}
©

k-effective .99662E-01 + or - 1.40567E-03 the corresponding geometry follows;
solution tank - critical concentration search

mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 1.5656

nuclide atom-dens. wgt. frac. za awt nuclide title

1001001 6.14448E-02 6.56680E-02 1001 1.0077 hydrogen in water 1301/1002 modl 11/23/92
1008016 3.32538E-02 5.63969E-01 8016 15.9904 80 16 from version 6 evaluation

1009019 2.53136E-03 5.10061E-02 9019 18.9982 9f 19 ornl evaljul74 c.y.fu d.c.lars
mod312/16/88

1092234 2.57312E-07 6.38714E-05 92234 234.0405 92U 234 BNL HEDL+EVALJUL78 DIVADEENAMMOD3
01/10/91

1092235 6.26441E-05 1.56166E-02 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 1.20278E-03 3.03676E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E.PENNINGTON MOD3
02/13/92

mixture = 2 density(g/cc) = 2.7020

nuclide atom-dens. wgt. frac. za awt nuclide title

2013027 6.03066E-02 1.00000E+00 13027 26.9818 13al 270lasl evaldec73 p.g. young d.g modl
11/29/88

based on the preceding data, the best estimate of the parameter is 0.00000E+00

the mixing table corresponding to this parameter follows:
solution tank - critical concentration search
mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 1.5656

nuclide atom-dens. wgt. frac. za awt nuclide title

1001001 6.14448E-02 6.56680E-02 1001 1.0077 hydrogen in water 1301/1002 modl 11/23/92
1008016 3.32538E-02 5.63969E-01 8016 15.9904 80 16 from version 6 evaluation

1009019 2.53136E-03 5.10061E-02 9019 18.9982 9f 19 ornl evaljul74 c.y.fu d.c.lars mod3
12/16/88

1092234 2.57312E-07 6.38714E-05 92234 234.0405 92U 234 BNL HEDL+EVALJUL78 DIVADEENAM MOD3
01/10/91

1092235 6.26441E-05 1.56166E-02 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 1.20278E-03 3.03676E-01 92238 238.0510 92U 238 ANL+ EVALJUN77 E.PENNINGTON MOD3
02/13/92

mixture = 2 density(g/cc) = 2.7020

nuclide atom-dens. wgt. frac. za awt nuclide title

2013027 6.03066E-02 1.00000E+00 13027 26.9818 13al 270lasl evaldec73 p.g. young d.g modl
11/29/88

This problem converged on the first pass, so the amount of uranium, HF acid, and water in the solution
were reasonably good estimates. For this problem the HF acid and H,O only changed marginally and,
therefore, had very little effect on the system k. This is not always the case; therefore if a search is
being done on a solution, the problem should always be rerun with the final search densities.

Fuel Bundles Separated by Flux Traps — Critical Search Boron and Al Densities

The fuel bundles in this problem represent 17 x 17 PWR fuel assemblies. The fuel pins are smeared
together, making a mixture 100. The fuel pins consist of 4.35 wt % ***U having a diameter of 0.823 cm,
zirconium cladding having an outer diameter of 0.9627 cm, and a pitch of 1.275 cm. The fuel bundle is
represented as a 10.8375 cm x 10.8375 cm x 366 cm cuboid of mixture 100 surrounded by Boral and then
water. The Boral has a density of 2.61 g/cm® and has an initial composed of 50.0 wt % B,C and
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50.0 wt % Al. The fuel bundles are at a fixed pitch of 13.0 cm. Boral plates surrounding the X and
Y sides of each fuel assembly are 0.1625 cm thick. Full density water is between the Boral plates.

A critical concentration search is performed on the Boral plates searching for a system ke = 0.95.
The Boral plates are at a fixed density of 2.61 gm/cc. As the density of the B,C changes, the density of
the Al changes in the opposite direction maintaining a constant Boral density. There are two entries in the
MORE search data. The first entry, MIX=4 SCNAME=b4c factor=1.0 specifies that the B4,C of
mixture 4 is to be altered during the search. The second entry, MIX=4 SCNAME=al factor = -1.0
specifies that aluminum is to be changed in the opposite direction and proportionally to B,C during the
search. Both B,C and Al have the same initial density of 0.5 * 2.61 = 1.305 gm/cc.

The maximum constraint is calculated according to:

+CON= (2.59695/1.305 — 1)/1.0 =0.99

The minimum constraint is calculated according to:

—CON=(0.1305/1.305 - 1)/1.0=—0.9

The search data and final search results for this problem follow:

=csasb5s

array of fuel bundles with flux trap
Vv7-238

read comp

uo2 1 .84 300. 92235 4.35 92238 95.65 end
zr 2 1 end

h2o 3 1 end

b4c 4 den=2.61 0.5 end

al 4 den=2.61 0.5 end

h2o 5 1.0 end

end comp

read celldata

latticecell squarepitch pitch=1.275 3 fueld=0.823 1 cladd=0.9627 2 cellmix=100 end
end celldata

read param far=yes gen=203 npg=1000 end param

read geom

global unit 1

cuboid 100 1 4p10.8375 2p183.0

cuboid 4 1 4p11.0 2p183.0

cuboid 5 1 4p13.0 2p183.0

end geom

read bounds xfc=mirror yfc=mirror end bounds

end data

read search critical concentration kef=0.95 more
alter mix=4 scname=arbmb4c  factor=1.0

alter mix=4 scname=al factor=-1.0
-con=-0.9 +con=0.99
end search
end
search pass 1 keff= 8.22991E-01 + or - 1.79474E-03

the parameter was 0.00000E+00
**** xsdrnpm mesh intervals ****
4 mesh intervals in zone 1
4 mesh intervals in zone 2
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14 mesh intervals in zone 3
***** modified keno v data has been rewritten on unit 95 *****

search pass 2 keff= 8.01629E-01 + or - 1.78327E-03
the parameter was 9.90000E-01
**** xsdrnpm mesh intervals ****
4 mesh intervals in zone 1
4 mesh intervals in zone 2
14 mesh intervals in zone 3
***** modified keno v data has been rewritten on unit 95 *****

search pass 3 keff= 9.82092E-01 + or - 1.63305E-03
the parameter was -9.00000E-01
**** xsdrnpm mesh intervals ****
4 mesh intervals in zone 1
4 mesh intervals in zone 2
14 mesh intervals in zone 3
***** modified keno v data has been rewritten on unit 95 *****

search pass 4 keff= 9.01534E-01 + or - 1.74845E-03
the parameter was -7.66111E-01

**** xsdrnpm mesh intervals ****

4 mesh intervals in zone 1

4 mesh intervals in zone 2

14 mesh intervals in zone 3

***** modified keno v data has been rewritten on unit 95 *****

search pass 5 keff= 9.38557E-01 + or - 1.59285E-03
the parameter was -8.52032E-01
**** xsdrnpm mesh intervals ****
4 mesh intervals in zone 1
4 mesh intervals in zone 2
14 mesh intervals in zone 3
***** modified keno v data has been rewritten on unit 95 *****

search pass 6 keff= 9.48930E-01 + or - 1.69920E-03
the parameter was -8.65663E-01
array of fuel bundles with flux trap

convergence was achieved on pass 6 the parameter was -8.65663E-01
the equation used in the search was:

k-eff = +8.66738E-01 +2.74121E-01*p +5.80563E-02*p**2 -4_25484E-01*p**3
k-effective= 9.48930E-01 + or - 1.69920E-03 the corresponding geometry follows;
array of fuel bundles with flux trap

mixing table

number of scattering angles = 2
cross section message threshold =5.7E-02

mixture = 1 density(g/cc) = 9.2064

nuclide atom-dens. wgt. frac. za awt nuclide title

1008016 4.10835E-02 1.18491E-01 8016 15.9904 80 16 from version 6 evaluation

1092235 9.04496E-04 3.83457E-02 92235 235.0441 92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
1092238 1.96373E-02 8.43163E-01 92238 238.0510 92U 238 ANL+EVALJUN77 E.PENNINGTON MOD3 02/13/92
mixture = 2 density(g/cc) = 6.4900

nuclide atom-dens. wgt. frac. za awt nuclide title

2040000 4.28457E-02 1.00000E+00 40000 91.2196 40zr sai evalapr76 m.drake d.sa mod2 01/03/89
mixture = 3 density(g/cc) = 0.99817

nuclide atom-dens. wgt. frac. za awt nuclide title

3001001 6.67692E-02 1.11927E-01 1001 1.0077 hydrogen in water 1301/1002 modl  11/23/92
3008016 3.33846E-02 8.88074E-01 8016 15.9904 80 16 from version 6 evaluation

mixture = 4 density(g/cc) = 2.6100

nuclide atom-dens. wgt. frac. za awt nuclide title

4005010 1.52119E-03 9.69077E-03 5010 10.0130 5bl1l00lasl evaldec76 g.hale l.stewart modl 12/11/92
4005011 6.12300E-03 4.28888E-02 5011 11.0096 5b11 gebnl evalsep7l c.cowan modl 12/11/92 free gas
4006012 1.91105E-03 1.45903E-02 6000 12.0001 6cornl evaldec73 c.y.fu and f.g. perey mod2 12/11/92
4013027 5.43405E-02 9.32830E-01 13027 26.9818 13al270lasl evaldec73 p.g. young d.g modl 11/29/88
mixture = 5 density(g/cc) = 0.99817

nuclide atom-dens. wgt. frac. za awt nuclide title

5001001 6.67692E-02 1.11927E-01 1001 1.0077 hydrogen in water 1301/1002 modl 11/23/92
5008016 3.33846E-02 8.88074E-01 8016 15.9904 80 16 from version 6 evaluation
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mixture
nuclide
3001001
3008016
1008016
2040000
1092235
1092238

02/13/92

based on the preceding data, the best estimate of the parameter is

mixture
nuclide
1008016
1092235
1092238

mixture
nuclide
2040000

mixture
nuclide
3001001
3008016

mixture
nuclide
4005010
4005011
4006012
4013027

mixture
nuclide
5001001
5008016

mixture
nuclide
3001001
3008016
1008016
2040000
1092235
1092238

= 100
atom-dens.
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00

[eNoNeoNoNeoNo)

density(g/cc) = 0.0000
wgt. frac. za awt
.00000E+00 1001 1.0077
.00000E+00 8016 15.9904
.00000E+00 8016 15.9904
.00000E+00 40000 91.2196
.00000E+00 92235 235.0441
.00000E+00 92238 238.0510

nuclide title
hydrogen in water 1301/1002 modl 11/23/92
80 16 from version 6 evaluation
80 16 from version 6 evaluation
40zr sai evalapr76 m.drake d.sa mod2 01/03/89
92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
92U 238 ANL+ EVALJUN77 E.PENNINGTON MOD3

-8.66988E-01

the mixing table corresponding to this parameter follows:
array of fuel bundles with flux trap

= 1
atom-dens.
4.10835E-02
9.04496E-04
1.96373E-02

= 2
atom-dens.
4.28457E-02

= 3
atom-dens.
6.67692E-02
3.33846E-02

= 4
atom-dens.
1.50619E-03
6.06261E-03
1.89220E-03
5.43791E-02

= 5
atom-dens.
6.67692E-02
3.33846E-02

= 100
atom-dens.
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00

@©

© (ol S (e}

[eNeoNeoNoNeoNe)

mixing table

number of scattering angles
cross section message threshold =5.7E-02

density(g/cc) = 9.2064
wgt. frac. za awt
.18491E-01 8016 15.9904
.83457E-02 92235 235.0441
.43163E-01 92238 238.0510

density(g/cc) = 6.4900
wgt. frac. za awt
.0O0000E+00 40000 91.2196

density(g/cc) = 0.99817
wgt. frac. za awt
.11927E-01 1001 1.0077
.88074E-01 8016 15.9904

density(g/cc) = 2.6100
wgt. frac. za awt
.59518E-03 5010 10.0130
.24657E-02 5011 11.0096
.44464E-02 6000 12.0001
.33493E-01 13027 26.9818

density(g/cc) = 0.99817

wgt. frac. za awt
.11927E-01 1001 1.0077
.88074E-01 8016 15.9904
density(g/cc) = 0.0000

wgt. frac. za awt
.00000E+00 1001 1.0077
.00000E+00 8016  15.9904
.00000E+00 8016 15.9904
.00000E+00 40000 91.2196
.00000E+00 92235

.00000E+00 92238

= 2

nuclide title
80 16 from version 6 evaluation
92u 235 bnl evalapr77 m.r.bhat mod3 02/28/89
92U 238 ANL+EVALJUN77 E._PENNINGTON MOD3 02/13/92

nuclide title
40zr sai evalapr76 m.drake d.sa mod2 01/03/89

nuclide title
hydrogen in water 1301/1002
80 16 from version 6 evaluation

mod1 11/23/92

nuclide title
5b 100lasl evaldec76 g.-hale l.stewart modl 12/11/92
5b11 gebnl evalsep71l c.cowan modl 12/11/92 free gas
6c ornl evaldec73 c.y.fu and f.g. perey mod2 12/11/92
13al 270lasl evaldec73 p.g- young d.g modl 11/29/88

nuclide title

hydrogen in water 1301/1002 mod1l 11/23/92
80 16 from version 6 evaluation

nuclide title
hydrogen in water 1301/1002 mod1l 11/23/92

80 16 from version 6 evaluation
80 16 from version 6 evaluation
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238.0510 92U 238 ANL+ EVALJUN77 E.PENNINGTON MOD3 02/13/92
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2.2 CSAS6: CONTROL MODULE FOR ENHANCED CRITICALITY SAFETY ANALYSIS
WITH KENO-VI

L. M. Petrie, K. B. Bekar, D. F. Hollenbach,* S. Goluoglu®

ABSTRACT

The Criticality Safety Analysis Sequence with KENO-VI (CSAS6) provides reliable and efficient
means of performing ke calculations for systems that are routinely encountered in engineering practice. In
the multigroup calculation mode, CSAS6 uses XSProc to process the cross sections for temperature corrections
and problem-dependent resonance self-shielding and calculates the k. of three-dimensional (3-D) system models.
If the continuous energy calculation mode is selected no resonance processing is needed and the continuous
energy cross sections are used directly in KENO-V1, with temperature corrections provided as the cross sections
are loaded. The geometric modeling capabilities available in KENO-VI coupled with the automated cross-
section processing within the control sequences allow complex, 3-D systems to be easily analyzed.

YFormerly with Oak Ridge National Laboratory.
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2.2.1 Introduction

Criticality Safety Analysis Sequence with KENO-VI (CSAS6) provides reliable and efficient means of
performing ke calculations for systems that are routinely encountered in engineering practice, especially
in the calculation of ke of three-dimensional (3-D) system models. CSAS6 implements XSProc to process
material input and provide a temperature and resonance-corrected cross-section library based on the
physical characteristics of the problem being analyzed. If a continuous energy cross-section library is
specified, no resonance processing is needed and the continuous energy cross sections are used directly in
KENO-VI, with temperature corrections provided as the cross sections are loaded.

2.2.2 Sequence Capabilities

CSAS6 is designed to prepare a resonance-corrected cross-section library for subsequent use in
KENO-VI. In order to minimize human error, the SCALE data handling is automated as much as possible.
CSAS6 and many other SCALE sequences apply a standardized procedure to provide appropriate number
densities and cross sections for the calculation. XSProc is responsible for reading the standard composition
data and other engineering-type specifications, including volume fraction or percent theoretical density,
temperature, and isotopic distribution as well as the unit cell data. XSProc then generates number densities and
related information, prepares geometry data for resonance self-shielding and flux-weighting cell
calculations, if needed, and (if needed) provides problem-dependent multigroup cross-section processing.
CSAS6 invokes a KENO-VI Data Processor to read and check the KENO-VI data. When the data
checking has been completed, the control sequence executes XSProc to prepare a resonance-corrected
microscopic cross-section library in the AMPX working library format if a multigroup library has been
selected.

For each unit cell specified as being cell-weighted, XSProc performs the necessary calculations and produces a
cell-weighted microscopic cross-section library. KENO-VI may be executed to calculate the ke or neutron
multiplication factor using the cross-section library that was prepared by the control sequence.

2.2.3 Multigroup CSASG6 limitations

The CSAS6 control module was developed to use simple input data and prepare problem-dependent
cross sections for use in calculating the effective neutron multiplication factor of a 3-D system using
KENO-VI and possibly XSDRNPM. An attempt was made to make the system as general as possible
within the constraints of the standardized methods chosen to be used in SCALE. Standardized methods
of data input were adopted to allow easy data entry and for quality assurance purposes. Some of the
limitations of the CSAS6 sequence are a result of using preprocessed multigroup cross sections. Inherent
limitations in CSASG are as follows:

1. Two-dimensional (2-D) effects such as fuel rods in assemblies where some positions are filled
with control rod guide tubes, burnable poison rods and/or fuel rods of different enrichments. The
cross sections are processed as if the rods are in an infinite lattice of rods. If the user inputs a
Dancoff factor for the cell (such as one computed by MCDancoff), XSProc can produce an
infinite lattice cell, which reproduces that Dancoff. This can mitigate some two dimensional
lattice effects.

It is strongly recommended that the user perform CSAS6 calculations of benchmark experiments similar

to the problem of interest to demonstrate the validity of the cross-section data and processing for that type
of problem.
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2.2.3.1 Continuous energy CSASG limitations

When continuous energy KENO calculations are desired, none of the resonance processing modules are
applicable or needed. Moreover, the MG limitations noted in the previous section are eliminated. The
continuous energy cross sections are directly used in KENO. An existing multigroup input file can easily
be converted to a continuous energy input file by simply specifying the continuous energy library. In this
case, all cell data is ignored. However, the following limitations exist:

1. If CELLMIX is defined in the cell data, the problem will not run in the continuous energy mode.
CELLMIX implies new mixture cross sections are generated using XSDRNPM-calculated cell
fluxes and therefore is not applicable in the continuous energy mode.

2. Only VACUUM, MIRROR, PERIODIC, and WHITE boundary conditions are allowed. Other
albedos, e.g., WATER, CARBON, POLY, etc. are for multigroup only.

3. Problems with DOUBLEHET cell data are not allowed as they inherently utilize CELLMIX
feature.

2.2.4 Input Data Guide

The input data for CSAS6 are composed of two broad categories of data. The first is XSProc, including
Standard Composition Specification Data and Unit Cell Geometry Specification. This first category
specifies the cross-section library and defines the composition of each mixture and optionally the unit cell
geometry that may be used to process the cross sections. The second category of data, the KENO-VI
input data, is used to specify the geometric and boundary conditions that represent the physical 3-D
configuration of the problem. Both data blocks are necessary for CSAS6.

All data are entered in free form, allowing alphanumeric data, floating-point data, and integer data to be
entered in an unstructured manner. Up to 252 columns of data entry per line are allowed. Data can
usually start or end in any column with a few exceptions. As an example, the word END beginning in
column 1 and followed by two blank spaces or a new line will end the problem and any data following
will be ignored. Each data entry must be followed by one or more blanks to terminate the data entry. For
numeric data, either a comma or a blank can be used to terminate each data entry. Integers may be
entered for floating values. For example, 10 will be interpreted as 10.0. Imbedded blanks are not allowed
within a data entry unless an E precedes a single blank as in an unsigned exponent in a floating-point
number. For example, 1.0E 4 would be correctly interpreted as 1.0 x 10,

The word “END” is a special data item. An “END” may have a name or label associated with it. The
name 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 two blanks or a new line MUST follow every labeled and
unlabeled “END.” It is the user’s responsibility to ensure compliance with this restriction. Failure to
observe this restriction can result in the use of incorrect or incomplete data without the benefit of
warning or error messages.

