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MT-14-12 Westinghouse VERA Test Stand - Zero Power Physics Test Simulations for the AP1000® PWR

EXECUTIVE SUMMARY

Westinghouse has successfully performed simulations of zero power physics tests (ZPPT) for its
state-of-the-art AP1000° reactor using VERA-CS. The VERA simulations were performed by
Westinghouse personnel using a VERA build on a dedicated Westinghouse computer cluster
within the framework of a “Test Stand” application of the CASL technology, and produced
results with impressive agreement to reference calculations.

The primary objective of the CASL Test Stands is to engage industry partners to assess VERA
performance on real-world industry applications through early VERA deployments at industry
sites, to provide demonstrated applications of VERA and to collect feedback on potential
improvements. Westinghouse is the first organization to host a VERA Test Stand.

Westinghouse selected the core physics simulation of the AP1000 pressurized water reactor
(PWR) first core for its initial focus specifically because its advanced features are challenging to
core simulators, and thus provide an excellent platform for assessment of VERA performance.
These features include radial and axial heterogeneities, such as five fuel regions with U**
concentrations from natural U to 4.8 w/o ***U, to achieve a low-leakage 18-month cycle with
optimum fuel cycle economics. Enrichment zoning and multiple burnable absorbers are used
for power shaping and reactivity control. These burnable absorbers include the Westinghouse
Integral Fuel Burnable Absorber (IFBA), a thin ZrB, coating deposited on the pellet surface and
discrete Wet Annular Burnable Absorber (WABA) rods, inserted at selected guide thimble
locations. A combination of light (“gray”) tungsten control banks and standard (“black”) Ag-In-
Cd control banks is employed for MSHIM™, an advanced operational strategy that provides
robust core reactivity and axial power distribution control with minimal changes to the soluble
boron concentration in the reactor coolant during both normal operation and power
maneuvering scenarios. This MSHIM strategy employs an increased presence of control
clusters (gray and black) in the reactor core during full power operation. Overall, these
advanced features make the AP1000 PWR a best-in-class generation Ill+ design, but also
challenge core simulators, making the AP1000 PWR especially suited to qualify VERA’s
performance and potential benefits.

An extensive set of simulations have been performed throughout this activity with the results
presented in detail in this report. The SPsP3 VERA solver in 23 energy groups with on-the-fly
pin-homogenized cross sections generated from a 252-group SCALE library has been used
throughout this work. This approach has shown excellent agreement with the results from the
SCALE 6.2 continuous energy Monte Carlo code KENO-VI, which has been assumed as the
numerical reference for the simulations performed.

AP1000° and MSHIM™ are trademarks or registered trademarks of Westinghouse Electric Company LLC in the
United States and may be registered in other countries throughout the world. All rights reserved. Unauthorized
use is strictly prohibited.
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In particular, the Hot Zero Power (HZP) critical boron concentration predicted by VERA is within
3 ppm of the KENO prediction, as shown in Table 1-1. The difference in boron worth is 0.2
pcm/ppm. The Doppler, Moderator and Isothermal Temperature Coefficients, DTC, MTC and
ITC, are respectively within 0.2, 0.4 and 0.6 pcm/F (Table 1-2). The temperature reactivity
coefficient simulations is an area recommended for further investigation since the differences
observed, while small, are not insignificant.

The root mean square (RMS) difference in rod worth between VERA and KENO is 4 pcm, with a
maximum difference of 9 pcm across 11 control banks employed in the AP1000 PWR, including
gray and black absorbers (Table 1-3). A plot summarizing the rod worth comparison for VERA
vs. KENO is given in Figure 1-1.

The results of the ZPPT simulations from VERA are consistent with Westinghouse predictions
using in-house core physics industrial tools and licensed methods; this reinforces the
confidence in the predictions for the start-up tests of the AP1000 PWR first core, scheduled to
occur within the next year.

VERA also shows remarkable agreement with KENO in regards to power distribution
predictions, for simulations including radial core slices as well as a 3D multi-assembly with
partially-inserted control rods. A chart summarizing the power distribution comparison for
VERA vs. KENO is given in Figure 1-2, showing the RMS in power difference multiplied by 100
across the simulations performed. It can be seen that the RMS is well below 1.0% for every
simulated case, including a 3x3 multi-assembly case with a partially inserted Ag-In-Cd control
bank in the central position. Detailed power distribution results are given in Section 6 of this
report.

It is noted that 3D core power distribution comparisons have not been performed here due to
the difficulty of obtaining a low-uncertainty reference Monte Carlo solution over 3D core
geometry. Work is ongoing to obtain this reference using Shift, a massively parallel Monte Carlo
code under development in VERA and the results obtained with Shift for the AP1000 PWR core
will be reported separately.

In terms of practicality of use, the VERA input system, VERAIN, has been found to provide a
practical and effective interface to set up simulations for commercial PWR cores. With VERAIN,
it has been possible to implement a core model of the complexity of the AP1000 PWR core in a
convenient ASCIl format using a common input deck.

All the VERA simulations reported have been performed on a build of VERA installed on a
dedicated Westinghouse compute cluster with 48 compute nodes with 12 processing cores per
node and 96 GB of RAM per node. A table summarizing VERA’s computational performance is
given in Table 1-4. 2D geometries up to entire core slices have been executed within minutes
on a reasonable number of compute cores, e.g. 5 minutes on 144 cores for a radial slice of the
AP1000 PWR core, using the SPsP3; solver with 23-energy group on-the-fly cross section
generation.
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As expected, this approach does become increasingly resource intensive as the geometry is
extended to 3D. The ZPPT calculations performed, essentially 3D core eigenvalue calculations
with no coupling or depletion, could be executed in less than two hours per calculation on 320
cores. Using SPsP; with the current implementation for core cycle calculations with coupling
and depletion would result in impractical calculation time, and memory requirements beyond
what is currently available on a mid-size industry computer platform. While use of a lower SPy
order with fewer number of energy groups should alleviate these issues, the resulting impact
on accuracy remains to be ascertained.

In summary, Westinghouse has observed an impressive agreement between VERA-based ZPPT
simulations and KENO-based reference numerical results for its AP1000 PWR first core, an
advanced simulation application that can be challenging for core simulators. This application is
illustrative of the benefits fostered by the availability of higher-fidelity simulators to the nuclear
industry to obtain reliable reference solutions for challenging simulation scenarios. The work
performed in the VERA Test Stand reinforces the confidence in the start-up tests prediction for
the AP1000 PWR first core, while contributing to expansion of the validation basis of VERA with
best-in-class core design and operational strategy.

The recommended, logical next step is the simulation of AP1000 reactor cycle depletion with
VERA-CS. This next step will require completion of coupling with thermal-hydraulics, depletion
capabilities and related developments in VERA-CS, as well as a substantial reduction of the
required computational resources to enable to perform these simulations on industry computer
clusters.

In addition to the successful performance assessment of current VERA-CS tools, Westinghouse
reports significant additional benefits from its hosting of the Test Stand as a CASL partner.
These benefits are spurred by the direct engagement of the parties involved and are discussed
in the Westinghouse Test Stand Experience in Section 2. There have also been the expected
challenges in the preparation and execution of the Test Stand, which were resolved thanks to
the efforts and resources that each organization and individual involved have been willing to
invest on this project. The enthusiasm and dedication of the CASL and Westinghouse personnel
involved have been key contributors to the success of the Westinghouse Test Stand.
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Table 1-1 HZP Reactivity Results

KENO VERA VERA-KENO
All rods out -3 ppm
start-up critical boron 1313 ppm 1310 ppm (-32 pcm)
Table 1-2 Temperature Reactivity Coefficients
KENO VERA VERA-
KENO
Doppler Temperature
- + - -
Coefficient (DTC) pcm/F 1.54£0.03 1.72 0.18
Moderator Temperature
- + - -
Coefficient (MTC) pcm/F 1.12£0.04 1.50 0.38
Isothermal Temperature
= + = =
Coefficient (ITC) pcm/F 2.6620.05 3.22 0.56
Table 1-3 Control bank Worth Results
KENO VERA-CS
. LCIL AWorth AWorth
Bank Material (pcm) (pem) (%)
* 2 pcm P ?
MA Tungsten 258 -1 -0.5
MB Tungsten 217 -5 -2.1
MC Tungsten 188 -2 -1.1
MD Tungsten 234 0 0.0
M1 Ag-In-Cd 651 -4 -0.6
M2 Ag-In-Cd 887 3 0.4
AO Ag-In-Cd 1635 -4 -0.3
S1 Ag-In-Cd 1079 0 0.0
S2 Ag-In-Cd 1096 -9 -0.8
S3 Ag-In-Cd 1124 0 0.0
S4 Ag-In-Cd 580 -3 -0.4
RMS 4 0.8
Max 9 2.1
Westinghouse Non-Proprietary Class 3 vi/xiii @ Westinghouse
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Figure 1-2 Delta power RMS (in %) VERA vs. KENO
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Table 1-4 Computational performance of VERA-CS for AP1000 simulations
on Westinghouse computer cluster

2D Lattice 12 324 0.2 ~1 <96 GB
3x3 Lattice 12 3K 0.4 ~2 <96 GB
2D Core 144 86K 13 ~5 <512 GB
3D Assembly 64 0.2M 32 30 <512 GB
3D 3x3 Assembly 144 1.5M 96 40 <1.2TB
3D Core 320 6M 0.5K 100 <478
(Eigenvalue)
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1 INTRODUCTION

The primary objective of the Consortium of Advanced Simulation LWRs (CASL) Test Stands is to
engage industry partners to assess VERA performance on real-world industry applications
through early VERA deployments at industry sites, to provide demonstrated applications of
VERA and to collect feedback on potential improvements. Westinghouse is the first
organization to host a VERA Test Stand.