Multiple entries of the same data value can be achieved by specifying the number of times the data value
is to be entered, followed by either R, *, or $, followed by the data value to be repeated. Imbedded blanks
are not allowed between the number of repeats and the repeat flag. For example, 5R12, 5*12, 5$12, or
5R 12, etc., will enter five successive 12s in the input data. Multiple zeros can be specified as nZ where n
is the number of zeroes to be entered.
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The purpose of this section is to define the input data in discrete subsections relating to a particular type
of data. Tables of the input data are included in each subsection, and the entries are described in more
detail in the appropriate sections.

Resonance-corrected cross sections are generated using the appropriate boundary conditions for the unit
cell description (i.e., void for the outer surface of a single unit, white for the outer surface of an infinite
array of cylinders, spheres, or planes). As many unit cells as needed may be specified in a problem. A
unit cell is cell-weighted by using the keyword CELLMIX= followed by a unique user specified mixture
number in the unit cell data.

To check the input data without actually processing the cross sections, the words “PARM=CHECK” or
“PARM=CHK?” should be entered, as shown below.

=CSAS6 PARM=CHK
or
#CSAS6 PARM=CHK

This will cause the input data for CSAS6 to be checked and appropriate error messages to be printed.
If plots are specified in the data, they will be printed. This feature allows the user to debug and verify the
input data while using a minimum amount of computer time.

2241 XSProc data

The XSProc reads the standard composition specification data and the unit cell geometry specifications.
It then produces the mixing table and unit cell information necessary for processing the cross sections if
needed. The XSProc section of this manual provides a detailed description of the input data and
processing options.

2.2.42 KENO-VI data

Table 2.2.1 contains the outline for the KENO-VI input. The KENO-VI input is divided into 13 data
blocks. A brief outline of commonly used data blocks is shown in Table 2.2.1. Note that parameter data
must precede all other KENO data blocks. Information on all KENO-VI input is provided in the KENO
chapter of this document and will not be repeated here.
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Table 2.2.1. Outline of KENO data

Type of data Starting flag Comments Termination flag
Parameters* READ PARAMETER Enter desired parameter data END PARAMETER
Geometry READ GEOMETRY Enter desired geometry data END GEOMETRY
Avrray data READ ARRAY Enter desired array data END ARRAY
Boundary conditions READ BOUNDS Enter desired boundary END BOUNDS

conditions
Energy group boundaries READ ENERGY Enter desired neutron energy END ENERGY
group boundaries
Start data or initial source READ START Enter desired start data END START
Plot data READ PLOT Enter desired plot data END PLOT
Grid geometry data READ GRID Enter desired mesh data END GRID

Reaction

KENO-VI data terminus

READ REACTION

END DATA

Enter desire reaction tallies (CE
mode only)

Enter to signal the end of all
KENO-VI data

END REACTION

*Must precede all other data blocks in this table.

2.2.5 Sample Problems

This section contains sample problems to demonstrate some of the options available in CSAS6. A brief
problem description and the associated input data for multigroup mode of calculation are included for
each problem. The same sample problems may be executed in the continuous energy mode by changing
the library name to an continuous-energy library. See Appendix A for additional examples.
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2251 Sample Problem 1 Aluminum 30 Degree Pipe Angle Intersection

The purpose of this problem is to calculate the k-effective of a system composed of intersecting aluminum
pipes, in the shape of a Y, filled with a 5% enriched UO,F; solution. The UO,F, solution at 299°K
contains 907.0 gm/l of uranium, no excess acid, and has a specific gravity of 2.0289 gm/cm®. The
assembly is composed of a 212.1 cm long vertical pipe and a second pipe that intersects the vertical pipe
76.7 cm from the outside bottom at an angle of 29.26 degrees with the upper vertical pipe. Both pipes
have 13.95 cm inner diameters and 14.11 cm outer diameters. The vertical pipe is open on the top and
1.3 cm thick on the bottom. The Y-leg pipe, in the YZ-plane, is 126.04 cm in length with the sealed end
0.64 cm thick. The assembly is filled with solution to a height 129.5 cm above the outside bottom of the
vertical pipe. From the point where the pipes intersect the assembly is surrounded by water 37.0 cm in
the +X directions, 100 cm in the +Y direction, —37 cm in the —Y direction, to the top of the assembly in
the +Z direction, and —99.6 cm in the —Z direction.

Figure 2.2.1. Critical assembly of UO,F, solution in a 30°-Y aluminum pipe.

=csasb6

sample problem 1 Y-30, 5%uo2f2, 907.0g/1,

Vv7-238
read comp
solution
mix=1
rho[uo2¥2]=907.0 92235 5.0 92238 95.0
density=?
temperature=299.0
end solution

al 2 1.0 end
h2o 3 1.0 end
end comp

read parameters
flx=yes fdn=yes far=yes pgm=yes plt=yes

128.2, soln. ht.
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end parameters
read start
nst=6 tfx=0.0 tfy=0.0 tfz=0.0 Inu=1000
end start
read geometry
global
unit 1
com="30 deg y
cylinder 10 13.95 135.
cylinder 20 14.11 135.
cylinder 30 13.95 125. rotate a2=-29.26
cylinder 40 14.11 126.04 rotate a2=-29.26
cuboid 50 2p37.0 100. -37.0 52.8 -75.4
cuboid 60 2p37.0 100. -37.0 135.4 -99.6

-75.4
-76.7
0.0
0.0

oOhAD

media 1 1 10 50

media 2 1 20 -10 -30
media 1 1 30 50 -10
media 2 1 40 -30 -20
media O 1 10 -50

media O 1 30 -50 -10
media 3 1 60 -20 -40 -10
boundary 60

end geometry
read volume
type=random batches=1000
end volume
read plot
scr=yes Ipi=10
ttl="y-z slice at x=0.0 through centerline of both pipes”
xul=0.0 yul=-39.0 =zul=137.0
xIr=0.0 ylIr=105.0 zIr=-105.0
vax=1 wdn=-1
nax=400 end plt0
ttl="x-y slice at z=26.0 slightly above point of separation®
xul=-40.0 yul=105.0 zul=26.0
xIr=+40.0 ylr=-40.0 zIr=26.0
uax=1 vdn=-1
nax=400 end pltl
ttl="x-y slice at z=75.0 well above point of separation”
xul=-40.0 yul=105.0 =zul=75.0
xIr=+40.0 ylr=-40.0 zIr=75.0

uax=1 vdn=-1
nax=400 end plt2
end plot
end data
end

2.2.5.2 Sample Problem 2 Plexiglas Cross

The purpose of this problem is to calculate the k-effective of a system composed of intersecting Plexiglas
pipes, in the shape of a cross, filled with a 5% enriched UO,F, solution. The room temperature UO,F,
solution contains 896.1 gm/I of uranium, no excess acid, and has a specific gravity of 2.015 gm/cm®. The
pipes have a 13.335 cm inner diameter and 16.19 cm outer diameter. The vertical pipe is open on the top
and 3.17 cm thick on the bottom. The horizontal pipe ends are 3.17 thick. The vertical pipe is 210.19 cm
in length and filled with solution to a height of 117.2 cm. The two horizontal legs, positioned in the
XZ-plane, intersect the vertical pipe 91.44 cm from the outside bottom at an 89 degree angle with the
upper section of the pipe. Each horizontal is 91.44 cm in length and filled with the above specified UO,F,
solution. A water reflector surrounding the solution filled pipes extends out from the point where the
pipes intersect 111.76 cm in the +£X directions, 20.64 cm in the Y directions, 29.03 cm in the

+Z direction, and —118.428 cm in the —Z direction.
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Figure 2.2.2. Critical assembly of UO,F, solution in a Plexiglas cross.
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=csas6

sample problem 2 89-cross, 5% uo2f2 soln, plexiglass pipes, h2o refl.

Vv7-238
read comp
solution
mix=1

rhof[uo2f2]=896.1 92235 5.0 92238 95.0

density=?
temperature=298.0
end solution
plexiglass 3 1.0 end
h2o 2 1.0 end
end comp
read param
plt=yes
end param
read geom
global unit 1

cylinder 10 13.335 28.93 -88.27

cylinder 20 13.335 121.92 -88.27

cylinder 30 16.19 121.92 -91.44

cylinder 40 13.335 88.27 0.0 rotate al=90. a2=89.
cylinder 50 16.19 91.44 0.0 rotate al=90. a2=89.
cylinder 60 13.335 88.27 0.0 rotate al=-90. a2=89.
cylinder 70 16.19 91.44 0.0 rotate al=-90. a2=89.
cuboid 80 2pl111.74 2p20.64 29.03 -118.428
cuboid 90 2pl111.74 2p40.64 121.92 -118.428

media 1 1 10
media 0 1 20 -10
media 3 1 30 -10 -20 -50 -
media 1 1 40 -10 -20
media 3 1 50 -40 -10 -20
media 1 1 60 -10 -20
media 3 1 70 -60 -10 -20 -
media 2 1 80 -10 -20 -30 -
media 0 1 90 -20 -30 -80
boundary 90

end geom

read volume

type=trace

end volume
read start
nst=6 tfx=0. tfy=0. tfz=0.
end start
read plot
scr=yes lpi=10
ttl=" x-z slice at y=0.0 *
xul=-113. yul=0. zul= 48.
xIr= 113. ylr=0. zlr=-120.
uax=1.0 wdn=-1.0
nax=400 end plt0
ttl=" y-z slce at x=0.0 *

xul=0. yul=-42_ zul= 122.
xIr=0. ylr= 42_ zI1r=-120.

vax=1.0 wdn=-1.0
nax=400 end pltl
ttl=" x-y slice at z=0.0 *
xul=-113.0 yul= 42. zul=0.
xIr= 113.0 ylr=-42. zIr=0.
uax=1.0 vdn=-1.0
nax=400 end plt2

end plot

end data

end

70

50
40 -50 -60 -70

Inu=1000
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2.2.5.3 Sample Problem 3 Sphere

This problem models an assembly consisting of a 93.2% enriched bare uranium sphere, 8.741 cm in
radius, having a density of 18.76 gm/cm®. Problem 3 models the assembly as a single bare sphere. The
second problem models the assembly as a hemisphere with mirror reflection on the flat surface. The next
three problems model the sphere using chords. This set of four problems is designed to illustrate the use
of multiple chords in a problem.

=csasb6
sample problem 3 bare 93.2% enriched uranium sphere
v7-238
read comp
uranium 1 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
end comp
read geometry
global unit 1
sphere 10 8.741
cuboid 20 6p8.741
media 1 1 10 vol=2797.5121
media 0 1 20 -10 vol=2545.3424
boundary 20
end geometry
end data
end

2.2.5.4 Sample Problem 4 Sphere Models Using Chords and Mirror Albedos

This problem models an assembly consisting of a 93.2% enriched bare uranium sphere, 8.741cm in
radius, having a density of 18.76 gm/cm®. The problem models the assembly as a hemisphere with mirror
reflection on the flat surface.

=csas6
sample problem 4 bare 93.2% U sphere, hemisphere w/ mirror albedo
Vv7-238
read comp
uranium 1 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
end comp
read geometry
global unit 1
sphere 10 8.741 chord +x=0.0
cuboid 20 8.741 0.0 8.741 -8.741 8.741 -8.741
media 1 1 10 vol=2797.5121
media 0 1 20 -10 vol=2545.3424
boundary 20
end geometry
read bounds
-xb=mirror
end bounds
end data
end
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2.2.5.5 Sample Problem 5 Sphere Models Using Chords and Mirror Albedos

This problem models an assembly consisting of a 93.2% enriched bare uranium sphere, 8.741 cm in
radius, having a density of 18.76 gm/cm®. The problem models the assembly as a quarter sphere with
mirror reflection on the two flat surfaces.

=csasb6
sample problem 5 bare 93.2% U sphere, quarter sphere w/ mirror albedo
v7-238
read comp
uranium 1 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
end comp
read geometry
global unit 1
sphere 10 8.741 chord +x=0.0 chord +y=0.0
cuboid 20 8.741 0.0 8.741 0.0 8.741 -8.741
media 1 1 10 vol=2797.5121
media O 1 20 -10 vol=2545.3424
boundary 20
end geometry
read bounds
-Xy=mirror
end bounds
end data
end

2.2.5.6 Sample Problem 6 Sphere Models Using Chords and Mirror Albedos

This problem models an assembly consisting of a 93.2% enriched bare uranium sphere, 8.741 cm in
radius, having a density of 18.76 gm/cm®. The problem models the assembly as an eighth sphere with
mirror reflection on the three flat surfaces.

=csasb6
sample problem 6 bare 93.2% U sphere, eighth sphere w/ mirror albedo
v7-238
read comp
uranium 1 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
end comp
read geometry
global unit 1
sphere 10 8.741 chord +x=0.0 chord +y=0.0 chord +z=0.0
cuboid 20 8.741 0.0 8.741 0.0 8.741 0.0
media 1 1 10 vol=2797.5121
media O 1 20 -10 vol=2545.3424
boundary 20
end geometry
read bounds
-fc=mirror
end bounds
end data
end

2.2.5.7 Sample Problem 7 Grotesque without the Diaphragm
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The purpose of this problem is to calculate the ke of a system composed of eight enriched uranium units
placed on a diaphragm, with an irregularly shaped centerpiece positioned in the center hole of the
diaphragm.* The assembly and centerpiece are shown in Figure 2.2.3, which is Fig. 4 from Ref. 1. The
eight units consist of an approximate parallelepiped with an irregular top, a parallelepiped, and

six cylinders of various sizes. The centerpiece, which penetrates the hole in the diaphragm, consists of a
cylinder topped by a parallelepiped topped by a hemisphere. The diaphragm is not modeled in this
example.

Figure 2.2.3. Grotesque experimental setup.
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=csasb6
sample problem 7 keno-vi grotesque w/o diaphragm, ornl/csd/tm-220

Vv7-238

read comp
uranium 1 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 2 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 3 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 4 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 5 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 6 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 7 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 8 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 9 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 10 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 11 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 12 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 13 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end
uranium 14 den=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 end

end comp
read param
pgm=yes plt=yes
end param
read geom
global unit 1
"*** one through three is item 1 in drawing 84-10649 ornl/csd/tm-220 ***
“one top piece of item 1
cuboid 10 2p6.3515 1.2685 -3.8115 13.377 13.058 origin y=-17.464 z=0.15 rotate a2=-1.35
“two middle piece of item 1
cuboid 20 2p6.3515 6.3515 -3.8115 13.058 11.155 origin y=-17.464 z=0.15 rotate a2=-1.35
“"three bottom piece of item 1
cuboid 30 4p6.3515 11.155 0. origin y=-17.464 z=0.15 rotate a2=-1.35
"*** four is item 2 in drawing 84-10649 ornl/csd/tm-220 ***

cylinder 40 4.555 12.918 0. origin x=-12.176 y=-9.343 z=0.111 rotate al=-52.5 a2=-1.400
"*** five is item 3 in drawing 84-10649 ornl/csd/tm-220 ***
cylinder 50 5.761 13.475 O. origin x=-16.333 y=1.681 z=0.174 rotate al=83.5 a2=+1.173

"*** six is item 4 in drawing 84-10649 ornl/csd/tm-220 ***

cylinder 60 4.5525 12.969 O. origin x=-9.539 y=11.168 z=0.156 rotate al=40.5 a2=+1.970
"*** seven and eight are item 5 in drawing 84-10649 ornl/csd/tm-220 ***
"seven

cuboid 70 2p3.81 8.13 -4.573 8.91 0. origin y=15.698 z=0.290 rotate a2=+2.58
“eight

cylinder 80 4.573 13.229 8.91 origin y=15.698 z=0.290 rotate a2=+2.58
"*** nine is item 6 in drawing 84-10649 ornl/csd/tm-220 ***

cylinder 90 4.5545 12.974 O. origin x=9.854 y=10.964 z=0.134 rotate al=-42.0 a2=+1.680
"*** ten is item 7 in drawing 84-10649 ornl/csd/tm-220 ***

cylinder 100 5.7495 13.475 O. origin x=16.388 y=1.434 z=0.140 rotate al=-86.0 a2=+1.400
"*** eleven is item 8 in drawing 84-10649 ornl/csd/tm-220 ***

cylinder 110 4.5565 12.954 0. origin x=12.029 y=-9.398 z=0.087 rotate al=38.0 a2=-1.100
"*12 through 14 is the centerpiece in drawing 84-10649 ornl/csd/tm-220
“twelve

cylinder 120 5.757 2.690 O. origin x=-0.593 y=-0.593 z=-1.753
“thirteen

cuboid 130 4p6.35 5.718 0. origin z=0.937
“fourteen

sphere 140 6.082 chord +z=0. origin x=-0.268 y=0.268 z=6.655
"*** fifteen is the system boundary ***

"fifteen
cuboid 150 4p25.0 15.0 -2.0
media 1 1 +10 vol=20.58546556
media 2 1 +20 -10 vol=245.678420867
media 3 1 +30 -20 vol=1800.040061395
media 4 1 +40 vol=842.019046637
media 5 1 +50 vol=1404.99376489
media 6 1 +60 vol=844.415646269
media 7 1 +70 vol=862.4600226
media 8 1 +80 -70 vol=283.749744681
media 9 1 +90 vol=845.483582679
media 10 1 +100 vol=1399.390119093
media 11 1 +110 vol=844.921798001
media 12 1 +120 -130 vol=280.088070346
media 13 1 +130 vol=922.25622
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media 14 1 +140 -130 vol=471.191948666

media 0 1 150 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100

-110 -120 -130 -140 vol=31432.726088316

boundary 150
end geom
read plot
scr=yes lpi=10

clr=1 255 0 0
2 0 0 205
3 0 229 238
4 0238 0
5205 205 O
6 255 121 121
7 145 44 238
8 150 150 150
9 240 200 220
10 0 191 255
11 224 255 255
12 0 128 64
13 255 202 149
14 255 0 128

end color
ttl="grotesque x-y slice at z=0.5"
xul=-25.5 yul= 25.5 zul=0.5
xlr= 25.5 ylr=-25.5 zIr=.5
uax=1 vdn=-1 nax=800 end
ttl="grotesque x-y slice at z=2.0"
xul=-25.5 yul= 25.5 zul=2
xlr= 25.5 ylr=-25.5 zlr=2 end
ttl="grotesque x-y slice at z=9.5"
xul=-25.5 yul= 25.5 zul=9.5
xlr= 25.5 ylr=-25.5 zIr=9.5 end
ttl="grotesque y-z slice at x=-0.593"
xul=-.593 yul=-25.5 zul=15.5
xlr=-.593 ylr= 25.5 zIr=-3.5
uax=0 vax=1
vdn=0 wdn=-1 nax=800 end
ttl="grotesque x-z slice at y=0.0"
xul=-25.5 yul=0.0 zul=15.5
xIr= 25.5 ylr=0.0 zlr=-3.5
uax=1 vax=0 wax=0
udn=0 vdn=0 wdn=-1 nax=800 end
ttl="grotesque x-z slice at y=12.125"
xul=-25.5 yul=12.125 zul=15.5
xlr= 25.5 ylr=12_.125 zIlr=-3.5
uax=1 vax=0 wax=0

udn=0 vdn=0 wdn=-1 nax=800 end

ttl="grotesque x-z slice at y=-12.000"
xul=-25.5 yul=-12.000 =zul=15.5
xlr= 25.5 ylr=-12.000 zlr=-3.5

uax=1 vax=0 wax=0

udn=0 vdn=0 wdn=-1 nax=800
end plot
end data
end

end
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2.2.5.8 Sample Problem 8 Infinite Array of MOX and UO2 Assemblies

The purpose of this problem is to calculate the k. of a system composed of an infinite array of

MOX assemblies interspersed between UO, assemblies. Both assembly types contain 331 pins in a
hexagonal lattice with a pin pitch of 1.275 cm and an assembly pitch of 23.60 cm as shown in

Figure 2.2.4. The moderator is borated water at 306°C having a density of 0.71533 gm/cc and composed
of 99.94 wt % H,O and 0.06 wt % natural boron. Each fuel rod is 355 cm in length, has a radius of
0.3860 cm, 0.722-cm-thick Zr cladding with no gap, and is at a temperature of 754°C.

The UO; fuel consists of 4.4 wt % ***U and 95.6 wt % >**U at a density of 8.7922 gm/cc. The UO, fuel
also contains 9.4581E-9 atoms/b-cm of *Xe and 7.3667E-8 atoms/b-cm of **°Sm.

The MOX fuel consists of 96.38 wt % UO, and 3.62 wt % PuO, at a density of 8.8182 gm/cc. The UO,
fuel is composed of 2.0 wt % 2**U and 98.0 wt % ***U. The PuO, fuel is composed of 93.0 wt % **Pu,
6.0 wt % *“°Pu- and 1.0 wt % ***Pu. The MOX fuel also contains 9.4581E-9 atoms/b-cm of **Xe and
7.3667E-8 atoms/b-cm of **°Sm.

These two assemblies are placed so they represent an infinite array in the X and Y dimensions as shown
in Figure 2.2.5. There is 20 cm of water above and below fuel assemblies. This problem uses
CENTRM/PMC as the resolved resonance processor cross section. Since an infinite array cannot be
explicitly modeled, a section of the array is modeled and the X and Y sides have mirror reflection.

=csasb6 parm=(centrm)
sample problem 8 - VVER inf. array - MOX & UO2 Assemblies
Vv7-238
read comp
" UO2 Fuel
uo2 1 den=8.7922 1.0 1027 92235 4.4 92238 95.6 end
xe-135 1 0 9.4581E-09 1027 end
sm-149 1 0 7.3667E-08 1027 end
*  MOX Fuel
uo2 2 den=8.8182 0.9638 1027 92235 2.0 92238 98.0 end
puo2 2 den=8.8182 0.0362 1027 94239 93.0 94240 6.0 94241 1.0 end
xe-135 2 0 9.4581E-09 1027 end
sm-149 2 0 7.3667E-08 1027 end
* Cladding for UO2 fuel
zr 3 den=6.4073 1.0 579 end
" Moderator for UO2 fuel
h2o 4 den=0.71533 0.9994 579 end

boron 4 den=0.71533 0.0006 579 end
* Cladding for MOX fuel

zr 5 den=6.4073 1.0 579 end
" Moderator for MOX fuel
h2o 6 den=0.71533 0.9994 579 end

boron 6 den=0.71533 0.0006 579 end
Moderator for vacant units

h2o 7 den=0.71533 0.9994 579 end
boron 7 den=0.71533 0.0006 579 end
end comp

read celldata
latticecell triangpitch pitch=1.2750 4 fueld=0.7720 1 cladd=0.9164 3 end
latticecell triangpitch pitch=1.2750 6 fueld=0.7720 2 cladd=0.9164 5 end
more data dab=500 end more
end celldata
read param
gen=203 npg=1000
end param
read bounds
all=mirror zfc=void
end bounds
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read geom
unit 1
com="U02 Fuel Rod*
cylinder 10 0.3860 355.0 0.0
cylinder 20 0.4582 355.0 0.0
hexprism 30 0.6375 355.0 0.0
media 1 1 10
media 3 1 20 -10
media 4 1 30 -20
boundary 30
unit 2
com="Vacant(water filled) hex*
hexprism 10 0.6375 355.0 0.0
media 7 1 10
boundary 10
unit 3
com="Vacant(water filled) hex"
hexprism 10 0.6375 355.0 0.0
media 7 1 10
boundary 10
unit 4
com="MOX Fuel Rod"
cylinder 10 0.3860 355.0 0.0
cylinder 20 0.4582 355.0 0.0
hexprism 30 0.6375 355.0 0.0
media 2 1 10
media 5 1 20 -10
media 6 1 30 -20
boundary 30
global unit 5
rhexprism 10 11.800 355.0 0.0
rhexprism 20 11.800 355.0 0.0
rhexprism 30 11.800 355.0 0.0
rhexprism 40 11.800 355.0 0.0
cuboid 50 20.4382 0.0 35.4 0.0 0.
array 1 10 -20 -30 -40 place 12 12 1 0.0 0.0
array 2 20 -10 -30 -40 place 12 12 1 0.0 -
array 2 30 -10 -20 -40 place 12 12 1 20.4382 11.8
array 1 40 -10 -20 -30 place 12 12 1 20.4382 35.4
media 4 1 50 -10 -20 -30 -40
boundary 50
end geom
read array
ara=1 typ=shexagonal nux=23 nuy=23 nuz=1
fill
33333333333333333333333
33333344444444444333333
33333344444444444433333
33333444444444444433333
33333444444444444443333
33334444444444444443333
33334444444444444444333
33344444444444444444333
33344444444444444444433
33444444444444444444433
33444444444444444444443
3444444444444 4444444443
33444444444444444444443
33444444444444444444433
33344444444444444444433
33344444444444444444333
33334444444444444444333
33334444444444444443333
33333444444444444443333
33333444444444444433333
33333344444444444433333
33333344444444444333333
33333333333333333333333
end fill
ara=2 typ=shexagonal nux=23 nuy=23 nuz=1
fill

N

w

(o]
[eNeoNoNe]
[cNeNoNe]
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end

22222222222222222222222
22222211111111111222222
22222211111111111122222
22222111111111111122222
22222111111111111112222
22221111111111111112222
22221111111111111111222
22211111111111111111222
22211111111111111111122
22111111111111111111122
22111111111111111111112
21111111111111111111112
22111111111111111111112
22111111111111111111122
22211111111111111111122
22211111111111111111222
22221111111111111111222
22221111111111111112222
22222111111111111112222
22222111111111111122222
22222211111111111122222
22222211111111111222222
22222222222222222222222
end fill

array

read plot

pi=10 scr=yes

ttl="VVER assembly x-y x-section”
xul=-0.1 yul=35.5 zul=10
xIr=20.6 ylr=-0.1 zIr=10

u
n
end

ax=1 vdn=-1.0
ax=640 pic=mat end pltl
plot

read volume

end
end
end

type=random batches=1000
volume
data
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Figure 2.2.4. MOX or UO, hexagonal assembly.
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Figure 2.2.5. Infinite array of MOX assemblies interspersed between UO, assemblies.

2.2.6 Warning and Error Messages

CSAS6 contains two types of warning and error messages. The first type of message is from XSProc is
common to many of the SCALE analytical sequences. The second type of message is from the CSAS6
subroutines and is identified by CS- followed by a number. These messages are listed in numerical order
in Sect. 0. For additional information concerning a message, simply look up the number in this section.

Warning messages appear when a possible error is encountered. It is the responsibility of the user to
verify whether the data are correct when a warning message is encountered. The functional modules
activated by CSAS6 and related sequences will be executed even though a warning message has been
generated.

When an error is recognized, an error message is written and an error flag is set so the functional modules

will not be activated. The code stops immediately if the error is too severe to allow continuation of input.
However, it will continue to read and check the data if it is able. When the data reading is completed,
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execution is terminated if an error flag was set when the data were being processed. If the error flag has
not been set, execution continues. When error messages are printed, the user should focus on the first
error message, because subsequent messages may have been caused by the error that generated the first
message.

The following messages originate in the part of CSAS6 that reads, checks, and prepares data for
KENO-VI. The same set of error messages are also used for CSASS that reads, checks, and prepares data
for KENO V.a and MODIFY. CSAS6 is not capable of performing searches at this time. An error
message referring to a SEARCH routine, from a CSAS6 problem, indicates a code error.

CS-16 ***WARNING*** READ FLAG NOT FOUND. ASSUME KENO V PARAMETER DATA
FOLLOWS.

This message from subroutine CPARAM indicates that the word READ is not the first word of KENO-VI
data following the Material Information Processor input data. If parameter data is to be entered, the code
expects the words READ PARAMETERS to precede the parameter input data. If the word READ is not
the first word, the code assumes the data are parameter input data.

CS-21 A UNIT NUMBER WAS ENTERED FOR THE CROSS-SECTION LIBRARY. (LIB= IN
PARAMETER DATA) THE DEFAULT VALUE SHOULD BE USED IN ORDER TO
UTILIZE THE CROSS SECTIONS GENERATED BY CSAS. MAKE CERTAIN THE
CORRECT CROSS-SECTION LIBRARY IS BEING USED.

This message is from subroutine CPARAM. It indicates that a value has been entered for the cross-
section library in the KENO-VI parameter data. The cross-section library created by the analytical
sequence should be used. MAKE CERTAIN THAT THE CORRECT CROSS SECTIONS ARE BEING
USED.

CS-55  *** ERRORS WERE ENCOUNTERED IN PROCESSING THE CSAS-KENO6 DATA.
EXECUTION IS IMPOSSIBLE. ***

This message from subroutine SASSY is printed if errors were found in the KENO-VI input data for
CSAS. If asearch is being made, data reading will continue until all the data have been entered or a fatal
error terminates the data reading. When the data reading and checking have been completed, the problem
will terminate without executing. Check the printout to locate the errors responsible for this message.

CS-62  *** ERROR *** MIXTURE IN THE GEOMETRY WAS NOT CREATED IN THE
STANDARD COMPOSITIONS SPECIFICATION DATA.

This message from subroutine MIXCHK indicates that a mixture specified in the KENO-VI geometry
was not created in the standard composition data.

CS-68 *** ERROR *** AN INPUT DATA ERROR HAS BEEN ENCOUNTERED IN THE DATA
ENTERED FOR THIS PROBLEM.

This message from the main program, CSAS6, is printed if the subroutine library routine LRDERR
returns a value of “TRUE,” indicating that a reading error has been encountered in the “KENO
PARAMETER” data. The appropriate data type is printed in the message. Locate the unnumbered
message stating “***** ERROR IN INPUT. CARD IMAGE PRINTED ON NEXT LINE *****>
Correct the data and resubmit the problem.
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CS-69 ***ERROR*** MIXTURE IS AN INAPPROPRIATE MIXTURE NUMBER FOR
USE IN THE KENO GEOMETRY DATA BECAUSE IT IS A COMPONENT OF THE
CELL-WEIGHTED MIXTURE CREATED BY XSDRNPM.

This message from subroutine CMXCHK indicates that a mixture that is a component of a cell-weighted
mixture has been used in the KENO-VI geometry data.

CS-82 *** AN ERROR WAS ENCOUNTERED IN ONE OF THE FUNCTIONAL MODULES.

This message from CSAS6 indicates that an error was encountered during execution of one of the
functional modules such as CRAWDAD, BONAMI, CENTRM, PMC, XSDRNPM, or KENO-VI. Check
the printout to locate and correct the error.

CS-99 THIS PROBLEM WILL NOT BE RUN BECAUSE PARM=CHECK WAS ENTERED IN
THE ANALYTICAL SEQUENCE SPECIFICATION.

This message from subroutine CSAS indicates that the problem data were read and checked and no errors
were found. To execute the problem, remove the PARM=CHECK or PARM=CHK from the analytical
sequence indicator data entry.

CS-100 THIS PROBLEM WILL NOT BE RUN BECAUSE ERRORS WERE ENCOUNTERED IN
THE INPUT DATA.

This message from subroutine CSAS is self-explanatory. Examine the printout to locate the error or
errors in the input data. Correct them and resubmit the problem.

2.2.7 REFERENCE

1.J. T. Mihalczo, Brief Summary of Unreflected and Unmoderated Cylindrical Critical Experiments with Oralloy at
Oak Ridge, ORNL/TM-1999/302, Oak Ridge National Laboratory (1999).
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2.2.A Additional Example Applications of CSAS6

Several example uses of CSAS6 are shown in this section for a variety of applications.

2.2.A.1 Run KENO-VI using CSAS6

CSASG creates a microscopic working format library and a mixing table that is passed to KENO-VI. The
library is created using CENTRM/PMC/WORKER to process the cross section data in the resolved
resonance regions of the isotopes contained in the library. CSAS6 then executes KENO-VI, which
calculates kg for the problem. The following examples are for using the multigroup mode of calculation
for KENO-VI. Using the continuous energy mode can be accomplished by simply changing the library
name to one of the continuous energy libraries.

EXAMPLE 1. CSAS6 — Determine the ke of a system.

Consider a problem consisting of eight uranium metal cylinders that are 93.2% wt enriched, having a
density of 18.76 g/cm®. The cylinders are arranged in a 2 x 2 x 2 array. Each has a radius of 5.748 cm
and a height of 10.765 cm. The center-to-center spacing in the horizontal (X-Y) plane is 13.74 cm and
the vertical center-to-center spacing is 13.01 cm. Because the cross section processing will be done
assuming an infinite homogeneous medium and no cell mixtures are used, there is no unit cell data. The
input data for this problem follow.

=CSAS6

SET UP 2C8 IN CSAS6

V7-238

READ COMP

URANIUM 1 DEN=18.76 1 293 92235 93.2 92238 5.6 92234 1.0 92236 0.2 END
END COMP

READ PARAMETERS FLX=YES FDN=YES FAR=YES END PARAMETERS
READ GEOMETRY

UNIT 1

CYLINDER 10 5.748 5.3825 -5.3825

CUBOID 20 6.87 -6.87 6.87 -6.87 6.505 -6.505
MEDIA 1 1 10

MEDIA 0 1 20 -10

BOUNDARY 20

GLOBAL UNIT 2

CUBOID 10 4P13.74  2P13.010

ARRAY 1 10 PLACE 1 1 1 -6.87 -6.87 -6.505
BOUNDARY 10

END GEOMETRY

READ ARRAY

GBL=1 ARA=1 NUX=2 NUY=2 NUZ=2 FILL F1 END FILL
END ARRAY

END DATA

END

EXAMPLE 2. CSAS6 — Determine the ke of an array of fuel pellets in a UO,F, solution.

Consider a 60 cm inside diameter cylindrical tank filled with 5.0%-enriched UO, fuel rods and
5.0%-enriched UO,F, solution at 295 gm/liter. A 51 x 51 x 1 array of fuel rods is centered on the bottom
of the tank. The fuel rods are 366 cm long, 0.45 cm in radius, clad with 0.01-cm-thick Al, and at a pitch
of 1.5cm. The fuel rods sit on the bottom of the container and the container and solution rise 5.0 cm
above the top of the rods. The container is 10 cm thick in the side and bottom and open at the top.
Determine the ke of the system. Input data for this problem follow.

=CSAS6
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UO2 pins in a UO2F2 solution

V7-238

READ COMP

uo2 1 0.95 300 92235 5.0 92238 95.0 END

AL 2 1.0 300 END

SOLNUO2F2 3 295 0.0 1.0 300 92235 5.0 92238 95.0 END
AL 4 1.0 300 END

SOLNUO2F2 5 295 0.0 1.0 300 92235 5.0 92238 95.0 END
END COMP

READ CELLDATA

LATTICECELL SQUAREPITCH PITCH=1.50 3 FUELD=0.9 1 CLADD=0.94 2 END
END CELLDATA

READ GEOM

UNIT 1

COM="FUEL PIN*

CYLINDER 10 0.45 2P183.0

CYLINDER 20 0.47 2pP183.1

CUBOID 30 4P0.75 2P183.1

MEDIA 1 1 10

MEDIA 2 1 20 -10

MEDIA 3 1 30 -20 -10

BOUNDARY 30

GLOBAL UNIT 2

COM="FUEL PINS AND SOLUTION IN TANK*®
CUBOID 10 4p38.25 2P183.1
CYLINDER 20 60.0 188.1 -183.1
CYLINDER 30 70.0 188.1 -193.1
ARRAY 1 10 PLACE 26 26 1 3*0.0
MEDIA 5 1 20 -10

MEDIA 4 1 30 -20

BOUNDARY 30

END GEOM

READ ARRAY

ARA=1 NUX=51 NUY=51 NUZ=1 FILL F1 END FILL
END ARRAY

END DATA

END

2.2.A.2 Run KENO-VI containing cell-weighted mixtures

CSASG creates a microscopic working format library and a mixing table that is passed to KENO-VI. The
microscopic cross sections of the nuclides used in the unit cell geometry description are cell-weighted by
specifying CELLMIX= followed by a unique mixture number. This mixture number utilizes the cell-
weighted cross sections that represent the heterogeneous system. CSAS6 executes KENO-VI and
calculates ke for the problem.

EXAMPLE 1. CSAS6 - Calculate the kg of an array of fuel assemblies using cell-weighted
Cross sections.

Consider the 4 x 4 x 1 array of fuel assemblies in a square aluminum cask described in Sect. 2.2.A.1.1,
Example 2. Calculate the ke of the system by using the cell-weighted mixture 200 to represent the fuel
pins in the fuel assembly. Note that mixtures 1, 2, and 3, representing UO,, zirconium, and water,
respectively, are used in the unit cell description. Cell-weighting is applied to the microscopic
cross sections that are used in the cell, making them incorrect for use elsewhere. Because water is used
both inside the cell and between the fuel assemblies, an additional mixture, mixture 6, has been added to
represent the water between the fuel assemblies. The input data for this problem follow.

=CSAS6

SQUARE FUEL CASK EXAMPLE USING HOMOGENEOUS MOCKUP
V7-238

READ COMP

UO2 1 DEN=9.21 1.0 293. 92235 2.35 92238 97.65 END
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ZR 2 1 END

H20 3 1 END

B4C 4 0.367 END
AL 4 0.636 END
AL 5 1 END

H20 6 1 END

END COMP

READ CELLDATA

LATTICECELL SQUAREPITCH PITCH=1.3 3 FUELD=0.8 1 CLADD=0.94 2 CELLMIX=200 END

END CELLDATA

READ PARAM FAR=YES GEN=253 END PARAM
READ GEOM

UNIT 2

COM="FUEL ASSEMBLY*

CUBOID 10 4P11.05 2P183.07

CUBOID 20 4P11.70 2P183.72

CUBOID 30 4P12.20 2P184.22

MEDIA 200 1 10

MEDIA 4 1 20 -10

MEDIA 6 1 30 -20 -10

BOUNDARY 30

GLOBAL UNIT 3

COM="FUEL CASK CONTAINING 4X4 ARRAY OF ASSEMBLIES*®
CUBOID 10 4P48.8 2P184.22

CUBOID 20 4P58.8 2P194.22

ARRAY 1 10 PLACE 1 1 1 -36.6 -36.6 0.0
MEDIA 5 1 20 -10

BOUNDARY 20

END GEOM

READ ARRAY

ARA=1 NUX=4 NUY=4 NUZ=1 FILL F2 END FILL
END ARRAY

END DATA

END
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EXAMPLE 2. CSAS6 - Determine the ke; of an array of fuel pellets in a UO,F, solution using
cell-weighted cross sections.

This is the same problem as described in Sect. 2.2.A.1.1, Example 2. However, the rods and solutions
have been replaced with a cell-weighted mixture 50. Determine the ke of the container. Input data for
this problem follow.

=CSAS6

U02 pins in a UO2F2 solution, cell-weighted mixture
V7-238

READ COMP

uo2 1 0.95 300 92235 5.0 92238 95.0 END

AL 2 1.0 300 END

SOLNUO2F2 3 295 0.0 1.0 300 92235 5.0 92238 95.0 END
AL 4 1.0 300 END

SOLNUO2F2 5 295 0.0 1.0 300 92235 5.0 92238 95.0 END
END COMP

READ CELLDATA

LATTICECELL SQUAREPITCH PITCH=1.50 3 FUELD=0.9 1 CLADD=0.94 2 CELLMIX=50 END
END CELLDATA

READ GEOM

GLOBAL UNIT 2

COM="FUEL PINS AND SOLUTION IN TANK*®
CUBOID 10 4p38.25 2P183.1
CYLINDER 20 60.0 188.1 -183.1
CYLINDER 30 70.0 188.1 -193.1
MEDIA 50 1 10

MEDIA 5 1 20 -10

MEDIA 4 1 30 -20

BOUNDARY 30

END GEOM

END DATA

END

2.2.A.3 Run KENO-VI containing multiple unit cells

CSASS6 can create a microscopic working format library and a mixing table that contains more than one
unit cell. Each unit cell is explicitly defined in the CELLDATA section of the standard composition data.
Materials may appear in only one unit cell. All materials in the standard composition that are not
contained in a unit cell are processed assuming infinite homogeneous media. CSASG6 passes the created
working library to KENO-VI which calculates kg for the problem.