The Westinghouse VERA Test Stand is focused on the core physics analysis of the AP1000 PWR
first core. This advanced core design, which will be deployed in all AP1000 units currently under
construction, provides a challenging application for VERA and the opportunity in the relatively
near term to obtain state-of-the-art measurements to extend its validation basis.

The AP1000 PWR first core implements an 18-month cycle low-leakage design using five fuel
regions with 2y concentrations from natural U to 4.8 w/o enrichment. Enrichment zoning and
burnable absorbers are used for power shaping and reactivity control. In particular, the
Westinghouse Integral Fuel Burnable Absorber (IFBA), a thin ZrB, coating on the pellet surface,
and the discrete Wet Annular Burnable Absorber (WABA) rod, inserted at selected guide
thimble locations, are used. Low worth “gray” tungsten control banks and standard “black” Ag-
In-Cd control banks are employed for MSHIM, an advanced operational strategy that provides
robust core reactivity and axial power distribution control with minimal changes to the soluble
boron concentration during both normal operation and power maneuvering scenarios. This
strategy necessitates an increased presence of control clusters (gray and black) in the reactor
core during operation. All these features make the AP1000 reactor a best-in-class generation
I+ PWR, but they also challenge existing core simulators. This makes application of VERA to the
AP1000 PWR core especially relevant to investigate the performance and potential benefits of a
high-fidelity core simulator.

For the test stand, VERA-CS has been built on a dedicated parallel-computation system within
Westinghouse which currently features 576 cores distributed on 48 nodes with a total memory
of 96 GB/node (8 GB/core). The deployment utilized the VERA build system and, working
together with CASL staff, a process has been successfully established to streamline updates to
the VERA build to incorporate changes and new features available from the VERA repository. A
VERA installation guide has been produced and together with the lessons learned from
Westinghouse’s test stand experience has been made available back to CASL to facilitate
subsequent VERA deployments.

The activities foreseen for the AP1000 PWR core physics analysis are simulation of the start-up
core zero power physics tests (ZPPTs), with results reported here. Cycle depletion analysis is
under consideration for a subsequent phase. An extensive set of simulations has been
performed to support the ZPPT simulation, including 2D lattice simulations up to a radial slice of
the core, and 3D assembly and multi-assembly simulations. These simulations constitute a very
valuable set of benchmarks to assess the performance of VERA not only in terms of eigenvalue
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but also in terms of fission rate distribution. The results of these simulations and the
comparison to Monte-Carlo solution are presented in this report.

This report is organized as follows. Section 2 summarizes the Westinghouse Test Stand
Experience. Section 3 describes the VERA build process and architecture of the Westinghouse
compute cluster where the VERA simulations have been performed. Section 4 describes the
AP1000 PWR core design. Section 5 describes the modeling approach. Section 6 reports the
results of the simulations. Section 7 summarizes VERA’s computational performance. Section 8
discusses usability of VERA-CS for the Test Stand simulations. Section 9 offers concluding
remarks. APPENDIX A through APPENDIX E provide additional details on the KENO simulations.
APPENDIX F contains the VERA installation guide produced along this work. APPENDIX G
contains the VERA input for the AP1000 PWR core.
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2 THE WESTINGHOUSE TEST STAND EXPERIENCE

The technical analysis for the Westinghouse VERA Test Stand began at the end of June 2013,
with the release of the VERA build on the Westinghouse computer system. The Westinghouse
experience with VERA is however broader in breadth and temporal horizon. Westinghouse has
collaborated with CASL personnel for the validation of VERA-CS well ahead of the start of the
Test Stand simulations, making its expertise in the design and analysis of commercial PWRs,
together with its state-of-the-art in-house core physics package, available to support VERA
development (Ref. 4 and 5). This fruitful collaboration has led to the conception of the VERA
Test Stand, with Westinghouse being the first organization to host these activities.

The topic selected by Westinghouse for the initial phase of the Test Stand is the reactor physics
analysis of the AP1000 PWR, and in particular its start-up ZPPTs. This analysis is particularly
relevant to Westinghouse, since the AP1000 reactor features a first core with significant
advancements compared to past first cores. While these advancements improve the reactor’s
performance, they also challenge traditional core simulators. Westinghouse has addressed
these challenges by making several improvements to its in-house core physics package (Ref. 15-
33). A first positive outcome of the Test Stand is the close agreement of VERA-CS and KENO
with the predictions from the Westinghouse core physics package, which reinforces the
confidence in the agreement with the measurements as several AP1000 units will start
operation in the next few years.

In this and prior analyses (Ref. 4), VERA has also shown the potential to go one step beyond the
current tools with regards to its capability to accurately reproduce numerical benchmarks and
measurements, when available, for HZP core configurations. While more extensive
comparisons are required before making definitive statements, this behavior is very promising
for a core simulator that the industry could use reliably to complement its production tools. The
successful development of VERA-CS would make it possible to obtain high-fidelity predictions
for a range of commercial reactors and operating conditions that could be used by the nuclear
industry for a variety of applications, such as anticipating or mitigating operational issues,
troubleshooting mispredictions with plants measurements, benchmarking new methods, or
corroborating the design of advanced cores. The scope of this Test Stand and the results
obtained are an example of these potential applications.

The benefits of the Test Stand go beyond those of the technical analysis performed, which is
described in detail in this report, as there are significant additional benefits spurred by the
direct engagement of the parties involved. A list of these benefits, while not exhaustive, is
attempted in the following paragraphs. There have been also challenges in the preparation and
execution of the Test Stand, which were resolved thanks to the efforts and resources that each
organization and individual involved have been willing to spend for this cause.

The mutual comprehension of the respective needs and limitations has certainly been
enhanced as a result of the Test Stand activities. For instance, there are certain requirements
that VERA needs to fulfill to be successfully built and operated on a host organization’s
computer system. The installation of VERA on Westinghouse’s computer system was performed
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jointly by CASL and Westinghouse staff. As a result, a procedure for building VERA has been
created as part of the Test Stand activities and documented in the “VERA Installation Guide”.
This experience benefits future and current VERA deployments. The Westinghouse VERA build
has been ported to a different, more powerful, computer system since its original install, and it
has been successfully updated to include VERA developments that have been crucial to the Test
Stand execution. A section of this report is devoted to the VERA build on the Westinghouse’
computer system, while sample sections of the VERA installation guide are given in APPENDIX F.

VERA is computationally demanding compared to typical industrial simulators, and in order to
execute the Test Stand simulations Westinghouse has purchased a dedicated VERA computer
cluster with about 600 computer cores. This is a significant step upwards, and forward, in the
typical computational resources allocated by the industry to perform reactor physics analyses.
On the other hand, it is also indicative of high-end computer platforms that could be made
available for VERA in the nuclear industry, and hence of the computational resources that VERA
needs to meet for its deployment at industry’s sites. While it is acceptable to complement
VERA’s execution by tapping into HPC resources in the interim time, and it is certainly required
for particularly demanding simulations that may be performed occasionally, resorting
systematically to HPC computers to run VERA is not a sustainable path forward if this capability
is to be used by the industry at large. This awareness has been substantiated by the Test Stand
execution. Since the HZP AP1000 PWR simulations are already at the limit of the current
computational resources available on the Westinghouse VERA dedicated cluster, the
computational burden required for VERA execution has to be mitigated in short order.

One important aspect, and challenge, of the Test Stand has been the validation of VERA-CS
itself for the simulations performed. This has been done through painstaking simulations set up
and executed independently using a development version of the KENO-VI Monte Carlo code
utilizing Continuous Energy (CE) cross sections and parallel execution (Ref. 8). The validation of
VERA-CS for the AP1000 PWR core simulations, and in general, is not a trivial undertaking as the
high-fidelity physics methods employed do not suffice alone to guarantee accurate results,
even more so due to the limited experience and application of VERA so far. The relevant
experience and plant measurements available in the nuclear industry, in synergy with the use of
first-principle tools like KENO, are an asset going forward for strengthening the validation bases
of VERA.

The performance of VERA for the AP1000 PWR core simulations, and the physics methods
underpinning such performance, has raised much interest within Westinghouse. This
stimulated a healthy discussion between Westinghouse and CASL method developers which is
mutually beneficial and will continue in the future. The Test Stand simulations have already
provided numerous and valuable scenarios for code benchmarking and development, and more
will come as the project moves forward to fuel cycle depletion calculations. The scale of the
simulations performed for this work, the resolution in the prediction and the degree of
confidence in its accuracy supported by the comparisons with KENO are an important asset of
the Test Stand.
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Finally, the topic selected for the Test Stand has proved engaging and pertinent. It offered the
chance for CASL personnel to be exposed to a state-of-the-art advanced core design and test
the prediction capabilities of VERA with a challenging core, representative of modern PWR
reloads, and advanced operational features, like the MSHIM rodded operation. The enthusiasm
and dedication offered to this project by the many people involved, inside and outside
Westinghouse, are a testimony of their engagement and are key contributors to the success of
the Westinghouse Test Stand.