EXAMPLE 1. CSAS6 — Calculate the ke of a system using two unit cell descriptions.

Consider an infinite XY-array composed of two types of fuel assemblies in a checkerboard pattern
moderated by water. Each assembly consists of a 17 x 17 x 1 array of zirconium-clad, enriched UO, fuel
pins in a square pitched array. In one array the uranium is 3.5%-enriched and in the other array the
uranium is 2.9%-enriched. The UO, has a density of 9.21 g/cm®. The pin diameter is 0.8 cm and is
366 cm long. The clad is 0.07 cm thick, and the pitch is 1.3 cm. Each fuel bundle is contained in a 0.65-
cm-thick Boral sheath. The bundles are separated by an edge-to-edge spacing of 1.0 cm. The water and
zirconium is input in the standard composition data once for every unit cell in which it appears because a
material may appear in only one unit cell. Determine the ke of the infinite array. Note that periodic
boundary conditions are required to obtain an infinite checkerboard array. Input data for this problem
follow.

=CSAS6
2 SQUARE FUEL ASSEMBLIES EXAMPLE IN AN INFINITE LATTICE OF ASSEMBLIES
V7-238
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READ COMP

U02 1 DEN=9.21 1.0 293. 92235 3.5 92238 96.5 END
ZR 2 1 END

H20 3 1 END

U02 4 DEN=9.21 1.0 293. 92235 2.9 92238 97.1 END
ZR 5 1 END

H20 6 1 END

B4C 7 0.367 END

AL 7 0.636 END

END COMP

READ CELLDATA

LATTICECELL SQUAREPITCH PITCH=1.3 3 FUELD=0.
LATTICECELL SQUAREPITCH PITCH=1.3 6 FUELD=0.
END CELLDATA

READ PARAM FAR=YES GEN=253 END PARAM
READ GEOM

UNIT 1

COM="3.5 W% FUEL PIN*

CYLINDER 10 0.4 2P183.0

CYLINDER 20 0.47 2P183.07

CuBOID 30 4P0.65 2P183.07

MEDIA 1 1 10

MEDIA 2 1 20 -10

MEDIA 3 1 30 -20 -10

BOUNDARY 30

UNIT 2

COM="3.5 W% FUEL ASSEMBLY"

CUBOID 10 4P11.05 2P183.07
CUBOID 20 4P11.7 2P183.72
CUBOID 30 4P12.2 2P184 .22

ARRAY 1 10 PLACE 9 9 1 3*0.0
MEDIA 7 1 20 -10

MEDIA 3 1 20 -20 -20

BOUNDARY 30

UNIT 3

COM="2.9 W% FUEL PIN*

CYLINDER 10 0.4 2P183.0

CYLINDER 20 0.47 2P183.07

CuBOID 30 4P0.65 2P183.07

MEDIA 4 1 10

MEDIA 5 1 20 -10

MEDIA 6 1 30 -20 -10

BOUNDARY 30

UNIT 4

COM="2.9 W% FUEL ASSEMBLY*"

CuBOID 10 4P11.05 2P183.07
CuBOID 20 4P11.7 2P183.72
CUBOID 30 4P12.2 2P184 .22

ARRAY 2 10 PLACE 9 9 1 3*0.0
MEDIA 7 1 20 -10

MEDIA 6 1 20 -20 -20

BOUNDARY 30

GLOBAL UNIT 5

COM="FUEL CASK CONTAINING 4X4 ARRAY OF ASSEMBLIES*
CUBOID 10 4P24.4 2P184.22

ARRAY 3 10 PLACE 111 -12.2 -12.2 0.0
BOUNDARY 10

END GEOM

READ ARRAY

ARA=1 NUX=17 NUY=17 NUZ=1 FILL F1 END FILL
ARA=2 NUX=17 NUY=17 NUZ=1 FILL F3 END FILL
GBL=3 ARA=3 NUX=2 NUY=2 NUZ=1 FILL 2 4 4 2 END FILL
END ARRAY

READ BOUNDS XYF=PERIODIC END BOUNDS

END DATA

END

1
4

LADD=0.94 2 END
LADD=0.94 5 END

o 00
[eXe]

EXAMPLE 2. CSAS6 — Calculate the ke of a system using two unit cell descriptions and cell-weighted
mixtures.
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Consider a problem in which a stainless steel cylinder with an inner diameter of 56 cm and an inside
height of 91 cm is filled with pellets of UO, in borated water. The steel is 0.125 cm thick. The spherical
2.57%-enriched UO, pellets have a diameter of 1.07 cm and are arranged in a triangular pitch array with a
pitch of 1.13 cm. The spherical 2.96%-enriched UO, pellets have a diameter of 1.07 cm and are arranged
in a triangular pitch array with a pitch of 1.12 cm. The cylindrical tank is filled half full of the 2.96%
pellets in borated water, and the remainder is filled with the 2.57%-enriched pellets in borated water.

Mixture 100 is the cell-weighted mixture containing the 2.57%-enriched uranium pellets and mixture 200
is the cell-weighted mixture containing the 2.96%-enriched uranium pellets. Determine the ke of this

system. Input data for this problem follow.

=CSAS6

2.57% AND 2.96% ENR UO2 PELLETS IN 3500 PPM BORATED WATER
V7-238

READ COMP

uo2 1 0.925 283 92235 2.57 92238 97.43 END

H20 2 1.0 283 END

ATOMBACID 2 2.0017-2 3 5000 1 1001 3 8016 3 1.0 283 END
uo2 3 0.925 283 92235 2.96 92238 97.04 END

H20 4 1.0 283 END

ATOMBACID 4 2.0017-2 3 5000 1 1001 3 8016 3 1.0 283 END
SS304 5 1.0 283 END

END COMP

READ CELLDATA

LATTICECELL CELLMIX=100 SPHTRIANGP PITCH=1.13 2 FUELD=1.07 1 END
LATTICECELL CELLMIX=200 SPHTRIANGP PITCH=1.13 4 FUELD=1.07 3 END

END CELLDATA

READ PARAM FLX=YES END PARAM
READ GEOM

GLOBAL UNIT 1

CYLINDER 10 38.0 45.5 0.0
CYLINDER 20 38.0 91.0 0.0
CYLINDER 30 38.125 91.0 -0.125

MEDIA 100 1 10
MEDIA 200 1 20 -10
MEDIA 5 1 30 -20
BOUNDARY 30

END GEOM

END DATA

END
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2.3 STARBUCS: A SCALE CONTROL MODULE FOR AUTOMATED CRITICALITY
SAFETY ANALYSES USING BURNUP CREDIT

G. Radulescu and I. C. Gauld

ABSTRACT

STARBUCS is an analysis sequence in SCALE for automating criticality safety and burnup loading curve
analyses of spent fuel systems employing burnup credit. STARBUCS requires only the fresh fuel
composition, an irradiation history, and the KENO model for a spent fuel configuration to be provided in
an input file. It automatically performs all necessary calculations to determine spent fuel compositions,
self-shielded cross sections, and the ke of the spent fuel configuration. In addition, for burnup loading
curve analyses, STARBUCS performs iterative calculations to search for initial fuel enrichments that
result in an upper subcritical limit. STARBUCS allows the user to simulate axial- and horizontal-burnup
gradients in a spent fuel assembly, select the specific actinides and/or fission products that are to be
included in the criticality analysis, and apply isotopic correction factors to the predicted spent fuel nuclide
inventory to account for calculational bias and uncertainties. A depletion analysis calculation for each of
the burnup-dependent regions of a spent fuel assembly, or any other system containing spent nuclear fuel,
is performed using the ORIGEN-ARP sequence of SCALE. For criticality safety calculations employing
multigroup cross-section data, the spent fuel compositions are used to generate resonance self-shielded
cross sections for each region of the problem. The region dependent nuclide concentrations and cross
sections are applied in a three-dimensional criticality safety calculation using the KENO code. Both
KENO V.a and KENO-VI criticality codes are supported for single criticality safety calculations using
burnup credit, but only KENO V.a can be used in criticality calculations for burnup loading curve
analyses. Although STARBUCS was developed specifically to address the burnup-credit analysis needs
for spent fuel transport and storage applications, it provides sufficient flexibility to allow criticality safety
assessments involving many different potential configurations of UO, spent nuclear fuel.
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2.3.1 Introduction

The U.S. Nuclear Regulatory Commission (NRC) issued Revision 2 of the Interim Staff Guidance 8
(1ISG-8) (Ref. 1) on burnup credit in September, 2002. [1SG-8 provides guidance on the application of
burnup-credit in criticality safety analyses for pressurized-water reactor (PWR) spent fuel in
transportation and storage casks. Burnup credit is the concept of taking credit for the reduction in
reactivity in spent fuel due to burnup. The reduction in reactivity that occurs with fuel burnup is due to
the change in concentration (net reduction) of fissile nuclides and the production of actinide and fission-
product neutron absorbers. In contrast to criticality safety analyses that employ a fresh-fuel assumption
(i.e., conservatively assuming unirradiated fuel compositions), credit for burnup requires the prediction of
both fissile material and absorber nuclide concentrations in spent nuclear fuel (SNF) and consideration of
many burnup-related phenomena, in addition to the criticality issues.

Consideration of the depletion aspects in the criticality assessment of SNF places an increasing reliance
on computational tools and methods, and significantly increases the overall complexity of the criticality
safety analysis. The use of spent fuel nuclide concentrations in the criticality evaluation also necessitates
consideration of many additional sources of uncertainty associated with fuel depletion. 1SG-8 highlights,
for example, the need for applicants employing burnup credit in criticality safety assessments to address
the axial and horizontal variation of the burnup within a spent fuel assembly, uncertainties and bias in the
nuclide predictions, and the additional reactivity margin available from fission products and actinides not
credited in the licensing basis.

To assist in performing and reviewing criticality safety assessments of transport and storage casks that
apply burnup credit, a new control sequence called STARBUCS (Standardized Analysis of Reactivity for
Burnup Credit using SCALE) was developed in SCALE 5. STARBUCS automates the generation of
spatially-varying nuclide compositions in a spent fuel assembly, and applies the assembly compositions in
a three-dimensional (3-D) Monte Carlo analysis of the system. STARBUCS automatically prepares input
files for each of the modules in the sequence, executes the modules through the SCALE driver, and
performs all flow control, module interface, and data management functions. The STARBUCS sequence
uses well-established code modules currently available in SCALE. STARBUCS also performs iterations
over a range of initial fuel enrichments to determine the initial enrichments below which UO, commercial
spent fuel may be loaded in a transport/storage cask for specified burnup values. With this capability,
STARBUCS assists in generating burnup loading curves for criticality safety analyses of spent fuel in
transport and storage casks.

The STARBUCS sequence automates the depletion calculations using the ORIGEN-ARP methodology to
perform a series of cross-section preparation and depletion calculations to generate a comprehensive set
of spent fuel isotopic inventories for each spatially-varying burnup region of an assembly. The spent fuel
nuclide concentrations are subsequently input to either CSAS5 or CSAS6 to and perform a criticality
calculation of the system using the KENO V.a or KENO-VI code, respectively, to determine the neutron
multiplication factor (kex) for the system. Only minimal input is required by the user to perform a typical
burnup-credit analysis. The user can specify the assembly-average irradiation history, the axial density
variation of the reactor moderator, the axial- and horizontal-burnup profile, and the nuclides that are to be
applied in the criticality safety analysis. Nuclide correction factors may also be applied to the predicted
concentrations to account for known bias and/or uncertainty in the predicted SNF compositions.

2.3.2 Methodology

The STARBUCS control module is a burnup-credit sequence designed to perform 3-D Monte Carlo
criticality safety calculations that include the effects of spatially-varying burnup in SNF configurations.
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STARBUCS offers two options: either perform a single criticality safety calculation with burnup credit or
perform iterative calculations for burnup loading curve analyses of commercial UO, spent fuels.
The sequence contains a set of instructions designed to automatically process input data, execute code
modules currently available in SCALE for depletion, resonance cross section, and criticality calculations.
In addition, for burnup loading curve analyses, STARBUCS checks whether kg converges to a user-
provided upper subcritical limit, adjusts the initial fuel enrichment using the least squares method, and
repeats the sequence until either convergence is achieved or determine that no solution can be found. The
overall program structures and flow for a single criticality calculation and for burnup loading curve
calculations are illustrated in Figure 2.3.1 and Figure 2.3.2, respectively.

The sequence uses well-established code modules currently available in the SCALE code system. These
modules include ARP and ORIGEN to perform the depletion analysis phase of the calculations.
ORIGEN-ARRP is a sequence within the SCALE system that serves as a faster alternative to the TRITON
depletion sequence of SCALE to perform point-irradiation calculations with the ORIGEN code using
problem-dependent cross sections. ARP uses an algorithm that enables the generation of cross-section
libraries for the ORIGEN code by interpolation over pregenerated cross-section libraries. The ORIGEN
code performs isotopic generation and depletion calculations to obtain the spent fuel nuclide
compositions. For criticality safety calculations using multigroup cross-section data, problem dependent
cross sections are processed with the resonance self-shielding capabilities of XSProc using the region-
dependent compositions from the depletion analyses. Finally, the region dependent nuclide
concentrations and cross sections are applied in a 3-D criticality calculation for the system using either
KENO V.a or KENO-VI to calculate the ke value.

The ORIGEN-ARP depletion analysis methodology represents a significant increase in computational
speed as compared to equivalent calculations performed using the SCALE depletion analysis sequences
that use two-dimensional transport methods, with virtually no sacrifice in accuracy. ARP uses an
algorithm that enables the generation of cross-section libraries for the ORIGEN code by interpolating on
cross sections available in pre-generated data libraries. For uranium-based fuels the interpolation
parameters available are initial fuel enrichment, burnup and, optionally, moderator density. STARBUCS
creates input files for ARP and ORIGEN for each burnup-dependent region of an assembly and calculates
the spent fuel nuclide concentrations for the region using a user-specified assembly irradiation history,
cooling time, and burnup profiles. The ARP cross-section libraries must be available in advance of a
STARBUCS burnup-credit calculation. These libraries may be created using TRITON. The ARP
libraries include the effects of assembly design and operating conditions on the neutron cross sections
used in the burnup analysis. Several ARP libraries are distributed in the SCALE code system and can be
applied in a STARBUCS analysis. Alternatively, a user may create a specific ARP library for other
assembly types or operating conditions not available in the default libraries. The generation of ARP
libraries is discussed in ORIGENARP’s Appendix A.

The depletion phase of the analysis is performed using ARP and ORIGEN to calculate the compositions
of each discrete fuel region (axial or horizontal). After a single ORIGEN-ARP depletion calculation is
completed, control is passed back to the STARBUCS module which reads the spent fuel nuclide
inventories generated by ORIGEN, saves them, prepares the ARP and ORIGEN input files for the next
burnup region, and executes the codes in sequence. This cycle continues until the fuel compositions for
all axial and horizontal regions have been calculated and saved, completing the depletion phase of the
analysis. The depletion calculations for each axial and radial zone are performed using an initial fuel
basis of 1 MTHM (10° g heavy metal).

After all depletion calculations are completed, STARBUCS reads the spent fuel nuclide inventories for all
regions and prepares input for the criticality calculation. The concentrations of all nuclides in the
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ORIGEN depletion analysis are converted from gram-atom units (per MTU) to units of atoms/b-cm
applied in the criticality calculation. The criticality calculation is performed using the capabilities in the
CSASS5 or CSAS6 control module of SCALE. Specifically, STARBUCS prepares input for the CSAS5
module when criticality calculations are to be performed using KENO V.a, and for the CSAS6 sequence
when using KENO-VI. Note that only the criticality safety sequence CSAS5 of SCALE can be used for
burnup loading curve calculations.

For burnup loading curve iterative calculations, STARBUCS employs the search algorithm described in
CSASS section on Optimum (Minimum/Maximum) Search to determine initial fuel enrichments that
satisfy a convergence criterion for the ke of the spent fuel configuration. If convergence is not achieved
in a search pass, the initial fuel enrichment is automatically adjusted. This sequence repeats until either
ket cOnverges to an upper subcritical limit or until the algorithm determines that a solution is not possible.
The procedure is repeated for each requested burnup value. The maximum allowable iterations, upper
subcritical limit, tolerance for convergence, and a range of initial fuel enrichments can be set by the user.
The lower and upper enrichment bounds as well as the burnup values for spent fuel regions must be
contained within the range of enrichment and burnup values used to generate the applicable ORIGEN-
ARP library. The control module prepares a STARBUCS input file for each search pass requesting a
single criticality calculation using the calculated spent fuel compositions. In this input file, the burnup
history data block and/or the fuel mixture compositions are updated based on the outcome of the search
sequence. The pre-burnup compositions for the two minor uranium isotopes, **U and **°U, are updated
in the STARBUCS input file for a new pass only if they were included in the initial input file prepared by
the user. Their updated weight percentages are based on the assumption that the mass ratios >*U/***U and
%%U/7**U do not change with fuel enrichment.

STARBUCS
I
STARBUCS SEQUENCE
SPENT FUEL DEPLETION
* AND DECAY ANALYSES-
ORIGEN ——— REPEAT FOR ALL REGIONS

f

CSAS5 (or CSAS6)

ML TR s XSProc RESONANCE CROSS SECTION
PROCESSING - ALL FUEL REGIONS
OR

POINTWISE —— = KENO V.a } CRITICALITY CALCULATION
CROSS SECTIONS (KENO-VI)

2-130



Figure 2.3.1. Modules and flow of STARBUCS sequence for criticality calculations.

STARBUCS input

SETARBUCS [—{« C5ASS input
= SEARCH input
=Fuel hurnup input

Mo
| USL-EPS = k-eff = USL+EPS 7 |—| =earch algarithm
Yes 1
Yes STARBUCS input
Stop «—— lterations over all burnups complete ?| = Mew initial fuel enrichment —
Mo » Same BURNUP HISTORY data

STARBUCE input
= Initial fuel enrichment
= [Mew BLURMUP HISTORY data

Figure 2.3.2. Modules and flow of STARBUCS sequence for burnup loading curve calculations.

2.3.3 Capabilities and Limitations

STARBUCS is designed to facilitate criticality safety analyses employing burnup credit by automating
and linking the depletion and criticality calculations. The STARBUCS sequence has been designed to
readily allow analysts and reviewers to assess the subcritical margins associated with many of the
important phenomena that need to be evaluated in the context of the current regulatory guidance on
burnup credit. However, STARBUCS is sufficiently general to allow virtually any configuration
involving irradiated nuclear material to be analyzed. Limitations and some of the key capabilities of the
STARBUCS sequence are described below.

1. STARBUCS limitations include the use of a single UO, fuel type and, for analyses employing
multigroup cross-section data, the use of geometry configurations consisting of spent fuel rod arrays.
However, the type of spent fuel configurations that can be analyzed is entirely general. STARBUCS
can be used to perform criticality safety assessments of individual fuel assemblies, a spent fuel cask, a
spent fuel storage pool, or any nuclear system containing UQO, irradiated nuclear fuel.
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2. Only the criticality safety sequence CSAS5 of SCALE can be used for burnup loading curve
calculations; therefore KENO V.a geometry description must be available in a STARBUCS input file
for burnup loading curve calculations.

3. Burnup calculations can incorporate any desired operating history. The user may enter the specific
power, cycle lengths, cycle down time, post-irradiation cooling time, etc. The axial-water-moderator
density variation may also be specified in the depletion analysis, provided the ARP cross-section
library contains such data.

4. The effects of assembly design, soluble boron concentrations, burnable poison exposure, reactor
operating conditions, etc., are accounted for in the ARP (Automatic Rapid Processing) cross-section
libraries used in the ORIGEN depletion calculations. Libraries for several fuel assembly designs are
distributed with SCALE. These libraries can also be readily created for any reactor and fuel assembly
design that can be represented in the depletion analysis sequences of the SCALE system.

5. The user can select the specific actinide and/or fission product nuclides to be included in the
criticality safety analysis. The user also has the option to perform a criticality calculation employing
all nuclides for which cross-section data exist.

6. Isotopic correction factors may be input to adjust the calculated nuclide inventories to account for
known bias and/or uncertainties associated with the depletion calculations.

Minimal user input is required to perform many types of analyses. Default values are supplied for many
of the input parameter keywords. The user may select from built-in burnup-dependent 18-axial-zone
profiles taken from Ref. 2, or the user may input an arbitrary user-defined burnup distribution with up to
100-axial zones and up to 7-horizontal zones. The depletion analysis calculations for each zone are
performed for all nuclides (the ORIGEN data libraries contain cross-section and decay data for more than
1000 unique actinides, fission products, and structural activation products). The specific nuclides to be
considered in the ke analysis may be input by the user. If no nuclide set is explicitly selected, then all
nuclides that have cross-section data in the ORIGEN library are automatically applied in the criticality
analysis, resulting in a “full” burnup-credit criticality assessment. A capability to adjust the calculated
isotopic inventories using correction factors that can account for biases and/or uncertainties in the
calculated isotopic concentrations is also provided.

An appropriate ARP cross-section library for UO, fuel must be available for the depletion analysis using
STARBUCS. The user may use the libraries distributed with SCALE (e.g., ge7 x 7-0, ge8 x 8-4,
celd x 14, wib x 15, wl7 x 17_ofa) or the user may generate their own problem-specific libraries using
the TRITON depletion analysis sequence available in SCALE. A complete list of ARP libraries
distributed with SCALE and methods for generating ARP libraries are both described in ORIGENARP’s
Appendix A. The range of initial fuel enrichment and requested burnup values to be used in the
STARBUCS calculations must be contained within the range of the enrichments and burnups used to
generate the applicable ARP cross-section library.

The user is required to provide a complete KENO V.a model of the spent fuel configuration for burnup
loading curve calculations and a complete KENO V.a or KENO-VI model of the spent fuel configuration
for single criticality calculations using burnup credit. The initial material composition information is
defined in a standard composition data block. The fuel material is automatically depleted in the sequence
for each of the burnup-dependent regions or zones in the problem. The nuclide concentrations after
irradiation and decay are automatically applied to the KENO criticality analysis. The mixture numbers
for each of the fuel regions are identified by unique mixture numbers assigned automatically by
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STARBUCS based on the axial and horizontal region in the problem (see Figure 2.3.3). The user is
required to specify the geometry/extent of the axial and horizontal zones in the KENO model and apply
the appropriate mixture numbers for the desired configuration based on the mixture identifying scheme.
STARBUCS performs no checking of the criticality model to verify that all mixtures in the problem have
been used or that the order of the mixture numbers in the KENO model corresponds to the corresponding
order of the input burnup profile. This provides the user a great deal of flexibility in setting up problems.
However, it also requires that the user accurately prepare the input files to ensure that the spent fuel zone
mixtures are assigned to the correct KENO V.a or KENO-VI geometry regions. For instance, the user
could (intentionally) reverse the order of the axial-material identifiers in the KENO model to simulate
inverted fuel, or zone mixtures could be omitted to simulate a problem using only a subset of the available
fuel zones that were simulated in the depletion analysis.
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Figure 2.3.4. Fuel and material mixture numbering convention used in STARBUCS
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Lattice element containg FLIEL, GAP, CLAD, and MODERATOR

MHZ=4, NAX=25

FLUEL MHZ Available
11 2| 3| 4[CLAD |MOD |GAP  |mixture numbers
101201307 (401 2 3 4 | 801
02 | BO2 | YO2

e DO R —

125 |225|325| 425
126 |225| 326 | 426

247

Ayvailable mixture
nurmbers

100 |200|300|400|500| Bom | 7oo | soo

Fuel mixture nurmhbers

Mlixture numbers available for additional geometry materials
Moderator mixture numbers

Gap mixture numbers

Clad mixture numbers

Figure 2.3.5. Example of mixture numbering scheme used in STARBUCS.

There are several conventions that must be followed when using STARBUCS. In general, these relate to
the specification of materials and mixture numbering of the cross-section mixing table.

1. The maximum number of horizontal zones is restricted to seven if there is no gap or second
moderator mixture, six if a gap or second moderator mixture is defined, and five if both a gap and a
second moderator are defined. The number of axial-fuel zones is limited such that the product of
horizontal zones * axial zones is less than or equal to 100. These limits constrain the maximum
mixture number used for burned fuel in the KENO criticality calculation to less than 1000 and assign
unique mixture numbers to clad, moderator, and gap mixtures for lattice cell descriptions. The
convention used to number the depleted fuel zones is to start at mixture 101 and increment by 1 for
each axial-burnup region. Thus, for a case with 10 axial-burnup regions, the fuel mixtures used in the
criticality analysis would range from 101 to 110. For a similar case having two horizontal zones in
addition to the axial zones, the mixture numbers would also include mixtures 201 to 210.

2. Mixture numbers for the clad, gap (if applicable), and moderator may also be used directly in the
KENO model. Additional unique mixture numbers are required by the code for the lattice cell
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descriptions for each separate fuel zone (except for mixture 0 for void). These additional mixtures are
assigned automatically by the code and are shown in Figure 2.3.3 for a lattice cell consisting of fuel,
gap, clad, and moderator. The additional mixture numbers may also be used directly in the KENO
model. Mixture number allocation is illustrated in Figure 2.3.5 for an example case where the
number of different horizontal zones is four and the maximum number of axial zones is limited to 25.

3. All structural materials in the problem must have mixture numbers different from the numbers
automatically generated by the code (see Figure 2.3.5 for an example of available mixture numbers).
For the example shown in Figure 2.3.5, mixtures 5-100, 126-200, 226-300, 326-400, 501, 601, 701,
426-500, and 801-2147 are not allocated by STARBUCS and may be defined by the user in the
composition data block and used in the geometry model. If the constraints in paragraph 1 are
followed, mixture numbers less than 100 that were not used for fuel, gap, clad, moderator and mixture
numbers from 1001 to 2147 are always available for structural materials. Note that STARBUCS does
not provide a warning or stop program execution if a mixture number assigned to a structural material
has also been generated internally by the computer code. The mixture numbers for structural
materials are not changed and are thus applied in the KENO model in a one-to-one correspondence
with the standard composition mixture as done for typical CSAS calculations. Therefore, the use of a
mixture number for structural materials that is identical to one of the mixture numbers automatically
generated by the code results in the combination of both materials in the composition for the mixture
number.

4. Not all SCALE standard composition alphanumeric names (see the Standard Composition Library
chapter) are currently recognized by STARBUCS. The use of special materials (e.g., C-GRAPHITE,
NIINCONEL, H-POLY), particularly as fuel materials, that have nuclide identifiers that are not
readily translated to ORIGEN ZA numbers should be avoided since these materials cannot be
depleted.

5. A single STARBUCS calculation is limited to a single initial fuel type (composition, enrichment,
assembly design, etc.). Configurations involving multiple fuel types may be solved by running a
separate STARBUCS case for each type, saving the corresponding CSAS cases generated by
STARBUCS that contain the irradiated fuel nuclide compositions, and manually merging the cases in
such a way that all required fuel types are represented in the final case.

2.3.4 Input Description

STARBUCS input is divided into different data blocks containing related types of information.
The standard composition data block used to define initial (fresh) fuel composition and all other materials
in the criticality analysis problem, is read and processed by the Material Information Processor of SCALE
and conforms to the standard input conventions (see Chapter M7). In addition to the standard
composition data, three more input data blocks are required by STARBUCS. The data blocks are entered
in the form

READ XXXX inputdata END XXXX

where XXXX is the data block keyword for the type of data being entered. The types of data blocks that
are entered include general control parameter information, irradiation history and decay data or search
parameter data, and the KENO V.a or KENO-VI input specifications. The valid block keywords for a
single criticality safety calculation using burnup credit and for burnup loading curve calculations are
listed in Table 2.3.2 and Table 2.3.3, respectively. A minimum of four characters is required for most
keywords. The exception is the criticality model input data block READ KENOVA or READ KENOVI
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in which case the code must check additional character positions to determine the CSAS control sequence
to be executed. The keywords can be up to twelve characters long, the first four of which must be input
exactly as listed in the table. Entering the words READ XXXX followed by one or more blanks activates
the data block input. All input data pertinent to block XXXX are then entered. Entering END XXXX
followed by two or more blanks terminates data block XXXX.

Table 2.3.1. Valid data block keywords for a single criticality safety calculation
using burnup credit

Data block type Block keyword
Control parameters CONTROL
Burnup history HISTORY or BURNDATA
KENO V.a input KENOVA or KENO5
KENO-VI input KENOVI or KENO6

Table 2.3.2. Valid data block keywords for burnup loading curve calculations

Data block type Block keyword
Control parameters CONTROL
Search parameters SEARCH
KENO V.a input KENOVA or KENO5

All input within a data block is entered using keywords and is free format. Keyword entries may be of
variable or array type. Variable keyword entries include the keyword plus the “=", followed by the value.
Array keywords are usually followed by a series of entries, each separated by a blank or comma, and must
always be terminated with an END that does not begin in column one. In some instances a single value
may be input as an array entry; however, the word END is still always required. Within a given input
data block the keyword entries may be in any order.

A single data entry may be entered anywhere on a line but cannot be divided between two lines; however,
array data entries may be divided over many lines. The code identifies data keywords using only the first
four (maximum) characters in the keyword name. Beyond the first four characters, the user may enter
any alphanumeric or special character acceptable in FORTRAN, including single blanks, before the “="
character. Floating-point data may be entered in various forms; for example, the value 12340.0 may be
entered as: 12340, 12340.0, 1.234+4, 1.234E+4, 1.234E4, or 1.234E+04. Also, the value 0.012 may be
entered as 12E-3, 12-3, 1.2-2, etc. Numeric data must be followed immediately by one or more blanks
or a comma.

2.3.4.1 Overview of input structure

An overview of the input to the STARBUCS sequence is given in Table 2.3.3. This table provides an
outline of the input data block structure. The input data in positions 1 to 5 (see Table 2.3.3) are read and
processed by the Material Information Processor of SCALE. These are the first data read by the code and
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must be in the order indicated. Data positions 6, 7 or 8, and 9 are read directly by STARBUCS and may
be entered in any order.
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Table 2.3.3. Outline of input data for the STARBUCS sequence

Dqt_a Type of data Data entry Comments
position
Sequence name =STARBUCS Start in column one

1 TITLE Enter a title 80 characters

2 Standard SCALE Library name The currently available standard SCALE cross-
pointwise or section libraries are listed in the Standard
multigroup cross- Comp. Lib. chapter, table Standard SCALE
section library name Cross-Section Libraries.
or STARBUCS allows a non-standard SCALE
the name of a user- multigroup cross-section library to be used
supplied multigroup in a criticality calculation.
cross-section library

3 Standard Composition Enter the appropriate Begins this data block with READ COMP and
specification data data terminate with END COMP. See Standard

Composition chapter for details.

4 Type of calculation LATTICECELL Begins this data block with READ CELL and
terminate with END CELL. This is the
available option. See XSProc chapter for
details.

5 Unit cell geometry Enter the appropriate See XSProc chapter for LATTICECELL.

specification? data

6 Control parameter data  Enter the desired data ~ Begins this data block with READ CONT and
terminate with END CONT.

See Sect. 2.3.5.5.
7° Burnup history Enter the desired data ~ Begins this data block with READ HISTORY
specification for each cycle (or BURNDATA) and terminate with
END HISTORY (or BURNDATA).
See Sect. 2.3.5.6.

g° Search parameter data Enter the desired data ~ Begins this data block with READ SEARCH

and terminate with END SEARCH.
See Sect. 2.3.5.7.
9 KENO data Enter KENO Begins this data block with READ KENOVA

Terminate input

criticality model

END

(or KENOS5) and terminate with
END KENOVA (or KENOS).
For KENO-VI use block keyword KENOVI
(or KENOS®) in place of KENOVA
(or KENOS5). See Sect. 2.3.5.8.

Must begin in column 1.

2 Input data required only for criticality calculations employing multigroup cross-section libraries. Only one unit cell may be
defined in the cell data block for STARBUCS.
® Either burnup history specification or search parameter data may be defined in a STARBUCS input.

2-139



2.3.4.2 Sequence specification card

The STARBUCS analytical sequence is initiated with “=STARBUCS” beginning in column 1 of the
input. This instructs the SCALE driver module to execute the STARBUCS sequence. The input data are
then entered in free-format. The input is terminated with the word “END” starting in column 1. An
“END” is a special data item, which may be used to delimit an input data block, end an array of input
items, and terminate the input for the case. In the context of input data blocks, the “END” has a name or
label associated with it. An “END” used to terminate an array of entries must not begin in column 1 as
this instructs the SCALE driver to terminate input to the sequence.

2.3.4.3 Optional sequence parameters

To check the input data, run STARBUCS and specify PARM=CHECK or PARM=CHK after the
analytical sequence specification as shown below.

=STARBUCS PARM=CHK

Other optional input for the PARM field to control multigroup resonance self-shielding calculations are
described in the XSProc section of this manual.

2.3.4.4 XSProc

The XSProc is used to read and process the standard composition specification data that define the initial
compositions of the fuel and all structural materials in the problem, into mixing tables and unit cell
geometry information that are used by STARBUCS. All composition data required for the problem are
entered as standard composition entries. A detailed description of this portion of the input can be found
in the section on XSProc. Only one UO, fuel type is permitted in STARBUCS. Therefore, a single fuel
mixture defining the fresh fuel composition and, for criticality safety calculations employing multigroup
cross sections, the geometry description of a single fuel lattice cell are required in a STARBUCS input
file.

2.3.4.5 Control parameter data

The control parameter data block allows the user to specify control parameters and array data related to
many of the burnup-credit analysis parameters to be used in the problem. All input is by keyword entry.
All keywords are three-character identifiers that must be followed immediately by an equals sign (“=").
The keywords may be in any order within a data block. Input to the parameter data block is initiated with
the data block keywords READ CONTROL (only first four characters of block name are required). The
data block is terminated by the keywords END CONTROL.

The types of control parameter data that may be input are summarized in Table 2.3.4. The individual
keyword entries are described below.

1. ARP= NAME OF THE ARP LIBRARY TO BE USED. A character string with the name of the
ARP library to be used in the depletion calculation. This is a required entry. The library
must be defined in the SCALE text file ARPDATA.TXT that contains the cross-section
library names and interpolation data used by ARP. A description of an ARP input and
the location of the ARP cross-section libraries are provided in ARP Input Description
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2. NAX=
3. NHzZ=
4. NUC=
5. FLE=

located in the ORIGENARP chapter. STARBUCS calculations are limited to UO, spent
fuels.

NUMBER OF AXIAL ZONES. This is the number of axial-burnup subdivisions. For a
user-input profile the value of NAX is determined automatically by the code, and the
NAX keyword is optional, provided the AXP= array has been entered. The maximum
value of NAX must be chosen such that due product of NAX * NHZ is less than or equal
to 100 (i.e., NAXax is 100, 50, 33, 25, 20, 16, or 14 when the number of horizontal zones
is1,2 34,5, 6, or 7, respectively). By default, the profile is automatically normalized
to unity by the code unless NPR=NO. Built-in burnup-dependent 18-axial-zone profiles
may be selected with an entry of —18. These built-in profiles and the burnup range over
which they are applied, are listed in Table 2.3.5. These profiles have been proposed
elsewhere (Ref. 2) as bounding axial profiles and are included as options for convenience
only. The default value of NAX is —18 (use built-in profiles).

NUMBER OF HORIZONTAL ZONES. This is the number of horizontal-burnup
subdivisions in the assembly. An optional entry if no horizontal profile is requested.
The maximum value is seven zones. The exact limit is determined by the number of
mixtures defined in the lattice cell description. If a gap and second moderator type are
used the number of horizontal zones is limited to five.

BURNUP-CREDIT NUCLIDES used in the criticality calculation. A list of actinides
and/or fission products that are to be included in the KENO criticality safety calculation.
This is an array entry keyword and is delimited by the keyword END. The nuclides are
entered using their standard composition alphanumeric names, as listed in the Standard
Composition Library chapter of the SCALE manual. Isotopic correction factors may be
entered, optionally, immediately following the nuclide name. The isotopic correction
factors will be multiplied times the spent fuel nuclide concentrations to account for
isotopic composition bias. The concentration of any nuclide that does not have a
correction factor is not adjusted. To select all available actinide and fission product
nuclides (with cross-section data and atom densities greater than 1.0E—29) for the
criticality calculation, the user may select NUC= ALL, without an END terminator. This
is the only situation where an array entry does not require an END. The available
nuclides for this entry are included in the ORIGEN data library and the format of the
library is documented in Decay Data Library of the ORIGENLIB chapter.

FUEL LIGHT ELEMENT NUCLIDES. A user-provided list of light element nuclides
that are to be included in the irradiated fuel compositions for a CSAS5 or a CSAS6
calculation. This is an array entry keyword and is delimited by the keyword END.
The nuclides are entered using their standard composition alphanumeric names, as listed
in Standard Composition Library chapter of the SCALE manual. To select all available
light element nuclides (with cross-section data and atom densities greater than 1.0E—29)
for the criticality calculation, the user may specify FLE= ALL, without an END
terminator. This is the only situation where an array entry does not require an END. The
available nuclides for this entry are included in the ORIGEN data library and the format
of the library is documented in Decay Data Library of the ORIGENLIB chapter. The use
of the keyword FLE is not required if only 0-16 is to be included in the composition of
irradiated uranium oxide fuel pellets. For these material mixtures, 0-16 will be
automatically included in irradiated fuel compositions due to its significant concentration.
Isotopic correction factors are not allowed for light element nuclides.
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6. AXP=
7. HZP=
8. FIX=
9. NPR=
10. MOD=
11. BUG=

AXIAL-BURNUP PROFILE. The user-supplied axial-burnup profile of the assembly to
be used in the analysis. This entry is required unless use of the built-in burnup-dependent
axial profiles shown in Table 2.3.5 is requested (NAX= —18). If NAX is set to anything
other than —18, the AXP array must contain NAX entries. Otherwise, the value of NAX
is determined automatically by the code. By default (NPR=YES), the profile is
automatically normalized by the code; this may be disabled by setting NPR=NO. If the
burnup profile is normalized, it is implicitly assumed that the height/volume of each axial
region is uniform when determining the average fuel burnup (i.e., the burnup of each
axial region is equally weighted). The user is cautioned that if fuel region
subdivisions of unequal volume are used, normalization should not be applied and
the user must ensure a correct correspondence between the axial-profile input and
the axial regions specified in the criticality calculation. AXP is an array entry and
must be delimited by an END that must not start in the first column.

HORIZONTAL-BURNUP PROFILE. An optional array entry used to specify a burnup
gradient across assemblies. The elements of the array are the ratios of the burnups of
horizontal subdivisions in the assembly to average assembly burnup (entry for the
POWER= keyword described in Sect. 2.3.5.6). If NHZ is input, the HZP array must
contain NHZ entries delimited by an END that must not start in the first column.
Otherwise, the value of NHZ is determined automatically by the code. The profile will
be normalized if NPR=YES (default). Sample problem 5 illustrates use of this option.

FIXED ASSEMBLY POWER OPTION. Option to select a constant specific power level
for the depletion analysis for all axial and horizontal zones of the assembly.
For FIX=YES, the depletion analysis for all zones is performed using the specific power
input in the power history data block for the POWER= keyword. The irradiation time is
adjusted to achieve the desired burnup. The default of FIX=NO applies a variable power
for all zones and a constant irradiation time as defined by the BURN= keyword.