Westinghouse Non-Proprietary Class 3 19 @ Wes““ghﬁuse



MT-14-12 Westinghouse VERA Test Stand - Zero Power Physics Test Simulations for the AP1000® PWR

3 VERABUILD

Two main goals have been pursued when building VERA on the Westinghouse computer
system:

1. A successful/complete first-of-a-kind VERA installation at an industrial partner site, and
2. A maintainable and reproducible build process to allow VERA installation at other sites.

To achieve these goals, Westinghouse and CASL worked closely to develop a VERA Installation
Guide (see APPENDIX F). The result of this effort was a well-documented process to prepare a
high-performance computer system administratively to receive VERA, install and configure
prerequisite utilities and third-party libraries, install and configure VERA itself, and perform
subsequent updates based on periodic release snapshots provided through a central repository.

The build process has been successfully validated with installation and updates on two separate
Westinghouse test stand systems between June 2013 and October 2013.

3.1 Software & Supporting Elements

VERA can be characterized as a suite of physics tools working in concert to perform a
calculation of interest. To capitalize on the best contemporary analysis tools at the time VERA
was being developed, tools were selected from various developers based on the their
appropriateness to a given calculation within the overall simulation framework. As such, these
tools are varied in their origins but must operate cohesively on the same computational
platform. To permit that cohesive operation, the software and supporting elements can be
characterized in three areas:

1. Calculational Tools,
2. Prerequisites to Installation, and
3. Third-party Libraries (TPLs).

In each of these categories, the components installed in the Test Stand are summarized in Table
3-1. The calculation tools used for the simulations reported here are Exnihilo and SCALE.
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Table 3-1 Summary of Primary VERA Components on Westinghouse Test Stand

Westinghouse VERA Test Stand - Zero Power Physics Test Simulations for the AP1000® PWR

Calculational Prerequisite Third-party
Tool Library
COBRA-TF CMake Boost
Exnihilo eg/egdist HDF5
MPACT GCC Hypre
SCALE Git LAPACK
OpenMPI MOAB
PETSc
Qt
SILO
zlib

3.2 Computing Hardware & Infrastructure

The Westinghouse systems used for the Test Stand calculations are:

1. Newton, part of Westinghouse’s larger shared parallel-computation infrastructure, and
2. Binford, a segregated and dedicated parallel-computation system.

Both Newton and Binford are described schematically in Figure 3-1 and Figure 3-2, respectively.

Both systems feature interactive login nodes that are Hewlett-Packard DL580s with 32
processing cores and 1 TB of RAM. These are in turn connected using quad data rate (QDR)
Infiniband interconnects through a Voltaire 4036 switch to slave nodes dedicated to
computational tasks. For Newton, the computation nodes are shared resources within
Westinghouse managed through a company-wide LSF-based queuing system. Approximately
256 cores are typically available to be allocated on a per-job basis for CASL purposes; however,
this number greatly fluctuates depending on overall system demand. For Binford, the
computation nodes are dedicated CASL resources managed through a separate project-specific
Maui/Torque/Moab queuing system.

Both Newton and Binford and the corresponding slave nodes have separate 1GB Ethernet
connections to shared NFS file systems for bulk file storage. Both Newton and Binford and
associated firewalls are configured to allow temporary SSH tunnels to be established between
Westinghouse and the “casl-dev” machine at ORNL to periodically update VERA.

Both systems are based on the SUSE Linux Enterprise Server (SLES) Linux distribution. Newton
is loaded with SLES Version 10, Service Pack 2 (SLES10SP2) whereas Binford (and all of its slave
nodes) is loaded with SLES11SP3.

Westinghouse
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Figure 3-1 Schematic of Newton Shared Westinghouse Computer System
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Figure 3-2 Schematic of Binford Segregated/Dedicated Westinghouse Computer System

3.3 Key Lessons Learned

Throughout the process of developing the systems described previously and the subsequent
retrieval, configuration, building, and deployment of the VERA suite, several challenges were
encountered. Recognizing these challenges and mitigating them in the future will benefit later
recipients of VERA. The challenges encountered were in the following broad areas:

1. Computer Cluster Internet Access

2. User & System Security Protocols
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3. Multiple Computer System States
4. Compiler & Prerequisite Compatibility

When the SSH tunnel was being established between the Westinghouse Test Stand and casl-dev
at ORNL, a problem was encountered early whereby the Westinghouse Test Stand had no way
to access computers outside of the Westinghouse intranet. Along with the necessary firewall
changes to correct this, there were several administrative hurdles to surpass in order to allow
even a secure tunnel to the outside to be established. The difficulty encountered here is what
prompted a cautionary note in the VERA Installation Guide to encourage administrators to
begin working through the process to setup this tunnel early.

Similarly, the Westinghouse computer systems are configured with a generally permissive
security environment, i.e., users can see each other’s files without explicit action taken to
secure files. This is counter to the CASL/VERA Technology Control Plan which is restrictive by
default, i.e., users must be granted access to every component of VERA with which they are
expected to interact. Administrators must be aware of CASL’s approach to securing information
and must ensure that an adequate system is in place to abide by that approach.

Once the configuration process began for the VERA calculation tools, compilation and build tool
compatibility issues were encountered. In general, Westinghouse relies heavily on the Intel
compiler suite using a traditional makefile to build software. Conversely, VERA is primarily
configured to use the GNU compiler suite with cmake performing the make and test
operations. Therefore, the Westinghouse Test Stand did not have adequately up-to-date tools
to build VERA as intended. This was reconciled by building VERA’s prerequisites, third-party
libraries, and calculation tools from source code using version-controlled source code for each
component. This ensures that as VERA’s calculational tools are distributed, the correct version
of all corresponding required software is available.

Once the software was ready to be built, the heterogeneity of the Westinghouse Test Stand
posed a challenge. In particular, the Newton system has access to computation nodes of
varying vintages (SLES10SP2, SLES11SP1, and SLES11SP2) which leads to different library
versions on the various systems. For practical purposes, since VERA was built on Newton with
SLES11SP2, it can only execute parallel jobs on the SLES11SP2 nodes. This effectively limits the
number of processors a job run from Newton can use to some number smaller than the total
computation nodes. Therefore, as engineers and administrators are specifying systems to run
VERA (or other CASL codes) and/or determining where to put those tools on existing
infrastructure, the age and degree of heterogeneity of the system should be considered.

Thanks to the VERA build process developed as part of the Test Stand activities, these initial
challenges have been positively resolved. The VERA build at Westinghouse is now fully
operational, it has been successfully updated and ported to different computer systems, and it
has been employed for generating the VERA results contained in this work.
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4 ADVANCED FIRST CORE OF THE AP1000 PWR

The AP1000 PWR features an advanced first core design, which will be deployed in all eight
units under construction in the U.S. and China, with the first unit coming on line in 2015. The
core and fuel characteristics are described in detail in Ref. 1, and summarized in Table 4-1. The
core features five fresh fuel regions, arranged with the core loading pattern shown in Figure 4-1
and various ***U enrichments. Natural U (Region 1) assemblies are employed on most of the
peripheral locations to achieve a low leakage core design and improve fuel cycle economics.
The checkerboard of lower/higher enriched fuel (Region 2 and 4 respectively) in the inner part
of the core mimics the conditions of subsequent reloads containing irradiated fuel assemblies.
The placement of the highest enriched assemblies (Region 5) slightly inboard from the
periphery, as in traditional “ring of fire” core design strategies, favors radial power distribution
control over the cycle.

Regions 1 to 3 feature uniform radial 2% enrichment. Lower enriched axial blankets are used
for Region 3. Regions 4 and 5 feature enrichment zoning with three 2%y enrichments per
assembly, in addition to lower enriched axial blankets. The enrichment zoning, with the lowest
enrichment pins located on the assembly periphery, reduces the interface effects with the
neighboring lower enriched fuel assemblies. The intra assembly loading patterns for Regions 4
and 5 are shown in Figure 4-2 through Figure 4-5.

Two types of burnable absorbers are used in the AP1000 PWR first core: the Westinghouse
Integral Fuel Burnable Absorber (IFBA), a ZrB, coating applied on the pellet of selected fuel
rods, and the Wet Annular Burnable Absorber (WABA), a discrete annular insert containing an
Al,03-B,C mixture with water flowing in the inner part of the rod. These burnable absorbers are
used in Regions 4 and 5, with the assembly loading patterns showed in Figure 4-2 through
Figure 4-5. The burnable absorber core loading pattern is shown in Figure 4-6.