NORMALIZE PROFILE. Option to control whether the user input axial- and horizontal-
burnup profiles will be normalized. The input profiles are automatically normalized
using NPR=YES (default). If fuel region subdivisions of unequal volume are used,
NPR=NO should be specified.

AXIAL MODERATOR DENSITY. This is an array entry keyword and is delimited by the

keyword END. The array dimension is equal to the number of axial zones (NAX entry)
and the array values are provided in the same order as the AXP array elements. This
input array is required only if the applicable ARP library contains variable moderator
density cross sections.

DEBUG PRINT OPTION. BUG=YES will print program debugging variables and
arrays in STARBUCS. The default is BUG=NO.
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Table 2.3.4. Table of control parameter data

Keyword
name

Data
type

Default
value

Comments

READ CONTROL

ARP=

NAX=

NHZ=

NUC=

FLE=

AXP=

HZP=

MOD=

FIX=

NPR=

BUG=

END CONTROL

Character

Integer

Integer

Character and real

mixed array®

Character array?

Real array®

Real array?

Real array®

Character

Character

Character

None

-18

None

0-16

See NAX

None

None

NO

YES

NO

Initiate reading the control parameter block of data

Name of the ARP library to be used. Required. Library must be
defined in SCALE text file ARPDATA.TXT.

Number of axial-burnup subdivisions in fuel assembly. The value of
NAX is determined automatically if an axial profile is input using
AXP= entries. The maximum value of NAX is 100. Default
value (—18) applies a built-in 18-axial-region-burnup profile.

Number of horizontal-burnup subdivisions. Maximum value of
5-7 zones (see Sect. 2.3.5.5). No entry is required if horizontal
profile is not used.

List of burnup-credit nuclides, and optionally the corresponding
isotopic correction factors, to be included in the criticality
calculation. Array entry generally delimited by END, unless
ALL is selected. Nuclides are input using their standard
composition alphanumeric identifiers.

List of light element nuclides to be included in the criticality
calculation. Array entry generally delimited by END, unless
ALL is selected. Nuclides are input using their standard
composition alphanumeric identifiers.

Axial-burnup-profile array. Required if NAX > 0. NAX entries that
define the axial-burnup shape. The profile is automatically
normalized if NPR=YES (default). Delimited by END.

Horizontal-burnup-profile array. Required if NHZ > 1.
Avrray containing NHZ entries that define the horizontal,
or radial, burnup profile for the analysis. Array is automatically
normalized by the code. Delimited by END.

Axial-moderator density, applied in the fuel depletion analysis.
Note that MOD= is required only if the ARP library contains
variable moderator density cross sections. NAX entries ordered
as AXP=array. Delimited by END. Moderator density default
values are not available in STARBUCS for variable moderator
density cross sections.

Option to select a constant specific power level for all axial and
horizontal zones of the assembly using FIX=YES.

Option to normalize user-input axial- and horizontal-burnup profiles.
Default is to automatically normalize profiles.

Optional debug printout with BUG=YES.

End of the control parameter block of data

@ Terminate array data entries with END. Do not place this END in column 1.
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Table 2.3.5. Built-in burnup-dependent axial profiles, NAX= —18 from Ref. 2)

) ) Burnup 18 < Burnup Burnup
Axial Fraction of <18 GWJ/MTU <30 GWd/MTU 230 GWd/MTU
Zone no. core height 1 > 3
1 0.0278 0.649 0.668 0.652
2 0.0833 1.044 1.034 0.967
3 0.1389 1.208 1.150 1.074
4 0.1944 1.215 1.094 1.103
5 0.2500 1.214 1.053 1.108
6 0.3056 1.208 1.048 1.106
7 0.3611 1.197 1.064 1.102
8 0.4167 1.189 1.095 1.097
9 0.4722 1.188 1.121 1.094
10 0.5278 1.192 1.135 1.094
11 0.5833 1.195 1.140 1.095
12 0.6389 1.190 1.138 1.096
13 0.6944 1.156 1.130 1.095
14 0.7500 1.022 1.106 1.086
15 0.8056 0.756 1.049 1.059
16 0.8611 0.614 0.933 0.971
17 0.9167 0.481 0.669 0.738
18 0.9722 0.284 0.373 0.462

2.3.4.6 Burnup history data

The burnup history data block defines the irradiation history for the assembly. These data are entered by
keyword. The keywords are summarized in Table 2.3.6. Only the first four characters of the keywords
are required (i.e., any characters after the first four characters are optional). A minimum of two entries
are required for each cycle, (1) the average assembly power (POWER=) and (2) the irradiation time
(BURN=). The decay time (DOWN-=), if any, at the end of the cycle, and the number of cross-section
libraries (NLIB=) are optional. The word END is required to delimit the entries for each cycle.
The entries within a given cycle may be in any order.

The burnup history data block reading is initiated with the keywords READ HISTORY (or BURNDATA)
and terminated by END HISTORY (or BURNDATA).

POWER= THE AVERAGE SPECIFIC POWER OF THE ASSEMBLY FOR THIS CYCLE. The units
of the specific power are in MW/MTU (W/g) of initial uranium. The axial and horizontal
profiles are multiplied by the specific power to achieve the desired spatially-dependent
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BURN=

DOWN=

NLIB=

END

burnup profiles for the assembly when FIX=NO (default). If FIX=YES, the specific power
input using this keyword is assumed to be uniform over all fuel regions (axial and horizontal)
and the code will adjust the irradiation time to obtain the desired burnup for each region.

THE IRRADIATION TIME FOR THIS CYCLE. The cycle irradiation time in days.

CYCLE DOWN TIME. An optional entry to specify the down time, in days, at the end of an
irradiation cycle. The down time is simulated as an irradiation time step of effectively zero
power after the irradiation cycle. The down time for the last cycle is simulated as a separate
ORIGEN decay case with nine equally-spaced time steps. If a negative down time is input,
the time steps are spaced logarithmically.

LIBRARIES PER CYCLE. An optional entry to request multiple cross-section libraries
during a depletion cycle. If requested, the code automatically subdivides the cycle in NLIB
segments of uniform duration and generates a separate library for the depletion analysis for
each segment using ARP.  Generating multiple libraries provides a more accurate
representation of the time-dependent cross-section variation during the burnup analysis. Each
segment of the cycle is assumed to have the same specific power, and no down time is
assumed between each segment of the cycle.

The word END is required to terminate the input for each cycle.

Repeat the above entries for each cycle to define the complete assembly power history.
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Table 2.3.6. Table of power history data

Keyword Data Default
Comments
name type value

READ Start of burnup history data block

HISTORY (or

BURNDATA) ?

POWER= Real variable None Average assembly power for this cycle (MW/MTU)

BURN= Real variable None Cycle irradiation time (days)

DOWN= Real variable 0 End-of-cycle decay time (days). Optional. A negative
down time may be used to select logarithmic decay
time intervals for the last decay case.

NLIB/CYCLE= Integer variable 1 Number of libraries to be applied in this cycle. Optional.
If multiple libraries are requested for this cycle, the
cycle is subdivided into equal time segments, and an
updated library is generated for each segment. No
down time is simulated between segments.

END Required. Defines the end of the data for the current
cycle. Repeat the above entries for each cycle in the
irradiation history. An END, not to begin in
column 1, must terminate each cycle definition.

END End block

HISTORY (or

BURNDATA)?

2 Only the first four characters are required, i.e., HIST (or BURN).
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2.3.4.7 Search parameter data

The search parameter data block defines input data for burnup loading curve analyses for commercial
UQO, spent fuels. Burnup history input data are not allowed in an input file that supplies search
parameters. A burnup history data block is generated in STARBUCS for subsequent iterative calculations
using the initial user-supplied search parameter data. STARBUCS sample problem starbucsl.input
contains a search data block to request burnup loading curve analyses for spent fuel at various burnups.
The search data block reading is initiated with the keywords READ SEARCH and terminated by END
SEARCH. The keywords are summarized in Table 2.3.7. These keywords may be in any order.

USL=

EPS=

ITMAX=

ECL=

ECH=

BU=

AVGBU=

POWER=

FDT=

THE UPPER SUBCRITICAL LIMIT FOR BURNUP LOADING.

TOLERANCE ON CONVERGENCE. The convergence criterion used in the search for
initial fuel enrichment so that user-specified ke value is within USL + EPS. The tolerance
value must be greater that the standard deviation of the calculated ke for the solution to
converge.

MAXIMUM ITERATIONS ALLOWED FOR EACH ENRICHMENT SEARCH. The
search for initial fuel enrichment stops when the number of iterations exceeds this parameter
and a warning message is provided to the user.

LOWER ENRICHMENT CONSTRAINT. The unit for this parameter is wt% 2*U. The
lower enrichment constraint must be within the enrichment interval used in the ARP library
specified in READ CONTROL data block.

UPPER ENRICHMENT CONSTRAINT. The unit for this parameter is wt% 2*U. The
upper enrichment constraint must be within the enrichment interval used in the ARP library
specified in READ CONTROL data block.

ARRAY OF REQUESTED BURNUP VALUES (GWd/MTU). The word END is required to
terminate this array. The user inputs a series of discharge burnup values for which the initial
fuel enrichments that result in a desired ke value (USL £ EPS) are to be determined.

AVERAGE BURNUP PER CYCLE (GWd/MTU). An optional entry used to determine the
number of irradiation cycles as the ratio of a burnup value in the BU array to AVGBU.

THE AVERAGE SPECIFIC POWER OF THE ASSEMBLY. The units of the specific
power are in MW/MTU (W/g) of initial uranium. This entry has the same function as the
entry for POWER= keyword in the HISTORY data block (see Sect. 2.3.5.6). It is also used to
determine cycle irradiation time as the ratio of a burnup value in the BU array to average
assembly power.

FRACTIONAL DOWNTIME. An optional entry used to determine down time between
irradiation cycles (the entry for DOWN= keyword in the HISTORY data block) if fuel
irradiation requires two or more cycles. For example, for a cycle with 365 days of irradiation
followed by a 30-day downtime, FDT = 30 / 395 = 0.07595. STARBUCS uses the user-
provided FDT to compute cycle downtime as the irradiation time per cycle multiplied by
FDT and divided by (1-FDT).
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DEC=

NLIB=

FFE=

PRT=

DECAY TIME AFTER IRRADIATION. An optional entry to specify the decay time, in
days, after fuel discharge. A negative value may be used to select logarithmic decay time
intervals.

NUMBER OF LIBRARIES PER CYCLE. An optional entry to request multiple cross-
section libraries during a depletion cycle. Generating multiple libraries provides a more
accurate representation of the time-dependent cross-section variation during the burnup
analysis. Each segment of the cycle is assumed to have the same specific power.

FRESH FUEL ENRICHMENT. The purpose of this option is to help in reducing the total
number of iterations needed to achieve convergence. There are two options implemented in
STARBUCS for the fresh fuel enrichment value to be used in the first inner iterations over
fuel enrichment, FFE=SEARCH (default) and FFE=INPUT. With the default option
(FFE=SEARCH), the lower enrichment bound and the starting fresh fuel enrichment at the
beginning of a search are adjusted based on the results of the previous outer iteration over
burnup. The procedure includes the following steps. First, the user requested burnup values
are sorted in ascending order so that STARBUCS outer iterations over burnup proceed from
the lowest to the highest burnup value. Then, the initial fresh fuel for the lowest burnup is
changed to the mid-value of the enrichment interval, (ECL+ECU)/2, and the search for the
fresh fuel enrichment corresponding to the lowest burnup is initiated and completed.
Suppose that a solution for this burnup step exists. This solution becomes the lower
enrichment constraint (ECL) in the search passes for the next burnup value and the initial
fresh fuel enrichment is chosen as the middle point of the enrichment interval. The procedure
is applied for the entire set of the requested burnups. The average number of iterations for
each burnup step with this option is approximately 4. The alternate option (FFE=INPUT)
starts a search for fuel enrichment with the user supplied fresh fuel enrichment.

OUTPUT PRINT OPTION FOR BURNUP LOADING CURVE CALCULATIONS. The
STARBUCS output file for default option (PRT=LONG) provides ARP, ORIGEN, and
CSASS outputs for the last search pass for each of the burnup values in BU array in addition
to STARBUCS summary information. The STARBUCS output file for option PRT=SHORT
provides only summary information prepared by STARBUCS, such as fresh fuel enrichments
for search passes, spent fuel compositions and the CSAS5 kg result for each of the search
passes, and a summary table providing burnup loading curve data, i.e., the fresh fuel
enrichments that satisfy the user supplied convergence criterion for the requested burnup
values.
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Table 2.3.7. Table of search data

Keyword Data Default Comments
Name type value

READ SEARCH ? Initiate reading the search block of data.

USL= Real 1.0 Upper subcritical limit.

EPS= Real 0.005 Tolerance on convergence.

ITMAX= Integer 10 Iteration limit.

ECL= Real 15 Lower initial fuel enrichment constraint (U-235 wt%).

ECH= Real 5.0 Upper initial fuel enrichment constraint (U-235 wt%).

BU Real ° None Array entry of requested burnup values (GWd/MTU).

AVGBU= Real 20.0 Average burnup per cycle.

POWER= Real 25.0 Average specific power (W/g).

FDT= Real 0.2 Fractional downtime.

DEC= Real 1825.0 Decay time (days).

NLIB= Integer 2 Libraries per cycle.

FFE= Character SEARCH Fresh fuel option. FFE=INPUT starts the outer iterations over the
burnup values with user supplied fresh fuel composition.
FFE=SEARCH helps in reducing the number of search passes
(approximately 4 in average).

PRT= Character LONG Print option. PRT=LONG generates STARBUCS summary output,
ARP, ORIGEN, and CSAS outputs for the last search passes.
PRT=SHORT generates only STARBUCS summary output.

END SEARCH End of the search data

2 Only the first four characters are required.

® Terminate array data entries with END. Do not place this END in column 1.
¢ There are no restraints on the maximum number of the burnup values requested in burnup loading curve calculations. A user may
consider computer time and resources in assessing the maximum number of burnup values in this array.
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2.3.4.8 KENO input data

The KENO input for the problem is specified in the KENO data block. Input to the data block is initiated
with the data block keywords READ KENO or READ KENOVA and is terminated by the keywords
END KENO or END KENOVA for criticality calculations using KENO V.a. Input to the data block is
initiated with the data block keywords READ KENOVI or READ KENOSG6 and is terminated by the
keywords END KENOVI or END KENOG for criticality calculations using KENO VI. STARBUCS
performs no error checking of the KENO input. The data within the data block delimiters is copied,
without change, to the CSAS input file and executed. The user is therefore advised to ensure that the
KENO input is free of errors by first running the case within CSAS5 or CSAS6 before applying the input
in STARBUCS.

The input requirements for KENO V.a and KENO-V1 are not described in this section, but are described
in detail in the KENO chapter of this manual. This section describes only the input requirements as
related to the execution of KENO within STARBUCS and the conventions used for module compatibility.

The mixture numbers for each of the non-fuel materials applied to the material regions of the KENO
model are defined as the mixture numbers (MX) specified in the standard composition input.
STARBUCS automatically defines the MIXTURE ID for each of the fuel regions according to the axial
and/or horizontal zones defined by the NAX and NHZ entries in the burnup-profile arrays. The first
axial-zone mixture is assigned MX=101, and is incremented by one for each additional axial zone.
Therefore, in a problem that defines 18 axial zones, spent fuel mixtures will be generated with identifiers
that range from 101 to 118. The correspondence of these mixtures to the assembly locations is
determined by the ordering of the AXP= input array that defines the axial-burnup profile for the
assembly. If the AXP= array orders the burnup profile from the bottom of the assembly to the top of the
assembly, the resulting MX=101 will correspond to the bottom axial-zone segment, and MX=118 would
correspond to the top axial zone. If multiple horizontal zones are defined, then the numbering sequence
of the second horizontal zone will start at MX=201 and, in the example given here, would range up to
MX=218. Refer to Sect. 2.3.3 for limitations in the mixture-numbering scheme. The mixture-numbering
scheme is illustrated in Figure 2.3.3.

2.3.5 Sample Problems

A series of example problems are presented to illustrate the application of STARBUCS to burnup-credit
criticality safety and burnup loading curve analyses. Sample problem 1 is a simple pin-cell problem for
burnup loading curve iterative calculations. The fuel pin contains a single axial-burnup zone
(i.e., uniform-axial burnup). It is useful to illustrate the main features of the system and demonstrate
functionality of the system modules within SCALE. Problem 2 illustrates the same problem with 18-axial
burnup-dependent zones. Problem 3 extends the pin-cell model to an array of spent fuel assemblies
residing in a water-filled pool. The models apply 18-axial-burnup-dependent zones. Problem 4 is a
generic cask model, and this problem exercises more of the burnup credit options available in
STARBUCS. Problem 5 illustrates the use of the horizontal-burnup option for a simple 4 x 4 array of
spent fuel assemblies residing in water. Sample problem 6 uses KENO-VI to model a hexagonal
VVER-440 fuel assembly.

2.3.5.1 Sample problem 1

Sample problem 1, listed in Table 2.3.8, defines a simple infinite UO, pin-cell model with uniform-axial
burnup for burnup loading curve calculations. The initial fuel enrichment is 2.0 wt %. The control
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parameter data block specifies that the standard Westinghouse (W) 17 x 17 ARP library is to be used for
the depletion analysis. The burnup-credit criticality calculation uses a subset of the major actinides as
defined in the NUC= array. The sample problem contains a “read search” data block, which provides an
upper limit for subcriticality, usl, a tolerance value for the search algorithm, eps, the lower and upper
enrichment bounds, ecl and ech, respectively, the maximum number of iterations for each burnup value
requested, imaxl, average specific power in W/g, power, decay time after irradiation in days, dec, number
of libraries per cycle, nlib, average burnup per cycle in GWd/MTU, avgbu, fractional downtime, fdt, and a
set of burnup values, bu array.

2.3.5.2 Sample problem 2

Sample problem 2, listed in Table 2.3.9, illustrates a simple pin-cell model using 18-axial-burnup-
dependent zones. In this example, the built-in axial profiles for three burnup ranges are applied using the
NAX= —18 option (see profiles in Table 2.3.5). STARBUCS determines the average assembly burnup
from the power history data input, and automatically selects the appropriate profile based on the discharge
assembly burnup. The axial-profile data were developed for a predefined axial-zoning structure
(i.e., fraction of the assembly height). It is important that the KENO V.a geometry model therefore also
reflect this axial-zone structure. That is, the height of each axial zone in the criticality model must
conform to the axial zones for the profile applied in the analysis. In this example, the total pin height is
365.7 cm (144 in.), which is subdivided into 18 equal-height segments of 20.32 cm each.

The burnup-dependent cross sections generated for the criticality analysis have material identifiers
ranging from 101 (bottom) to 118 (top). There is no constraint on how the fuel materials can be applied
in the KENO V.a model. For example, the order of the material numbers could easily be reversed, which
would effectively invert the profile and could be used to simulate an assembly loaded upside down. It is
also not necessary to use all of the materials in the problem. For instance, all fuel regions in the
KENO V.a model could be assigned the same fuel mixture number to represent a flat axial profile having
a burnup value equal to that of the particular mixture used. The average assembly burnup would also be
equal to that of the particular mixture used, and not that defined by the power history data block.