The fuel axial stacks are depicted in Figure 4-7. Region 1 and 2 fuel stacks do not feature axial
blankets given their lower enrichment and the absence of burnable absorbers. Top and bottom
8-in blankets are employed in Regions 3 to 5. The blankets have lower enrichment with respect
to the central part of the fuel stack and consist of solid pellets in non-IFBA fuel rods, and
annular pellets in IFBA rods. The inner void of the IFBA annular blankets provides additional
room for expansion of the He released from (n, alpha) reactions in 10,

The WABA rods have various axial configurations (see Figure 4-7): the short and long WABA
rods used for Region 4 and the intermediate WABA featured in Region 5 feature respectively
102”, 152” and 116” *°B bearing central regions. This poisoned region is offset downward with
respect to the fuel axial midplane. All types of WABA rods feature an unpoisoned upper
plenum zone of variable length. Region 4 short WABA and Region 5 intermediate-length WABA
feature an annular Zr spacer in the bottom of the stack.
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There are 12 ZIRLO® grids in the AP1000 PWR core active fuel, eight Intermediate Mixing Vane
(MV) grids with a height of 2.25-in and four shorter Intermediate Flow Mixing (IFM) grids with a
height of 0.66-in. Two Inconel grids are present at the top and bottom of the stack with a single
protective Inconel grid above the bottom nozzle.

The core arrangement and material specifications for the control rod banks are shown in Figure
4-8. It is noted that the AP1000 reactor operates following the MSHIM™ operation and control
strategy, which relies on a combination of low worth (or gray) control cluster assemblies and
standard (or black) control cluster assemblies to provide robust core reactivity and axial power
distribution control with minimal changes to the soluble boron concentration in the reactor
coolant during both normal operation and power maneuvering scenarios. This strategy
necessitates an increased presence of control clusters (gray and black) in the reactor core
during operation. Namely, out of a total of 69 rod cluster control assemblies (RCCAs), 16 gray
RCCAs plus 12 black RCCAs (“M” banks in Figure 4-8) are used for MSHIM operation with
additional 9 black RCCA (“AQO” bank) used for axial offset control. The remaining 32 black RCCAs
are used as shut-down (“S”) banks. The control rod poison used for the black banks is Ag-In-Cd
(AIC) while tungsten within an Inconel liner is used for the gray banks.

A radial cut of the AP1000 PWR core which shows the core shroud, neutron pads and barrel is
shown in Figure 4-9. An isometric view of the core shroud is given in Figure 4-10; it can be
noticed that in addition to the baffle, the shroud features several axial rings with associated
connecting structure. Currently, VERA modeling capabilities for the reflector region are li’mited
to the baffle plus surrounding water. A detailed modeling of the reflector is possible with KENO,
which enabled to perform a sensitivity study on the impact of various modeling choices. These
studies are reported in APPENDIX B and APPENDIX C.

The AP1000 PWR first core is challenging due to the presence of radial and axial
heterogeneities but it is not unlike other modern LWR cores. The radial heterogeneities mimic
burned cores with shuffled fuel assemblies, while radial and axially heterogeneous fuel is
routinely used in BWR cores. The MSHIM operating scheme has also a counterpart in BWR
operation, with insertion of selected control blades for reactivity control. IFBA and WABA are
used in the majority of Westinghouse fueled cores. For the above reasons the AP1000 PWR
core simulations constitute a pertinent test stand application for VERA-CS.

2ZIRLO® is a registered trademark of Westinghouse Electric Company LLC in the United States and may be
registered in other countries throughout the world. All rights reserved. Unauthorized use is strictly prohibited.
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Table 4-1 Reactor Core Description [Ref. 1]

Active core
Equivalent diameter (IN.) ..ottt 119.7
Active fuel height first core (in.), COId ....uiiiiiiiiiiieeeei e 168
Fuel assemblies
[N U '] o 1= PSR 157
(0o Lo I T =1V 2SRRI 17 x 17
ROAS PEI @SSEMDIY ...viiiiiiiieieiee e e 264
[20eTo I 11 (el o 1N (1o ) IR 0.496
Overall transverse dimensions (iN.) ......ccoevevireeeeeeeeeiiiireeeee e 8.426 x 8.426
Fuel weight, s UO; (D) c.eueeeeieeeeeeee e 211,588
Zircaloy clad WeISHT (ID) ....uvvveeieeeiiiieee e 43,105
Number of grids per assembly
Top and BOttOM ..eeviiiiiiiiee e 2 Ni-Cr-Fe Alloy 718
Ta LT g g Y=o - SR 8 ZIRLO
Intermediate flow MixXing (IFM) .....c..uveeiieiiiie e e 4 ZIRLO
PrOtECHIVE...cii i i ittt e e e e e e 1 Ni-Cr-Fe Alloy 718
Number of guide thimbles per assemMbly .........coovvvviviiiiiiiiiii e 24
Composition of gUide thimMbBIES ........eeiiiviiiiiiiiiiei e ZIRLO
Diameter of guide thimbles, upper part (in.) ...ccceevvvvveeiieeiiiicreeeee, 0.442 1D x 0.482 0D
Diameter of guide thimbles, lower part (in.)......cccocoveviieeiieriniieciiens 0.397 1D x 0.482 OD
Diameter of instrument guide thimbles (in.).......ccccoeeiieiieiiiiieiciieee, 0.442 1D x 0.482 0D
Fuel rods
VT80 0] oY= PP PPPPPPPPPPPRPPPPIR 41,448
OULtSIde AIAMELEE (IN.) urreerieeiiiiiiieeee e e e e e seabr e e e e e e s eensareaeees 0.374
DiIiameEter SAP (IN.) .oecveeeeiieeiiie ettt e sre e e e e e e s ra e sree s 0.0065
Clad thiCkNESs (IN.).cccueiee et e e e e e aae e e e neeas 0.0225
(O To I o= 1u =T o T | U UUR ZIRLO
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Table 4-1 Reactor Core Description (cont.) [Ref. 1]

Rod Cluster Control Assemblies

NEULION @DSOIDET ..uvveeiiii i e e e Ag-In-Cd
DIAMELET (IN.)urrieeieiiiie ettt ettt e e et e e e e eaae e e e e trae e e eenreeeeeeaaaeeeeennnes 0.341
DENSTEY (10/1N.3) ettt ettt ettt e e eeeeeees Ag-In-Cd 0.367

Cladding material.......cccccevvviieiiiniiieeceee e Type 304 or 304L, cold-worked SS

Cladding OD (IN.)uueeeieeiiieeeeciee ettt eere e e et e e e et e e e e eare e e e eearaeeeeesnsaeeeeeanneas 0.381

Cladding thiCkNess (IN.)..ueeeeeiieiiiieiiieeeee e e e sesearrrere e e e e e e eenanns 0.0185

Number of clusters, full-IeNGtN..........oeiiiiiiii e 53

Number of absorber rods Per CIUSTEI ........ueeviiiiiiicie e 24

Gray Rod Cluster Assemblies

NeUtron abSOrber .........iiiiiie e Tungsten/Alloy 718
DIaMELET (IN.) ceeerreieeeeeeieeee et e Tungsten 0.197 /
Alloy 718 0.310
DENSILY (ID/IN.3) oottt Tungsten 0.695/
Alloy 718 0.296

Cladding material.......cccceeviiieiiiniieeceee e Type 304 or 304L, cold-worked SS

Cladding OD (iN.).ccceiiecirieeiiee e e e e e s e e e e e e e seababeaeeeseeseesnsreaeees 0.381

Cladding thiCkNess (IN.)..ueeeeeieeiiiiciiieeeee e e e sesearrrereeeeeeeeenanns 0.0255

Number of clusters, full-IeNGtN..........uiiiiiiiii e 16

Number of absorber rods Per CIUSTEN ........eeviiiiiiiiiireeeeee e e 24

Discrete Burnable absorber rods (first core)

NV 1T o1 =Y R UPRR 592
Y YT o T | RSP Alumina Boron-Carbide
OD (IN.)evrteeeeee ettt eee et et eeeee e e e e et esee s e e st eeeeeeseeeeeese e e eeeeeeeaeeeeeeeaseee et eeaeeeeeeeenaees 0.381
INNET TUDE, OD (IN.)1rtiiiiiiiiii ettt e et e e e e ra e e e e e eabe e e e eeanaeeeeensaeaens 0.267
(O1FTo o s P 1 (= A -1 OO UTURRRROPPP Zircaloy
INNEr tUDE MAtErial...ccciiiiiiii i e ae e e e e Zircaloy
B10 CONENT (ME/IN) 1eiiiriieiree ettt ete e et e e et e e e etre e e treeseaseeebeeesareeens 15.32
AbSOrber 18NGth (IN.) ... e e Variable
Integral Fuel Burnable Absorbers (first core)

N 1T o 1= SRR 5632
[ < LI PP P PP P PP P PP PPPPPPPPPPPPPPPPPPPRt IFBA
Y =1 C=Y AT | TP U URRRPPP Boride Coating
B10 CONTENT (ME/IN) eeiiitiiieiie ettt ettt e eete e et e e te e e e ateeeetaeeeetaeeesaeeeabaeesareeenanes 1.96
ADSOIDEr IBNGEN (IN.) . ciiiiiiiiiiiei e e e e e s e e e e e e e seanbreeeeeeeas 152

Westinghouse Non-Proprietary Class 3 27 Wes““ghOUSE



MT-14-12 Westinghouse VERA Test Stand - Zero Power Physics Test Simulations for the AP1000® PWR

R P N M L J H G F E D c
1 3 1 | I 1
1 5 5 5 1 2
3 3 2 4 2 3 3 3
3 2 5 4 2 4 5 2 3 4
1 3 5 2 2 4 2 2 5 3 —— 5
3 5 2 4 4 2 4 4 2 5 — 6
1 5 2 4 2 2 4 2 2 4 2 — 7
90° 3 5 4 2 4 4 2 4 4 2 4 — 8
1 5 2 4 2 2 4 2 2 4 2 — 9
3 5 2 4 4 2 4 4 2 5 — 10
1 3 5 2 2 4 2 2 5 3 —_11
3 2 5 4 2 4 5 2 3 12
3 3 2 4 2 3 3 13
1 5 5 5 1 14
1 3 1 15
00
LEGEND
R Region Identifier
Region Fraction U235 U235 IFBA WABA
Group of Total Midzone Blanket Rods Rods
1 0.10 0.740 Absent O 0
2 0.31 1.580 Absent O 0
3 0.18 3.200 1580 O 0
4 0.23 3.776  3.200 68 8L+4S
5A 0.05 4376 3.200 88 4|
5B 0.03 4376 3.200 124 0
5C 0.10 4376 3.200 124 8l

Figure 4-1 AP1000 PWR first core Fuel Loading Pattern
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Figure 4-2 Assembly Loading Pattern for Region 4
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Figure 4-3 Assembly Loading Pattern for Region 5A
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Figure 4-5 Assembly Loading Pattern for Region 5C
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Figure 4-6 First Core Burnable Absorbers Collocation
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180
1
2 S4 MB S4
4 MC AO AO MC
6 S4 AO MA MD MA AO S4
7 S2 S3 S1 S1 S3 S2
8 90 MB MD AO MD MB 270
9 S2 S3 S1 S1 S3 S2
10 S4 AO MA MD MA AO S4
12 MC AO AO MC
14 S4 MB S4
15
0
[ BankID | Group Association |  Cluster Design Type | # of Clusters |
MA MSHIM Control Gray 4
MB MSHIM Control Gray 4
MC MSHIM Control Gray 4
MD MSHIM Control Gray 4
M1 MSHIM Control Black 4
M2 MSHIM Control Black 8
AO Axial Offset Control Black 9
S1 Shutdown Black 8
S2 Shutdown Black 8
S3 Shutdown Black 8
S4 Shutdown Black 8
| Total | 69 |

Figure 4-8 Control Rod Banks and Core Placement
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Shroud Baffle

Shroud Rings

Figure 4-10 Core Shroud - Isometric View
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5 APPROACH TO SIMULATIONS

This section describes the codes employed to perform the AP1000 PWR core reactor physics
HZP simulations, the modeling approach adopted and the simulations performed.

5.1 Codes used

The codes used for the work reported are listed below, together with a description of the
physics methods employed in each code package:

5.1.1 VERA-CS

The core simulator of VERA, VERA-CS, with the SPy solver and on-the-fly cell-homogenized cross
sections generated using the SCALE module XSProc (Ref. 2-3) has been used. SP5 with P3
scattering and 23 energy group cross sections data collapsed from the 252 energy group ENDF/
B-VII.0-based SCALE library using 1D discrete ordinate transport pin cell calculations has been
used throughout this work. This package has been used in past work (Ref. 4), showing
remarkable agreement with measurements (except for ITC) as well as Monte Carlo numerical
solutions for HZP simulations.

In particular, the following steps are performed by VERA-CS for the simulations performed:

Process ASClI input file with problem specification converted into XML format
Convert input specification into arguments for XSProc
Generate a geometric representation of the reactor needed by XSProc

Build and partition a discrete mesh representation of the reactor geometry

1
2
3
4
5. Broadcast XSProc geometry to each processor domain
6. Run XSProc to generate pin-cell homogenized macroscopic cross sections

7. Map the cross sections to VERA-CS computational mesh cells

8. Run the SPy solver to calculate scalar fluxes

9. Integrate scalar fluxes with fission reaction rate data to calculate power distribution

10. Perform parallel output

Further description of the main components is given below.
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5.1.1.1 Cross Section Generation

The XSProc module of the SCALE code system (Ref. 3) has been incorporated into VERA and is
available for use in neutronics calculations; in particular XSProc has been employed here for on-
the-fly cross section generation for the VERA-CS SPy solver.

XSProc performs resonance self-shielding with full range Bondarenko factors using the BONAMI
module of the SCALE system and employing either the narrow resonance approximation or the
intermediate resonance approximation. A wide variety of options are provided for different
lattices and cell geometries through the use of Dancoff approximations. For uniform fuel
lattices, Dancoff factors are automatically generated from the user-input geometry and
material descriptions. XSProc also allows user-input Dancoff factors to treat non-uniform lattice
effects, but this capability has not been used here. The fine energy group structure of the
resonance self-shielding calculation can then be collapsed to a coarse group structure through a
one-dimensional (1D) discrete-ordinates transport calculation internal to XSProc. In addition a
spatial homogenization is employed for pin cell cross sections also using the flux results from
the 1D transport solution. These XSProc results are then used for the SPy transport calculation.

The SCALE 6.2 252 group ENDF/B-VII.0 neutron cross section data library utilized for the
AP1000 PWR core calculations contains data for 417 nuclides and 19 thermal-scattering
moderators. Thermal scatting data for most nuclides are available at five temperatures, where
other nuclides provide data for as many as ten temperatures. Bondarenko factors are
tabulated at five different temperatures and thirty background cross sections.

The SCALE Material Information Processor capabilities are included in XSProc to: convert user
input material data into atom number densities needed for cross section processing; convert
user-input of fuel lattices, region-wise, and infinite medium into a form suitable for cross
section processing; calculate Dancoff factors for uniform lattices; allow user input Dancoff
factors for non-uniform lattices; and generate an appropriate spatial mesh for 1D transport
calculations.

The SCALE XSDRNPM transport solver (Ref. 3) provides flux-weighting of cross section data and
generates energy group collapsed and cell-homogenized data for subsequent multi-dimensional
transport calculations. XSDRNPM is a discrete-ordinates code that solves the 1D Boltzmann
equation in slab, cylindrical, or spherical coordinates.
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5.1.1.2 Flux Solver

The SPy method is a low-order space-angle approximation of the Boltzmann equation that,
unlike Sy, will not converge to the true transport solution as angle (represented by Legendre
moments) and space are refined. The advantage of SPy is that the matrix representing the
transport operator can be explicitly formed. The ability to form the matrix opens many
possibilities for parallel decomposition, preconditioning, and solvers. The SPy solver uses a
second-order accurate finite volume spatial discretization where the number of unknowns is

N+1
ch( > )xNg

where N, is the number of computational cells, N is the SPy expansion order (currently
supported options are 1, 3, 5, or 7), and Ny is the number of groups. Even though SPy will not
converge to the true transport solution as the SPy expansion is increased, it has been widely
used and shown to be a significant improvement over diffusion theory for reactor problems.

SPy has been implemented in VERA-CS to provide a low-order transport option. It has been
shown to be accurate (except for ITC) when using pin-homogenized cross sections for ZPPT
analysis (Ref. 4) and has thus been used for this work.

5.1.1.3 VERA Output

The VERA standard output is a binary HDF5 (hierarchical data format) file type (Ref. 6). Many
codes and converters are being developed to use this format, including industry tools, like the
Westinghouse NEXUS/ANC9 package (Ref. 15). One of the advantages of the HDF5 format is
availability of software tools to view and modify the data. One such tool is HDFView (Ref. 7).
Several utilities to compare multiple files and perform typical statistical analyses associated
with core design and methods validation and benchmarking have been developed by CASL and
were used for this work. A utility has also been developed to convert the HDF5 file data into a
SILO file format suitable for various visualizations with Vislt (Ref. 14) and used to generate
many of the plots and 3D images contained in this report.

5.1.2 KENO-VI

The Beta version of the Monte Carlo criticality code KENO-VI (Ref. 8) to be released in SCALE 6.2
with parallel transport capabilities and using continuous energy (CE) energy treatment has been
used to obtain reference numerical solutions. While KENO has been historically employed for
criticality applications, it has been successfully applied to core physics problems by CASL (Ref.
5,9) and validated against the Monte Carlo code MCNP5 (Ref. 10), as well as the startup
measurements of Watts Bar Nuclear Unit 1 Cycle 1 (Ref. 4), by CASL.

ENDF/B-VII.0 CE cross section libraries generated by the AMPX code system (Ref. 11) have been
used. A CE cross section library at the HZP temperature of 565 K has been utilized.
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More details on the role of KENO in CASL and specifically for the AP1000 PWR core Test Stand
simulations are given in the following section as well as in APPENDIX A.

5.1.2.1 Use of KENO in CASL

CASL has extensively tested VERA for PWR HZP geometries using independent Monte Carlo CE
neutron transport simulations to generate reference numerical solutions (Ref. 4, 5). The Core
Physics Benchmark Progression Problems in Ref. 9 consists of approximately 50 neutronics
simulations with both eigenvalue and fission rate distribution results. The analysis of the Watts
Bar Nuclear 1 Cycle 1 startup physics tests reported in Ref. 4 included various Monte Carlo core
calculations for criticality and control rod bank worth. The Isothermal Temperature Coefficient
(ITC) has also been predicted, as reported later. Throughout this work the Monte Carlo code
KENO-VI with CE cross section data and methods has been shown to provide a reliable and
accurate numerical reference and has thus been adopted to provide numerical reference
solutions for the AP1000 PWR simulations.