Table 2.3.8. STARBUCS input listing for sample problem 1

=starbucs

PWR 17x17 Fuel Assembly - uniform axial burnup rods
Vv7-238

read comp

" UO2 Fuel 2.0 wt% u-235

uo2 1 den=10.96 0.95 293.0 92235 2.0 92238 98.0 end
"Zircalloy

zircd 2 1 end
“Water

h2o 3 1 end

"Gap

n 4 den=0.00125 1 end
end comp

read celldata
latticecell squarepitch pitch=1.259 3 fueld=0.805 1 cladd=0.95 2 gapd=0.822 4 end
end celldata
" Enter burnup credit control parameters
read control
arp=wl7x17
axp= 1 end
nuc= u-234 u-235 u-236 u-238 pu-238 pu-239 pu-240
pu-241 pu-242 am-241 am-242m am-243 np-237 end
fle=all
end control
read search
usl=0.96
eps=0.002
ecl=1.51
ech=4.99
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itmax=10
power=60.0
dec=1826.25
nlib=2
avgbu=20
fdt=0.2
ffe=input
bu= 10 50 70 end
end search
read kenova
* infinite pin cell lattice

"* materials

"* 101 = uo2, uniform axial region

"* 2 = Zircaloy

"* 3 = Water

"* 4 = Gap

read param tme=10000 gen=510
read geom

" Fuel Pin

global unit 1
cylinder 101 1 0.4025
cylinder 4 1 0.4110
cylinder 2 1 0.4750
cuboid 3 1 4p0.6295

end geom

nsk=10 npg=1000 end param

50.0
50.0
50.0
50.0

-50.0
-50.0
-50.0
-50.0

read bounds all=reflect end bounds

end data
end kenova
end
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Table 2.3.9. STARBUCS input listing for sample problem 2

=starbucs
PWR 17x17 Fuel Assembly - 18-zone axial burnup profile
Vv7-238
read comp
" UO2 Fuel 2.0 wt% u-235
uo2 1 den=10.96 0.95 293.0 92235 2.0 92238 98.0 end
"Zircalloy
zirc4 2 1 end
“Water
h2o 3 1 end
"Gap
n 4 den=0.00125 1 end
end comp
read celldata
latticecell squarepitch pitch=1.259 3 fueld=0.805 1 cladd=0.95 2 gapd=0.822 4 end
end celldata
" Enter burnup credit control parameters
read control
arp=wl7x17 nax=-18
nuc= u-234 u-235 u-236 u-238 pu-238 pu-240
pu-241 pu-242 am-241 am-242m am-243 np-237 end
fle=0-16 h-1 end
end control
read hist
power=35.001 burn=100 nlib=1 end
power=28.5 burn=230 down=100 nlib=2 end
power=24.001 burn=300 nlib=2 down=1826 end
end hist
read kenova

"* materials
"* 101-118 = uo2, 18-axial zone model

"* 2 = Zircaloy
"* 3 = Water
"* 4 = Gap

read param tme=10000 gen=510 nsk=10 npg=1000 end param
read geom
- Fuel Pin
global unit 1

cylinder 101
cylinder 102
cylinder 103
cylinder 104
cylinder 105
cylinder 106
cylinder 107
cylinder 108
cylinder 109
cylinder 110
cylinder 111
cylinder 112
cylinder 113
cylinder 114
cylinder 115
cylinder 116
cylinder 117
cylinder 118
cylinder 4

cylinder 2

cuboid 3

.4025 -162.53 -182.85
.4025 -142.22 -182.85
.4025 -121.90 -182.85
.4025 -101.58 -182.85
.4025 -81.27 -182.85
.4025 -60.95 -182.85
.4025 -40.63 -182.85
4025 -20.32 -182.85
- -182.85
4025 20.32 -182.85
4025 40.63 -182.85
4025 60.95 -182.85
4025 81.27 -182.85
.4025 101.58 -182.85
.4025 121.90 -182.85
.4025 142.22 -182.85
.4025 162.53 -182.85
0.4025 182.85 -182.85
0.4110 182.85 -182.85
0.4750 182.85 -182.85
4p0.6295 182.85 -182.85

O0O0000OO000OO0O00OO0O0O0O0O
IN
o
N
a
o
o
S

RPRRPRRPRRREPRRRERPRRRERPRRERRER

end geom

read bounds all=reflect end bounds
end data

end kenova

end
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2.3.5.3 Sample problem 3

Sample problem 3, listed in Table 2.3.10, performs a burnup-credit criticality safety calculation using the
SCALE 238-group ENDF/B-VI cross-section library (V6-238) for an array of Combustion Engineering
(CE) 14 x 14 spent fuel assemblies in water. A subset of burnup-credit actinides and fission products are
included in the criticality calculation. A user-supplied 18-axial-region-burnup profile of the assemblies is
input. This profile was obtained from the axial-burnup-profile database® for Maine Yankee assembly
N863. Note that the axial profile will be normalized automatically by the code using NPR=YES
(default). The normalization is performed such that the average value of the profile values is unity
(i.e., the sum of the profile values is equal to the humber of axial zones). The 3.3 wt % enriched UO, fuel
is assumed to achieve a discharge burnup of 37,626 MWd/MTU in three cycles of approximately
12.5 GWd/MTU per cycle and a downtime per cycle of 80 days, followed by a cooling time of 5 years
after discharge (1826 days). An average assembly power level of 32 MW/MTU is used for the depletion
calculation. Two libraries per cycle are requested during the depletion. Note that by increasing the
number of libraries generated per cycle, the cross sections used in the burnup analysis are updated more
frequently to reflect the changes that occur with burnup. The nominal CE 14 x 14 assembly design
specifications were obtained from Ref. 4. The assembly pitch in the criticality calculations is 22.78 cm.
A cross-section view of the assembly geometry, a 2 x 8 array of water reflected assemblies, is illustrated
in Figure 2.3.6.
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=starbucs

Table 2.3.10. STARBUCS input listing for sample problem 3

CE 14x14 assembly 2 x 8 array

V7-238
read comp
" UO2 Fue

uo2 1 den=10.045 1 273 92234 0.0294 92235 3.3 92236 0.0152 92238 96.6554 end

1 3.3 wt% u235

“Zircalloy

zirc4d 2 1 end

“Water

h2o 3 1 end

end comp
read cell

latticecell squarepitch pitch=1.473 3 fueld=0.968 1
cladd=1.118 2 gapd=0.985 0 end

end celld
read cont

data

ata
rol

arp=cel4x1l4 nax=18

axp=

0.67053 0.93322 1.02433 1.05329 1.06026 1.
1.06215 1.06249 1.06312 1.06408 1.06541 1.
1.06836 1.06760 1.05918 1.02515 0.92262 O.

nuc=
u-234
pu-241
mo-95
nd-145

u-235
pu-242
tc-99
sm-147

u-236 u-238 pu-238 pu-239
am-241 np-237

ru-101 rh-103 ag-109 cs-133
sm-149 sm-150 sm-151 eu-151

eu-153 gd-155 end
end control
read hist

06185
06702

66935 end

pu-240

nd-143
sm-152

power=32.00 burn=391.937 nlib=2 down=80 end
power=32.00 burn=391.937 nlib=2 down=80 end
power=32.00 burn=391.937 nlib=2 down=1826 end

end hist
read keno

"* materials
"* 101 = uo2, lower axial
"* 118 = uo2, upper axial
** 2 = Zircaloy

=W

region (0.67053)
region (0.66935)

"> 3 ater

read param

tme=10000 gen=510 nsk=10
end param

read geom

*  Fuel Pin

unit 1

cylinder 101 1 0.484
cylinder 102 1 0.484
cylinder 103 1 0.484
cylinder 104 1 0.484
cylinder 105 1 0.484
cylinder 106 1 0.484
cylinder 107 1 0.484
cylinder 108 1 0.484
cylinder 109 1 0.484
cylinder 110 1 0.484
cylinder 111 1 0.484
cylinder 112 1 0.484
cylinder 113 1 0.484
cylinder 114 1 0.484
cylinder 115 1 0.484

npg=1000

-162.53 -182.85
-142.22 -182.85
-121.90 -182.85
-101.58 -182.85
-81.27 -182.85
-60.95 -182.85
-40.63 -182.85
-20.32 -182.85
0.00 -182.85
20.32 -182.85
40.63 -182.85
60.95 -182.85
81.27 -182.85
101.58 -182.85
121.90 -182.85
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Table 2.3.11. STARBUCS input listing for sample problem 3 (continued)

cylinder 116
cylinder 117
cylinder 118

cylinder 2
cuboid 3

4p0.7365 182.85

" 2 x 2 Array of Fuel Pins
unit 2
array 1 3*0

" Large Water Hole
unit 3
cylinder 3 1 1.3140 182.85

cylinder 2 1 1.4160 182.85
cuboid 3 1 4p1.473 182.85
* Assembly Unit
unit 4
array 2 -10.311 -10.3124 -182.
cuboid 3 1 4p11.390 182.85
* Assembly Array (2x8)
global
unit 5
array 3 3*0
reflector 3 1 6r30.0 1
end geom
read array
ara=1l nux=2 nuy=2 nuz=1 fill
11
11 end fill
ara=2 nux=7 nuy=7 nuz=1 fill
2222222
2322232
2222222
2223222
2222222
2322232
2222222 end fill

ara=3 nux=2 nuy=8 nuz=1 fill
16r4 end fill

end array

read bounds all=void end bounds

end data

end keno

end

1 0.484 142.22 -182.85
1 0.484 162.53 -182.85
1 0.484 182.85 -182.85

cylinder 0 1 0.4925 182.85 -182.85
1 0.559 182.85 -182.85
1

-182.85

-182.85
-182.85
-182.85

85
-182.85
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Figure 2.3.6. Plot of the CE 14 x 14 assembly array geometry in sample problem 3.

2-157



2.3.5.4 Sample problem 4

Sample problem 4, listed in Table 2.3.11, illustrates the application of STARBUCS for a criticality safety
analysis of a burnup-credit cask. The cask geometry in this example is based on a 32-assembly generic
burnup-credit cask model and is illustrated in Figure 2.3.7.

The assemblies are assumed to be W 17 x 17 OFA assemblies with an initial enrichment of 4.98 wt %.
The standard composition description for this problem includes the fuel assembly and all cask structural
material definitions. The analysis applies built-in 18-axial-zone profiles, and actinide-only burnup credit
(i.e., only a subset of actinides and no fission products). The assembly is irradiated to an average burnup
of about 50 GWd/MTU. The axial-burnup profile is automatically selected by the code based on the
average assembly burnup. Isotopic correction factors are applied to the calculated actinide inventories.
The correction factors were obtained from Ref. 4. An axial-moderator density is also applied. Note that
actual entries in the MOD-= array are not realistic for a PWR and are only intended to illustrate the use of
this feature. Since the ARP library applied in this calculation does not have variable moderator density,
the values in the MOD= array have no effect on the calculation. The criticality evaluation of the cask is
performed following a cooling time of 1826 days (5 years).

Figure 2.3.7. Cutaway view of the generic 32-assembly burnup-credit cask
showing the cask bottom half with a quarter of the model removed.
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Table 2.3.11. STARBUCS input listing for sample problem 4

=starbucs

PWR 18-axial zone W17x17 assembly, GBC-32 assembly cask model

Vv7-238
read comp

" UO2 Fuel Rod 4.98 wt % u235
uo2 1 den=10.96 0.95 293.0 92235 4.98 92238 95.02 end

“Zircalloy

zirc2 2 1 end
“Water

h2o 3 1 end
"Stainless Steel
ss304 4 1 end

" BORAL Center - B-10 loading of 0.0225 g/cm3

b-10 5 0 6.5795E-03
b-11 5 0 2.7260E-02
c 5 0 8.4547E-03
al 5 0 4.1795E-02

“Stainless Steel

ss304 6 1 end
aluminum

al 7 0 0.0602

end comp

read celldata
latticecell squarepitch

end celldata

read control
arp=wl7x17_ofa nax=-18

nuc= u-234 0.635
u-235 1.085
u-236 0.910
u-238 0.992

pu-238 0.856
pu-239 1.076
pu-240 0.945
pu-241 1.087
pu-242 0.848
am-241 0.609
am-243 0.804
np-237 0.697 end

293.0
293.0
293.0
293.0

293.0

pitch=1.

end
end
end
end

end

2598 3 fueld=0.7844 1 cladd=0.9144 2 gapd=0.8001 O end

mod= 0.720 0.709 0.699 0.688 0.678 0.667 0.657
0.646 0.635 0.625 0.614 0.604 0.593 0.583
0.572 0.562 0.551 0.540 end

end control

read hist

power=32.89 burn=100 end
power=32.89 burn=200 end

power=32.89 burn=900 nlib=3 end
power=32.89 burn=320 down=-1826 end

end hist

read kenova

** Assembly Type: Westinghouse 17x17 OFA/V5

"* Materials

"* 101 - 118 = uo2, axial regions 1 through 18

=x 9

-k

Zircaloy

Water
Stainless Steel
Boral

Stainless Steel
Al

-k

-k

-k

~NOo ohw

-k

2-159



Table 2.3.12. STARBUCS input listing for sample problem 4 (continued)

read param tme=10000 gen=510 nsk=10 npg=1000 end param

read geom
unit 1
com="Fuel Pin
cylinder 101
cylinder 102
cylinder 103
cylinder 104
cylinder 105
cylinder 106
cylinder 107
cylinder 108
cylinder 109
cylinder 110
cylinder 111
cylinder 112
cylinder 113
cylinder 114
cylinder 115
cylinder 116
cylinder 117
cylinder 118

0.3922 -162.53 -182.85
0.3922 -142.22 -182.85
0.3922 -121.90 -182.85
0.3922 -101.58 -182.85
0.3922 -81.27 -182.85
0.3922 -60.95 -182.85
0.3922 -40.63 -182.85
0.3922 -20.32 -182.85
0.3922 0.00 -182.85
0.3922 20.32 -182.85
0.3922 40.63 -182.85
0.3922 60.95 -182.85
0.3922 81.27 -182.85
0.3922 101.58 -182.85
0.3922 121.90 -182.85
0.3922 142.22 -182.85
0.3922 162.53 -182.85
0.3922 182.85 -182.85
0.40005 182.85 -182.85
0
2

RPRRRRPRRPRERRRPRRRERRERRRRERPER

cylinder O

cylinder 2 4572 182.85 -182.85

cuboid 3 p0.6299 2p0.6299 182.88 -182.8
unit 2

com="Guide Thimble/Instrument Tube*”
cylinder 3 1 0.56135 365.76 O
cylinder 2 1 0.602 365.76 O

cuboid 3 1 0.6299 -0.6299 0.6299 -0.6299 365.7
unit 4

com="Top Half Horizontal Boral Panel”

cuboid 7 1 9.5250 -9.5250 0.02540 O
cuboid 5 1 9.5250 -9.5250 0.12827 O
cuboid 3 1 11.75 -11.75 0.12827 O
unit 5

com="Right-Hand Side Half Vertical Boral Panel"

cuboid 7 1 0.02540 0.0 9.5250 -9.
cuboid 5 1 0.128270 0.0 9.5250 -9.
cuboid 3 1 0.12827 0 11.75 -11.
unit 6

com="Bottom Half Horizontal Boral Panel”

cuboid 7 1 9.5250 -9.5250 0.0 -0
cuboid 5 1 9.5250 -9.5250 0.0 -0.
cuboid 3 1 11.75 -11.75 0.0 -0
unit 7

com="Left-Hand Side Half Vertical Boral Panel*®

cuboid 7 1 0.0 -0.0254 9.5250 -9
cuboid 5 1 0.0 -0.12827 9.5250 -9
cuboid 3 1 0.0 -0.12827 11.75 -11
unit 8

com="Empty Corner (Water)*

cuboid 3 1 0.12827 O 0.12827

8

6 O
.0
.0

5250
5250

.0254

12827

.12827

.5250
.5250
.75

0

365.
365.
365.

365.
365.
365.

365.
365.
365.

365.
365.
365.

365.

76

[eNoNe]

[eNeoNe]

[eNoNe]

[eNoNe]
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Table 2.3.12. STARBUCS input listing for sample problem 4 (continued)

unit 10

com="Top Boral/Basket Plate with water added to fit

cuboid 5 1 9.525 -9.525 -0.7754 -0.87827
cuboid 7 1 9.525 -9.525 -0.75 -0.87827
cuboid 3 1 11.7500 -11.75 -0.75 -0.87827
cuboid 4 1 11.7500 -11.75 0.0 -0.87827
cuboid 3 1 11.87827 -11.87827 0.12827 -0.87827
unit 11

com="Bottom Boral/Basket Plate with water added to fit array dimensions”
cuboid 5 1 9.525 -9.525 0.87827 0.7754
cuboid 7 1 9.525 -9.525 0.87827 0.75
cuboid 3 1 11.7500 -11.75 0.87827 0.75
cuboid 4 1 11.7500 -11.75 0.87827 0.0
cuboid 3 1 11.87827 -11.87827 0.87827 -0.12827
unit 12

com="Left-Hand Side Boral/Basket Plate with water added to fit array dimensions”
cuboid 5 1 0.87827 0.7754 9.525 -9.525
cuboid 7 1 0.87827 0.75 9.525 -9.525
cuboid 3 1 0.87827 0.75 11.75 -11.75
cuboid 4 1 0.87827 0.0 11.75 -11.75
cuboid 3 1 0.87827 -0.12827 11.87827 -11.87827
unit 13

com="Right-Hand Side Boral/Basket Plate with water added to fit
cuboid 5 1 -0.7754 -0.87827 9.525 -9.525
cuboid 7 1 -0.75 -0.87827 9.525 -9.525
cuboid 3 1 -0.75 -0.87827 11.75 -11.75
cuboid 4 1 0.0 -0.87827 11.75 -11.75
cuboid 3 1 0.12827 -0.87827 11.87827 -11.87827
unit 20

com="Top Boral/Basket Plate*

cuboid 5 1 9.525 -9.525 -0.7754 -0.87827
cuboid 7 1 9.525 -9.525 -0.75 -0.87827
cuboid 3 1 11.7500 -11.75 -0.75 -0.87827
cuboid 4 1 11.7500 -11.75 0.0 -0.87827
unit 21

com="Bottom Boral/Basket Plate*

cuboid 5 1 9.525 -9.525 0.87827 0.7754
cuboid 7 1 9.525 -9.525 0.87827 0.75
cuboid 3 1 11.7500 -11.75 0.87827 0.75
cuboid 4 1 11.7500 -11.75 0.87827 0.0

unit 22

com="Left-Hand Side Boral/Basket Plate"”

cuboid 5 1 0.87827 0.7754 9.525 -9.525
cuboid 7 1 0.87827 0.75 9.525 -9.525
cuboid 3 1 0.87827 0.75 10.9999 -10.9999
cuboid 4 1 0.87827 0.0 10.9999 -10.9999
unit 23

com="Right-Hand Side Boral/Basket Plate”

cuboid 5 1 -0.7754 -0.87827 9.525 -9.525
cuboid 7 1 -0.75 -0.87827 9.525 -9.525
cuboid 3 1 -0.75 -0.87827 10.9999 -10.9999
cuboid 4 1 0.0 -0.87827 10.9999 -10.9999

array dimensions”

365.76
365.76
365.76
365.76
365.76

365.76
365.76
365.76
365.76
365.76

365.76
365.76
365.76
365.76
365.76

array dimensions”

365.76
365.76
365.76
365.76
365.76

365.76
365.76
365.76
365.76

365.76
365.76
365.76
365.76

365.76
365.76
365.76
365.76

365.76
365.76
365.76
365.76

[cNeoNoNe] [eNeoNoNe) [eNeoNoNe] [cNeoNoNeoNa] [eNeoNoNaoNa] [cNeoNoNeNe] [ejeoNeoNeoNa]