Monte Carlo tools in the SCALE 6 (Ref. 3) system, which has been developed and maintained by
ORNL since 1969, are commonly used in criticality safety and shielding calculations as well as
sensitivity and uncertainty (S/U) analyses, depletion, and criticality alarm system analyses. The
SCALE code system includes the KENO V.a and KENO-VI (Ref. 8) Monte Carlo criticality codes;
both offer continuous energy (CE) and multi-group (MG) energy treatments to calculate
physical parameters of fissile systems. The major difference between these two codes is their
geometry processors; KENO V.a uses very simple geometric components but KENO-VI uses the
SCALE Generalized Geometry Package (SGGP) which allows more complex geometric modeling.

KENO-VI is typically used within SCALE’s CSAS6 control sequence, which was originally
developed to provide automated multi-group cross section processing for MG KENO-VI
transport. Later, CSAS6 was redesigned to support CE KENO-VI calculations for transport as an
input and material preprocessor. More recently, KENO-VI has been extensively applied to
lattice physics problems and compared successfully to the Monte Carlo code MCNP5 (Ref. 5).
Some recent representative comparisons are provided in APPENDIX E.

The KENO-VI version used for this work is a development version to be released in SCALE 6.2
(Beta 2). The development version was utilized to take advantage of several new features and
bug fixes, the most important to this effort being parallelization of the particle transport and
improvements in the CE data and methods. All of the KENO cases were executed on INL’s
Fission machine using approximately 150-300 cores.

ENDF/B-VII.0 CE cross section libraries generated by the AMPX code system (Ref. 11) have been
used for the AP1000 PWR core KENO cases, consistently with the 252-group SCALE library used
in the VERA-CS simulations. A CE cross section library with a temperature of 565 K was
generated for the CASL Watts Bar ZPPT analysis in Ref. 4 and was also used for the AP1000
PWR core simulations. Other libraries were also generated by ORNL staff to support reactivity
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coefficient analyses (APPENDIX D). Recent enhancements to SCALE CE data libraries in SCALE
6.1 have improved both S(a,B) neutron scattering data, resulting in significant bias reduction for
thermal systems, and the probability tables that provide CE treatment in the unresolved
resonance range, resulting in reduced biases for systems that are sensitive to the intermediate
energy range. All these updates improve the data accuracy and enhance the solution’s fidelity.

In summary, KENO-VI was selected to generate the neutronics reference solution for the
AP1000 PWR core Test Stand simulations due to:

e The KENO Monte Carlo approach to particle transport has no geometric approximations,
unlike deterministic solution techniques that resort to spatial discretization approaches.
For the AP1000 PWR core, the general geometry input has allowed accurate modeling
of the structure surrounding the core (shroud, barrel, neutron pads, etc.) as well as
other structure (plates, springs, thimble plugs etc.) to infer the impact on reactivity and
power distribution vs. simpler models employed in the deterministic calculations. This is
particularly relevant due to the complexity of the AP1000 PWR core design, enabling
precise modeling of selected components and performing sensitivity studies vs.
simplified models. Examples of these studies performed for the reflector regions are
given in the Appendixes.

e The use of Continuous Energy (CE) cross sections in KENO, which is more rigorous than
self-shielding cross section methods and multi-group (MG) treatments typically used in
deterministic codes. Traditional shielding methods rely on approximate geometries (1D
infinite pin cells in VERA) to calculate MG cross sections in resonance regions.
Additionally, the accuracy of deterministic approaches to particle transport is sensitive
to the selected energy group structure. The use of CE data and methods eliminate these
approximations.

e The parallel capability in the new KENO-VI (SCALE 6.2) version, which permits
simulations with the high number of particle histories required to obtain low reaction
rate uncertainties on large geometries. Using INL’s Fission supercomputer, KENO-VI
cases have been run utilizing up to 300 processors at a time.

e KENO-VI allows solutions for large, geometrically complex, problems whose computer
storage requirements and geometric complexity preclude solution by previous versions
of KENO. In addition, recent versions of KENO-VI and CE data enhancements have led to
significant improvements in accuracy and performance.

e Familiarity and proximity between analysts and developers for support. The SCALE
development team has been an asset to support the Westinghouse Test Stand activities,
through partnership with ORNL, and the availability of KENO to obtain numerical
reference solutions has been a key component to its success.
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5.2 Westinghouse Test Stand Simulations

The AP1000 PWR simulations performed for the Westinghouse Test Stand are summarized
below. All calculations have been performed with VERA-CS and KENO, which in the absence of
measurements has been assumed as the reference solution throughout this work.

All the VERA-CS simulations have been performed on the Westinghouse compute clusters
described in Section 3. The KENO calculations have been performed at the INL “Fission” HPC.

1. 2D Lattices (eigenvalue and power distribution analysis)
* Single Lattice (Unrodded)
* Multi Lattice (Unrodded and Rodded)
* 2D Core with radial reflector

2. 3D Assemblies (eigenvalue and power distribution analysis)
* Single assembly
* Multi Assembly (Partial Control Rod Insertion)

3. 3D Core- Zero Power Physics Tests (eigenvalue only)
* HZP Critical Boron Concentration
* Rod Worth for each bank
* Boron Worth
 ITC, MTC and DTC

Firstly, 2D lattice calculations for each fuel type employed in the first core have been
performed, amounting to twenty lattice types in total. The main objective of this set of
calculations was to ensure model consistency in VERA-CS and KENO as well as assess reactivity
and pin power distribution agreement between the codes using a simple but representative
geometry of each fuel type used in the first core. The comparison was then extended to
multiple lattices up to a radial slice of the core, including insertion of gray and black control
rods, and adding the radial reflector to the model.

As a second step, the models have been extended to 3D assembly and multi-assembly
geometries. The Intermediate Mixing Vane (MV) and Intermediate Flow Mixing (IFM) grids
have been implemented to the model, which also includes the axial structure above and below
the active fuel.

Finally, 3D core calculations have been performed, simulating the Zero Power Physics Tests
(ZPPTs) of interest for this comparison. These simulations include calculation of the HZP Critical
Boron Concentration, control banks reactivity worth (eleven banks in total), soluble boron
worth as well as the Isothermal Temperature Coefficient (ITC), the Moderator Temperature
Coefficient (MTC) and Doppler Temperature Coefficient (DTC). More details on the KENO ITC,
MTC and DTC simulations are given in APPENDIX A and APPENDIX D of this report.
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5.3  Modeling approach in KENO

The KENO model for the AP1000 PWR core has been produced using the SCALE Generalized
Geometry Package, which permits construction of detailed PWR models by combining
geometric shapes such as cylinders and cuboids, or any volume that can be constructed with
guadratic equations. For larger models, this input can become complicated, but software has
been developed to translate the basic fuel and core design parameters into the large input files
required for the corresponding KENO model. KENO input files exceeding eight million lines have
been created in a reasonably efficient way through this process. The models were all
constructed using quadrant symmetry to decrease the computer resources required to obtain
reasonable power distribution uncertainties. Reflective boundaries are used for the lines of
symmetry, while vacuum boundaries are applied outside of the core radial and axial reflector
regions at appropriately long distances to not impact the calculated core leakage.

In addition to reactivity, KENO-VI can also provide reaction rate tallies by region, allowing the
user, with some post-processing efforts, to extract the normalized fission reaction rate
distribution for reactor physics problems. A post-processing procedure has been developed for
extracting the calculated fission rates and uncertainties for each unique fuel region and
calculating the volume-weighted normalized power distribution for comparison to other codes,
including pin, assembly, radial, and axial powers, for example. These results are placed into the
same output file format (HDF5) as VERA, allowing numerical and visual data interrogation
through the available post processing tools. For geometries with octant symmetry, the fission
tallies are combined for symmetric power locations. This effectively doubles the sampling, and
the estimated uncertainty is then reduced accordingly.

To reduce the uncertainty in the fission rates of particular fuel rod locations, especially low
powered locations, an extremely large number of particles is required. Power distributions and
uncertainties were calculated for all problems and are reported in APPENDIX A°. For all cases
but the 3D core, the cell-wise power uncertainties are reasonably low. For the 3D core, the
problem size is such that reducing cell-wise uncertainties below a few percent is impractical
with the current KENO. However, for ZPPTs a cell-wise low-uncertainty power distribution is
not required to obtain accurate reactivity results; namely, the core eigenvalues (k-effective) and
derived quantities obtained for the KENO models are an appropriate reference solution.

5.3.1 KENO Model Details

For the AP1000 PWR 3D core models, the KENO-VI pre-processor developed by CASL generates
eight million line ASCII input files containing 688,000 unique geometry units. This is partially

© It is noted that the KENO-VI power distributions are based on fission rate only and do not
consider any redistribution due to gamma sources and neutron kinetic energy.
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because KENO is limited to providing unique tallies only for unique units. Future KENO versions
will provide the ability for mesh tallies and this will significantly reduce the number of geometry
units needed for these types of models. Most core features are modeled explicitly, while
regions above and below the fuel rods are treated as homogenized regions. A detailed listing of
the features of the KENO-VI model for the AP1000 PWR simulations are described below.

e Explicit representation of the fuel rod stack, plenum, and end plugs, included solid and
annular axial blanket regions. The IFBA ZrB, coating is also treated explicitly. The end
plug geometry is modeled as a cylinder, and is similar for fuel rods, WABA rods and
control rods. The plenum spring is modeled as a shell of equivalent inner and outer
radius and mass.

e Semi-explicit representation of all spacer, mixing, and protective grids using the ‘equal
cell” model, by distributing the grid mass uniformly amongst the 289 lattice cells in each
assembly slice, and placing that mass in an equivalent volume box on the periphery of
each cell. The axial locations of the spacer grids are modeled according to Ref. 1. The
mass of the spacer sleeves is included as part of the grid mass, but the sleeves are not
explicitly represented. Figure 5-1 depicts the KENO-VI spacer grid model.

e Guide tubes and instrument tubes are assumed to extend from the bottom nozzle to the
top nozzle. The dashpot region of the guide tubes is modeled explicitly.

e Homogenization of the top and bottom nozzles of each assembly, and the upper and
lower core plates.

e Explicit modeling of WABA (poison, bottom Zr spacer, and upper plenum), control rods,
end plugs, and plenum regions below the top nozzle. Regions of inserts in and above
the top nozzle are ignored. Fully withdrawn control rods are also included in the model
up to the upper nozzle, which results in the rod tips being located in the fuel rod upper
plenum region.

e Explicit thimble plugs in the upper regions of the guide tubes which do not contain
control or WABA rodlets. The plugs are approximated as solid cylinders with equivalent
length to the actual plug.

e Explicit inclusion of in-core detector instrumentation thimbles. These were not used in
every case, but the capability was included in order to calculate the effect on core

average reactivity for startup criticality.

e Exclusion of any source rods for startup calculations.
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e Explicit treatment of the core baffle, barrel, neutron pads, and vessel. Both smeared
and explicit modeling of the shroud region has been performed for sensitivity analyses
in APPENDIX C.

e Material number densities for fuel, poison, and structure have been generated using
Westinghouse in-house licensed codes and employed in KENO.

e Proper positioning of each of the eleven control rod banks for rod worth calculations
and other operating configurations.

While the above applies to 3D core ZPPT configurations, the smaller models, such as 2D lattices,
2D multi-lattice, 2D core, 3D assembly, and 3D multi-assembly, have been generated as subsets
of the 3D core cases to maintain consistency and ensure correct modeling to the extent
possible. Confidence in the 3D core model was established by progressing from the smaller to
the larger configurations while verifying consistency in the comparison of the results against
the corresponding VERA-CS simulations, as described in Section 6.

Figure 5-1 KENO Semi-Explicit Spacer Grid Model (MV Grid)

5.4 Modeling approach in VERA-CS

The VERA-CS AP1000 models have been set up through VERAIN, the VERA common input. This
common ASClI-based input has been found practical and effective for building neutronic models
of commercial PWRs, including the AP1000 PWR first core. The input deck for the 3D core
model of the AP1000 PWR is intuitive and compact (<1,000 lines). It contains all the fuel,
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control rod, and structure specifications required to perform the HZP ZPPT analysis, with only
minor modifications required to run each specific case (e.g. change of a control bank position to
measure its worth, analysis of a 2D core slice or a single lattice or a single 3D assembly, etc.).
Once the base input had been validated for consistency with the core design specification,
setting up and running the various cases reported here has required a relatively minor effort.

A few limitations in performing reactor analysis using the current VERA-CS should be
mentioned and resolved in the future. These are also discussed in Section 8.

e There is no automatic thermal expansion capability to account for the expansion of the
structures going from cold to operating temperature conditions. The VERA-CS results
reported here refer to models with cold dimensions and the KENO results have been
generated to be consistent with VERA-CS

e The only available radial core structure model in VERA-CS consists of baffle plus water,
while more complex reflectors with additional structure materials of varying geometry
and thickness may be employed. The VERA-CS results reported here utilize a 1-in thick
axially uniform stainless steel baffle reflector surrounded by water. A sensitivity study
has been performed with KENO on the impact of various reflector models to assess the
reactivity and power distribution impact of the simple 1 inch baffle approximation vs.
the actual AP1000 PWR reflector. The results of this sensitivity study are presented in
APPENDIX B and APPENDIX C.

e VERAIN does not currently have to capability to accept material input in the form of
atomic number density. The material compositions were provided by the Westinghouse
core analysis tools in this format, and input directly into KENO. However, VERA-CS
required some manual manipulation of the materials composition HDF5 file and the
input material density to ensure consistency with the other codes. This process was
somewhat time consuming and prone to errors.

The VERA-CS deck for the first core All-Rods-Out HZP simulation is given in APPENDIX G.
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6 RESULTS
6.1 2D Lattice Results

A comparison of the reactivity and powerd distribution for VERA-CS vs. KENO for the 2D lattices
comprising the AP1000 PWR core is given in Table 6-1. The leftmost column indicates the fuel
region of pertinence for each lattice, while the “Case” column contains a succinct description of
the lattice configuration. The table then shows the k-infinity value obtained from CE KENO
calculations and the difference between VERA-CS and KENO. The two rightmost columns
summarize the agreement in power distribution for VERA-CS vs. KENO. In particular, two
representative parameters are chosen: “AP RMS”, that is the root mean square (RMS) of the
power difference (VERA-KENO) multiplied by 100, weighted by the fuel rod volumes of a given
lattice, and the maximum absolute difference “AP Max”. The delta in k-infinity is also plotted in
Figure 6-1, while the RMS and Max AP are plotted in Figure 6-2.

The results show excellent reactivity agreement for VERA-CS vs. CE KENO across all lattices at
HZP conditions, with an average difference of -34 pcm and a standard deviation of ~40 pcm.
Therefore, based on 2D lattice analysis, it is reasonable to expect close, slightly lower, reactivity
predictions for VERA-CS vs. KENO when extending the geometry, unless 3D transport effects
and interaction between assemblies will predominate.

A comparison of the eigenvalue prediction for the various lattices is given in Figure 6-1. Lower
enrichment lattices in VERA-CS are less reactive than KENO, while at higher enrichment without
zoning the agreement becomes virtually perfect. Enrichment zoning, and/or use of IFBA, seems
to slightly deteriorate the agreement, with some favorable compensation of errors from
localized strong absorbers (e.g. WABA). These biases however are small and the comparison
appears overall consistent and more than satisfactory throughout the simulations performed.
VERA-CS agrees well with KENO also in the power distribution prediction, as shown in Figure
6-2, showing only a mild deterioration for localized strong absorbers, IFBA, and enrichment
zoning lattices.

More details on the KENO simulations supporting this analysis are given in APPENDIX A, Section
A.l

The term “power” instead of “normalized fission rate” is used for brevity in the remainder of this report.
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Table 6-1 HZP lattice results
Region # Case KENO VERA-CS
Kin AKing AP AP
(+/-3 (pcm) RMS Max
pcm) (%) (%)
1 PU@0.74 0.66846 | -102 0.13 0.30
2 U @ 1.58 0.95127 -38 0.15 0.31
3 yu@ 3.20 1.18998 -7 0.19 0.40
3 U@ 1.58 (BLKT) 0.95226 21 0.15 0.27
4 U@ 3.78 - 68 IFBA 12WB 1.03710 28 0.25 0.58
4 U@ 3.78 - 68 IFBA 8WB-4ZR 1.06471 61 0.25 0.60
4 U@ 3.78 - 68 IFBA 8WB-4TP 1.06583 -5 0.25 0.54
4 U@ 3.20 - 68 IFBA 12TP 1.18570 -14 0.23 0.40
4 25U@ 3.20 (BLKT, 68 ANLR, 12TP) | 1.18525 -10 0.24 0.42
5A U@ 4.38 - 88 IFBA 4 WB 1.12083 -46 0.26 0.49
5A U@ 4.38- 88 IFBA4 ZR 1.14851 -39 0.24 0.52
5A U@ 4.38-88IFBA4 TP 1.14997 -65 0.24 0.51
5A 25U@ 3.20 - 88 IFBA 4TP 1.18379 -26 0.24 0.42
5A 2U@ 3.20 (BLKT, 88 ANLR, 4TP) | 1.18348 -12 0.23 0.42
5B 25U@4.38 124 IFBA 1.10339 | -106 0.25 0.58
5B/C | Z°U@ 3.20 (BLKT, 124 ANLR) 1.18063 -43 0.28 0.55
5C U@ 4.38- 124 IFBA 8 WB 1.04637 -36 0.28 0.50
5C U@ 4.38-124 IFBA8 TP 1.10191 -90 0.25 0.55
5C U@ 4.38- 124 IFBA 8 ZR 1.10025 -70 0.25 0.56
5C U@ 3.20 (BLKT, 124 ANLR, 8TP) | 1.18086 -32 0.26 0.48
Average -34 0.22 0.45
Standard Deviation 40

Notes: BLKT stands for solid blanket, ANLR stands for annular blanket, WB stands for WABA, ZR indicates
the presence of Zr-spacers in selected WABA rods, TP indicates the unpoisoned He-filled top of the
WABA rod. The enrichment reported for Reg. 4 and Reg. 5 is the average lattice enrichment (enrichment
zoning is used for these regions, with U-235 at 3.4, 3.8 and 4.2 w/o for Reg. 4 and U-235 at 4.0, 4.4 and
4.8 for Reg. 5). No enrichment zoning is used for Reg. 1,2 and 3. Ak is the delta reactivity VERA-CS vs.
KENO in pcm, calculated as 10°*In(Kyveracs/Keeno). AP is the delta in normalized fission rate VERA-CS-
KENO multiplied by 100, with AP RMS calculated as the root mean square of the differences and AP Max
as the maximum absolute difference.
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6.2 2D Multi-Lattice

The main objective of multi-lattice calculations was to verify that the agreement in reactivity
and power distribution observed in single-lattice calculations was maintained when considering
the effect of neighboring assemblies. This is particularly relevant as the AP1000 PWR first core
has a checkerboard of higher/lower enriched fuel assemblies leading to relatively large power
gradients across interfacing assemblies. The simulations reported here refer to a 3x3 multi-
lattice configuration with fuel lattices belonging to Reg. 2 and Reg. 4 fuel. This configuration is
depicted in Figure 6-3 and is representative of the inner core of the AP1000 PWR at the axial
mid-plane (see also Figure 4-1).