[eNeNoNe]
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Table 2.3.12. STARBUCS input listing for sample problem 4 (continued)

unit 100

com="17x17 Fuel Assembly in Basket”
array 1 -10.7083 -10.7083 O
cuboid 31 11 -11 11 -11 365.
cuboid 01 11 -11 11 -11 365.
cuboid 4 1 11.75 -11.75 11.75

unit 101

com="17x17 Fuel Assembly in Basket with Half Boral Panels*

array 20 0 O

unit 112

com="Top Row of Fuel Assemblies”
array 12 -47.51308 -12.38154

unit 113

com="Left Row of Fuel Assemblies”
array 13 -12.38154 -47.51308

unit 114
com="Bottom Row of Fuel Assemblies”
array 14 -47.51308 -12.38154

unit 115
com="Right Row of Fuel Assemblies”
array 15 -12.38154 -47.51308

global unit 200

com="Cask with 32 Fuel Assemblies”
array 3 -47.51308 -47.51308
cylinder 3 1 87.5 395.76 -30
hole 112 0 59.89463 O
hole 114 0 -59.89463 O
hole 113 -59.89463 O 0
hole 115 59.89463 O 0
hole 20 59.39136 48.39136
hole 20 -59.39136 48.39136
hole 21 59.39136 -48.39136
hole 21 -59.39136 -48.39136
hole 22 -48.39136 59.39136
hole 22 -48.39136 -59.39136
hole 23 48.39136 59.39136
hole 23 48.39136 -59.39136
cylinder 6 1 107.5 425.76 -60
cuboid 0 1 108 -108 108 -108

end geom

[eNeNoNoNoloNoNe]

read array
ara=1 nux=17 nuy=17 nuz=1

fill 39*1 2 2*1 2 2*1 2 8*1 2 9*1 2 22*1 2 2*1 2 2*1 2 2*1 2 2*1 2 38*1 2 2*1 2
2%1 2 2%1 2 2%1 2 38%1 2 2*%1 2 2*%1 2 2*1 2 2*1 2 22*1 2 9*1 2 8*%1 2 2*1 2 2*1

2 39*1
end fill
ara=2 nux=3 nuy=3 nuz=1
fill 8 4 8
5 100 7
8 6 8
end fill
ara=3 nux=4 nuy=4 nuz=1
fill f101 end fill

76 O
76 O
-11.75 365.76 O

0

0

0

0

0

425.76 -60
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Table 2.3.12. STARBUCS input listing for sample problem 4 (continued)

ara=12 nux=4 nuy=2 nuz=1
fill 101 101 101 101
10 10 10 10
end fill
ara=13 nux=2 nuy=4 nuz=1
fill 12 101
12 101
12 101
12 101
end Fill
ara=14 nux=4 nuy=2 nuz=1
fill 11 11 11 11
101 101 101 101
end fill
ara=15 nux=2 nuy=4 nuz=1
fill 101 13
101 13
101 13
101 13
end fill
end array
read plot
ttl="2-d cross section of gbc-32 cask”
xul=-90 yul=90 zul=100
xIr=90 ylr=-90 zIr=100
nax=800
uax=1 vdn=-1 end
end plot
read bounds xyf=mirror end bounds
end data
end kenova
end

2.3.5.,5 Sample problem 5

Sample problem 5, listed in Table 2.3.12, uses the CE 14 x 14 assembly design from problem 3, and
performs a burnup-credit calculation using the horizontal burnup-profile option. The assembly
configuration is taken to be a simple 2 x 2 assembly array with water reflection. This problem is only
designed to illustrate the basic features of the horizontal profile option. In this example, it is assumed that
there is a burnup gradient across the assemblies, such that half the fuel pins have a burnup exceeding the
average assembly burnup by 10% and half the pins have a burnup of 10% less than the average, with the
two burnup regions separated by the assembly diagonal. The input card required to simulate the two
horizontal burnup regions in an assembly is

hzp= 0.9 1.1 end

STARBUCS applies these factors to calculate compositions for each of the horizontally-varying burnup
regions in each zone of the problem. It is important to note that the option inherently assumes that there
is an equal volume/mass of fuel in each of the horizontal (or axial) zones since the code weights all
regions equally when determining the average assembly burnup. To illustrate this, consider modeling an
assembly with only one quadrant having a burnup that is 10% higher than the other three quadrants.
The user would enter data for each of the four horizontal assembly quadrants or zones, e.g.,

hzp= 0.9766 0.9766 0.9766 1.0700 end

such that the average of the HZP array entries is unity. This ensures that the average assembly burnup
will be that specified in the power history data block. Note that this array is automatically normalized if
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NPR=YES (default). However, the user could substantially reduce the computational time involved by
specifying only two fuel regions, e.g.,

hzp= 0.9766 1.0700 end

and turning off the normalization option (e.g., NPR=NO). The normalization option must be turned off to
prevent the profile from being altered (since the sum is not equal to 2). This allows the user to account
for the fact that, in this scenario, there are three quadrants having a lower burnup (and consequently three
times the mass) and just one quadrant having an elevated burnup compared to the average. However, it is
the responsibility of the user to ensure that the profiles and the KENO V.a problem description produce
the desired average burnup.

In this sample problem the four assemblies are aligned so the lower burnup regions of the assemblies are
adjacent to one another to maximize the system reactivity. The assembly geometry showing the different
burnup regions of the assemblies is illustrated in Figure 2.3.8. The criticality calculation is performed
using the SCALE ENDF/B-VII continuous cross-section library (CE_V7).

Following the STARBUCS calculation, the KENO V.a geometry model could be readily altered to
simulate other assembly configurations (e.g., shuffle the fuel assembly locations). The CSAS5 case could
subsequently be executed as a standalone case since all of the material compositions have already been
created during the initial STARBUCS run. This facilitates the rapid evaluation of different fuel
configurations without the need to regenerate the material compositions using STARBUCS.

Table 2.3.12. STARBUCS input listing for sample problem 5

=starbucs
CE 14x14 assembly 4x4 array - horizontal burnup gradient
ce_v7
read comp
" UO2 Fuel Rod 3.038 wt %
uo2 1 den=10.045 1 273
92234 0.027 92235 3.038 92236 0.014 92238 96.921 end
“Zircalloy
arbmzirc 6.44 4 0 0 1 40000 97.91 26000 0.5 50116 0.86 50120 0.73 2 1 620 end
“Water
h2o 3 1 end
end comp
read celldata
latticecell squarepitch pitch=1.473 3 fueld=0.968 1 cladd=1.118 2 gapd=0.985 0 end
end
end celldata
read control
arp=cel4x14
nax=18
axp=
0.67053 0.93322 1.02433 1.05329 1.06026 1.06185
1.06215 1.06249 1.06312 1.06408 1.06541 1.06702
1.06836 1.06760 1.05918 1.02515 0.92262 0.66935 end
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cylinder 101
cylinder 102
cylinder 103
cylinder 104
cylinder 105
cylinder 106
cylinder 107
cylinder 108
cylinder 109
cylinder 110
cylinder 111
cylinder 112
cylinder 113
cylinder 114
cylinder 115
cylinder 116
cylinder 117
cylinder 118
cylinder O

cylinder 2

cuboid

unit

cylinder 201
cylinder 202
cylinder 203
cylinder 204
cylinder 205
cylinder 206

Table 2.3.13. STARBUCS input listing for sample problem 5 (continued)

nhz= 2

hzp= 0.9 1.1 end

nuc=
u-234 u-235 u-236 u-238 pu-238 pu-239 pu-240
pu-241 pu-242 am-241 am-242m am-243 np-237 end

end control

read hist
power=28.00 burn=520.833 nlib=2 down=80 end
power=28.00 burn=520.833 nlib=2 down=80 end
power=28.00 burn=520.833 nlib=2 down=-1865 end

end hist

read kenova

** materials

"* 101 = uo2, lower axial region, low burnup region
"* 118 = uo2, upper axial region, low burnup region
"* 201 = uo2, lower axial region, high burnup region
"* 218 = uo2, upper axial region, high burnup region
** 2 = Zircaloy

"* 3 = Water

read param
tme=10000 gen=510 nsk=10 npg=1000

end parm

read geom

® Fuel Pin, Low Burnup Region
unit 1

.484 -162.53 -182.85
.484 -142.22 -182.85
.484 -121.90 -182.85
.484 -101.58 -182.85
.484 -81.27 -182.85
.484 -60.95 -182.85
.484 -40.63 -182.85
.484 -20.32 -182.85
.484 0.00 -182.85
.484 20.32 -182.85
.484 40.63 -182.85
.484 60.95 -182.85
.484 81.27 -182.85
.484 101.58 -182.85
.484 121.90 -182.85
.484 142.22 -182.85
.484 162.53 -182.85
.484 182.85 -182.85
.4925 182.85 -182.85
.559 182.85 -182.85
4p0.7365 182.85 -182.85

RRRRPRRRRPRRPRRPRRPRRERRREPRRRERRER
0000000000000 O000O0O0O0O

3

Fuel Pin, High Burnup Region
2

.484 -162.53 -182.85
.484 -142.22 -182.85
.484 -121.90 -182.85
.484 -101.58 -182.85
.484 -81.27 -182.85
.484 -60.95 -182.85

RRRRER
oOo0oo0o0Oo
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cylinder 207 1
cylinder 208 1
cylinder 209 1
cylinder 210 1
cylinder 211 1
cylinder 212 1
cylinder 213 1
cylinder 214 1
cylinder 215 1
cylinder 216 1
cylinder 217 1
cylinder 218 1

1

1

1

cylinder 0
cylinder 2
cuboid 3

Table 2.3.13. STARBUCS input listing for sample problem 5 (continued)

.484 -40.63 -182.85
.484 -20.32 -182.85
.484 0.00 -182.85
.484 20.32 -182.85
.484 40.63 -182.85
.484 60.95 -182.85
.484 81.27 -182.85
.484 101.58 -182.85
.484 121.90 -182.85
.484 142.22 -182.85
.484 162.53 -182.85
.484 182.85 -182.85
.4925 182.85 -182.85
.559 182.85 -182.85
4p0.7365 182.85 -182.85

[eNeoNoNooloNoNooNoNoNoNoNe)

" 2 X 2 Array of Lower Burnup Fuel Pins

unit
array 1 3*0

3

" 2 X 2 Array of Higher Burnup Fuel Pins

unit
array 2 3*0

unit

cylinder 3

cylinder 2

cuboid 3

® Assembly 1

unit

array 3

cuboid 3
Assembly 2

unit

array 4

cuboid 3

" Assembly 3

unit

array 5

cuboid 3

" Assembly 4

unit

array 6

cuboid 3

4

Large Water Hole

5
1 1.3140 182.85 -182.85
1 1.4160 182.85 -182.85
1 4pl1.473 182.85 -182.85

unit
6
-10.311 -10.311 -182.85
1 4p11.390 182.85 -182.85

unit
7
-10.311 -10.311 -182.85
1 4p11.390 182.85 -182.85

unit
8
-10.311 -10.311 -182.85
1 4p11.390 182.85 -182.85

unit
9
-10.311 -10.311 -182.85
1 4p11.390 182.85 -182.85
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Table 2.3.13. STARBUCS input listing for sample problem 5 (continued)

" Assembly Array (2

global

unit 10
array 7 3*0
reflector 3 1 6r30.0 1

end geom

read array

ara=1 nux=2 nuy=2
11
11 end fill

ara=2 nux=2 nuy=2
22
2 2 end fill

ara=3 nux=7 nuy=7
3333333
35333514
33334414
33354414
3334444
35444514
4444444 end

ara=4 nux=7 nuy=7
3333333
4533353
4443333
4445333
4444333
4544453
4444444 end

ara=5 nux=7 nuy=7
4444443
4544453
4444433
4445333
4433333
4533353
4333333 end

ara=6 nux=7 nuy=7
3444444
35444514
3344444
33354414
3333344
35333514
3333334 end

ara=7 nux=2 nuy=2
89
7 6 end fill

end array

read bounds all=void end bounds

end data

end kenova

end

X 2)

nuz=1 fill

nuz=1 fill

nuz=1 fill

fill
nuz=1 fill

fill
nuz=1 fill

fill
nuz=1 fill

fill

nuz=1 fill
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Higher burnup
region

Figure 2.3.8. Plot of the 2 x 2 array of CE 14 x 14 assemblies with burnup gradient.
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2.3.5.6 Sample problem 6

The last sample problem uses KENO-VI to model a hexagonal VVER-440 fuel assembly. In this
example the axial burnup profile is simulated using five axial regions of non-uniform volume (height).
In this case the profile input in the AXP= array is not normalized by the code (i.e., NPR=NO).
The criticality calculation is performed using actinide credit only. The input file is listed in Table 2.3.13
and is the geometry is illustrated in Figure 2.3.9.

Table 2.3.13. STARBUCS input listing for sample problem 6

=starbucs
VVER assembly array
V7-238
read comp
"U02 Fuel
uo2 1 den=8.7922 1.0 293 92235 3.3 92238 96.7 end
“Cladding
zr 2 den=6.4073 1.0 293 end
"Moderator
h2o 3 den=0.71533 0.9994 293 end
boron 3 den=0.71533 0.0006 293 end
end comp

read celldata
latticecell triangpitch pitch=1.22 3 fueld=0.772 1 cladd=0.91 2 end
end celldata

read control
arp=vver440(3.6) npr=no

axp= 0.652 0.967 1.084 0.738 0.462 end

nuc= u-234 u-235 u-236 u-238 pu-238 pu-239 pu-240

pu-241 pu-242 am-241 am-243 np-237 end

end control

read hist
power=35.00 burn=1428.6 down=1826 nlib=4 end

end hist

read keno6

read param gen=110 npg=1000 nsk=10 end param

read geom

unit 2

com="Vacant(water filled) hex"

hexprism 10 0.610 257.0 0.0

media 3 1 10

boundary 10

unit 4

com="U02 Fuel Rod*®
cylinder 11 0.386 14.28
cylinder 12 0.386 28.56
cylinder 13 0.386 228.44
cylinder 14 0.386 242.72

0
0

[eNeNoNoNa]
[eNeNoNoNe]

cylinder 15 0.386 257.00
cylinder 20 0.455 257.00 0.0
hexprism 30 0.610 257.00 0.0
media 101 1 11

media 102 1 12 -11
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-30

1

rotate al
23 nuz

23 nuy

Table 2.3.13. STARBUCS input listing for sample problem 6 (continued)
30

120 -15
130 -20
1 typ=hexagonal nux

com="Assembly hexagonal rod array”

array 1 10 place 12 12 1 3*0.0

boundary 10

global unit 1
cuboid 10 4p15.0 257.0 0.0

hole 5 rotate al

hexprism 10 11.800 257.0 0.0
media 3 1 10

com="U02 Fuel assembly*

media 105 1 15 -14
com="U02 assembly*®

media 104 1 14 -13
media 2

media 103 1 13 -12
boundary 30

unit 5

boundary 10

end geom

read array

media 3

ANANANANNNNANANNNNANNNNNNNNNNN
NS TTTISITTITTS T NNNN NN NN NN
NI A R B S I NN ENENENENENENEN
PN A R R B S N NENENENENENEN
NS TTTISITTITTSITTS T NN N NN NN
PN A R R i I SR N NENENENEN
PN A R R R S R SR NP NENENEN
P A R A R A SR R NENE N RN
NS TSI TN NN
NS TSI NN
NS T TSI TSI SN
NN TSI TSI SN
NNNT T I TSI SN
NNNANTII T TSI SN
NNNANNTI T TSI SN
NNNANNNT T TSI SN
NNNNNNNT IS SN
NNNNNNNNTT TSI N
NNNANNNNNNST TSI S S N
NNNANNNNNNNTITISTTS TS N
m NNNNNNNNNNNSTIITTTTT S TNT

o
= AN ANANANAN AN AN AN NN NN NN NN NN NN N NN O

water end bounds

reflect zfc=

read bounds xyf
end data
end keno6

end array
end

ara
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Figure 2.3.9. Cutaway 3-D view of the hexagonal VVER assembly model with water hidden.
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2.4  SOURCERER: DETERMINISTIC STARTING SOURCE FOR CRITICALITY
CALCULATIONS

D. E. Peplow, A. M. lbrahim, K. B. Bekar, C. Celik, and B. T. Rearden

ABSTRACT

The Sourcerer sequence in SCALE deterministically computes a fission distribution and uses it as the
starting source in a Monte Carlo eigenvalue criticality calculation. Using a reasonably accurate starting
source, developed from the Denovo discrete-ordinates code through the DEVC sequence, Sourcerer
improves the KENO/CSAS Monte Carlo calculation in two ways. First, the number of skipped
generations required to converge the fission source distribution in the KENO solution is reduced. Second,
for problems with loosely coupled fissionable areas, the reliability of the final eigenvalue (kes) is
increased. Several convergence diagnostic capabilities available in the KENO codes help the user better
measure when the fission source actually convergences.
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2.4.1 Introduction

Monte Carlo eigenvalue calculations have been used in evaluating critical and sub-critical systems for
decades. Calculations are typically done iteratively — starting with a set of fission neutrons, transporting
them through the geometry until they leak or are absorbed, and then tabulating the fission sites for the
next iteration. Each iteration corresponds to a generation in a chain reaction, and the eigenvalue, k., IS
the ratio of the number of fissions in one generation to the number in the previous generation. Once the
fission source distribution (the eigenfunction) has converged, many generations are simulated to obtain
more estimates of k.¢ with lower statistical uncertainty.

Two common questions that concern practitioners are (1) how many generations (skipped generations)
are required before the fission source distribution is sufficiently converged that generational estimates of
kg can be included in the final average of the eigenvalue (the active generations) and (2) has the fission
source converged to the correct distribution, such that the final value of the eigenvalue will be correct?
For most calculations, the final value of the k.¢ eigenvalue is all that matters, so the convergence of the
generational value of kg is used to determine the number of skipped generations. Fluxes and reaction
rates computed during the active generations are more sensitive to the entire fission distribution and
should only be accumulated when the fission distribution is sufficiently converged — which is not
necessarily as soon as the generational value of k¢ has converged. To address this concern, tools such as
Shannon entropy' can be used to measure the convergence of the fission source distribution
eigenfunction.”*

For the second question, the reliability in the final k. eigenvalue depends on whether the fission source
converges to the correct distribution. Because no tool currently exists in SCALE to verify that the fission
distribution is correct, models are often run for many generations using many histories per generation to
ensure that the result does not change. Another approach to verify eigenvalue accuracy is to run several
clones of the same problem, but each starting with different random numbers seed, and ensure that they
all predict the same value for k.¢. Addressing this concern relies heavily on the engineering judgment of
the practitioner.

Initial studies®® have shown that the use of a starting fission distribution that is similar to the true fission
distribution can both reduce the number of skipped generations required for fission source convergence
and significantly improve the reliability of the final k. result. A recent study® focusing on criticality
calculations of a spent nuclear fuel cask showed that the chance of a low eigenvalue result due to
undersampling from an unconverged source was dramatically reduced when using a deterministic starting
source. In that study, a cask holding 24 assemblies was examined using a uniform starting source, a
deterministic starting source with loose convergence criteria, and a deterministic starting source with tight
convergence criteria. Multiple clones of KENO were run (with different random number seeds) for
different values of skipped cycles. The number of clones that gave an incorrect result for k., was then
tabulated. The results from that study, presented in Figure 2.4.1, show that using a deterministic starting
source significantly increases the k. reliability.

The Sourcerer sequence in SCALE uses the solution from the Denovo’ discrete-ordinates code (through
the DEVC sequence) as that starting fission source distribution in a CSAS/KENO Monte Carlo®
calculation. For challenging criticality safety analyses, such as as-loaded spent nuclear fuel transportation
packages with a mixed loading of low- and high-burnup fuel, even a low-fidelity deterministic solution
for the fission source should be more accurate than the typical starting guesses of uniform or cosine shape
over the fissionable regions. The Sourcerer sequence is fairly automated and uses an input very similar to
standard CSAS (KENO V.a or KENO-VI) inputs, along with a short description of the mesh and other
parameters for the Denovo calculation.
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Figure 2.4.1. Fraction of failure to agree with the reference ke value for KENO calculations with different
starting sources (Figure 4 from Ref. 6).

2.4.2 Capabilities

The Sourcerer sequence calls a series of other sequences and utilities in SCALE — most importantly
DEVC (for Denovo) and one of the CSAS sequences. Because DEVC can only use KENO-VI geometry,
the utility c5toc6 geometry converter is used for KENO V.a geometries. The utility dso2msl is used to
convert the Denovo spatial out