Three simulations have been performed for the 3x3 multi-lattice, with results reported in Table
6-2: one simulation without control rods (“unrodded”), one with Ag-In-Cd (black) control rods
inserted in the central lattice of the 3x3 and one with tungsten (gray) control rods inserted in
the central lattice. The eigenvalue predicted by VERA is very close to KENO and slightly lower
~-20 to -40 pcm, consistent with the single lattice results. The power distribution comparison is
slightly worse than for single lattice cases but still satisfactory, with pin RMS <0.4% and Max
<1%. This includes rodded cases which present specific challenges due to the local power
suppression in the rodded assembly and power redistribution to the other assemblies.

A more detailed results analysis for the Ag-In-Cd rodded case is given in Figure 6-4 through
Figure 6-6. Namely, Figure 6-4 shows the assembly and delta-assembly power VERA-CS vs.
KENO, while Figure 6-5 and Figure 6-6 show respectively the pin power and delta pin power.
The power suppression in the rodded assembly, with the power redistributing primarily to the
higher enriched Reg. 4 fuel lattice, is notable. The fuel rods resulting in the highest power are
located at the interface with Reg. 2 fuel, close to the water gap between the assemblies and
further away from the control rods (and WABA rods) - see Figure 6-5

The power distribution comparison in Figure 6-6 shows a very satisfactory agreement, in
general and for these assembly-interface locations, which are challenging due to the impact of
local asymmetric spectral conditions not explicitly accounted for during the on-the-fly XSProc
cross section generation step. It is not clear at this point if this agreement will hold during
burnup calculations with the current cross section collapsing methodology and further
investigation is recommended in this regard. A slight deterioration of the agreement in the
locations adjacent to one or more strong localized absorbers (e.g. Control Rods or WABAs) is
noted but the resulting discrepancy is still below 1%, which is certainly adequate to establish
some degree of confidence in the power prediction capabilities of VERA-CS.

In summary, the analysis of these multi-lattice simulations solidifies the remarkable agreement
shown by VERA-CS vs. KENO in the single-lattice calculations.

More details on the KENO simulations supporting this multi-lattice analysis are given in
APPENDIX A, Section A.2.
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Table 6-2 HZP multi-lattice results
KENO VERA-CS
soluble RMSAP MaxAP RMSAP Max AP
Kinf AKinf . .
Case boron i el || (o] Asm Asm Pin Pin
(ppm) P P (%) (%) (%) (%)
Unrodded 1244 1.00199 -37 0.20 0.24 0.31 0.82
Ag-In-Cd 955 1.00235 -47 0.24 0.53 0.36 0.98
Tungsten 1130 1.00227 -19 0.21 0.31 0.32 0.89

Reg. 4

68 IFBA

35y @3.78

12 WABA

Reg. 4 **U@3.78

68 IFBA
12 WABA

Figure 6-3 Loading Pattern for Multi-Lattice Simulations
(with Rodded and Unrodded Central Position — 1/4™ geometry)
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Figure 6-4 Assembly Power (KENO, left) and Delta Assembly Power (VERA-KENO x100, right)
for the Ag-In-Cd Rodded Multi-Lattice Simulation
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Figure 6-5 Pin Power (KENO) for Ag-In-Cd Rodded Multi-Lattice Simulation
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Figure 6-6 Delta Pin Power (VERA-KENO)x100 for Ag-In-Cd Rodded Multi-Lattice Simulation
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6.3 2D Core

The results presented in this section refer to a radial core slice, including the reflector, at the
core axial mid-plane of the AP1000 PWR core. The geometry and material specifications for this
case are displayed in Figure 6-7. Note that the reflector chosen consists of a 1 inch stainless
steel baffle surrounded by water, as this can be modeled consistently in VERA-CS and KENO and
thus obtain a meaningful power distribution comparison. More details on the KENO model for
the 2D core can be found in APPENDIX A, and the worth of various radial reflector models is
discussed in APPENDIX B.

A plot of the reference assembly power distribution obtained with KENO for this simulation is
given in Figure 6-8; the KENO pin power distribution is shown in Figure 6-9. The relative
comparisons for VERA-CS vs. KENO are given in Figure 6-10 (delta assembly power vs. KENO)
and Figure 6-11 (delta pin power vs. KENO). A summary of the results can be found in Table 6-3.

Table 6-3 Summary of comparison VERA-CS vs. KENO for AP1000 PWR 2D core
(radial slice at axial midplane)

KENO VERA-CS
Ko Ak RMS AP Max AP RM§ AP AP . Ma).( AP
(+/-1 pem) o] Assembly Assembly Pin Hot Pin Pin
(%) (%) (%) (%) (%)
1.00097 0 0.21 0.42 0.39 0.78 3.1

Notes: coolant soluble boron of 1316 ppm. “Hot pin” is the pin showing the highest relative power
in this simulation. “Max assembly” and “Max pin” refer to the largest (absolute) difference in
respectively assembly and pin power predictions for VERA-CS vs. KENO.

The agreement between VERA-CS and KENO for this 2D core geometry is remarkable, and
consistent with the results reported for the lattice and multi-lattice simulations. The eigenvalue
prediction is virtually identical. The agreement in the assembly power distribution is excellent,
with RMS and maximum differences of 0.2% and 0.4% respectively. The agreement in the pin
power prediction is also notable, with a delta power RMS of ~0.4% and an absolute delta power
of 0.8% (<0.5% in terms of relative difference) for the hot pin.

The maximum difference in the pin power prediction is ~3.0%, occurring in the very low power
pins at the edge, and especially corners, of the core (red color locations in Figure 6-11). This is
possibly caused by the strong asymmetry in the local spectral conditions for these pins
compared to the assumed symmetric conditions for the XSProc cross section collapsing step
prior to performing the SPy calculation. This is confirmed analyzing the delta pin form factors®
for VERA-CS vs. KENO in Figure 6-12. This plot, in addition to the pins at the edge of the core,
show other locations where the simple geometry assumed in the first energy collapsing step

® The form factors are the pin powers of a given assembly normalized by the power of the assembly. The
normalization step effectively takes away any potential bias deriving from differences in the assembly power
prediction between two codes, thus facilitating the analysis of the intra-assembly power shape prediction.
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may be problematic, e.g. at the interface, and especially corners, of the natural U assemblies
with the neighboring higher-enriched assemblies. However all these potentially problematic
locations have very low power and are typically discharged at the end of the cycle; in addition
the agreement in the overall assembly power including the peripheral assemblies is excellent.
Therefore the mispredictions observed are not expected to lead to tangible inaccuracies in the
prediction of the core performance.

In summary, the reactivity as well as power distribution prediction from VERA-CS for an entire
slice of the AP1000 PWR core compares remarkably well with KENO except for a few outliers of
little significance. It is therefore proper at this point to extend the comparison to the axial
dimension to verify that VERA-CS is capable of adequately simulating also the axial
heterogeneities present in the AP1000 PWR first core.
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Region Fraction U235 IFBA WABA
Group of Total Average Rods Rods

1 0.10 0.740 0 0
2 0.31 1.580 0 0
3 0.18 3.200 0 0
4 0.23 3.776 68 12
5A 0.05 4.376 88 4
5B 0.03 4.376 124 0
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Figure 6-7 AP1000 PWR 2D core: radial slice at the axial midplane
(geometry and fuel specifications shown)
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Figure 6-8 AP1000 PWR 2D core assembly power (KENO)
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Figure 6-9 AP1000 PWR 2D core pin power (KENO)
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Figure 6-10 AP1000 PWR 2D core delta assembly power (VERA-CS vs. KENO)
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Figure 6-11 AP1000 PWR 2D core pin power comparison

(delta pin power (VERA-CS vs. KENO) — colors
assembly power (KENO)— numbers)
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Figure 6-12 AP1000 PWR 2D core form factor comparison

(delta form factors (VERA-CS vs. KENO) - colors
delta assembly power (VERA-CS vs. KENO) — numbers)
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6.4 3D Single Assembly

As the geometry of the model was being extended to 3D, the impact of introducing various axial
components and heterogeneities to the fuel stack has been investigated. The impact of adding
increased complexity to the AP1000 PWR fuel stack has been assessed with a set of calculations
for Reg. 3 fuel with results summarized in Table 6-4 and Figure 6-13 through Figure 6-15. More
details on the KENO simulations supporting this analysis can be found in Section A.4.

First, a simulation with all the active fuel axial layers (e.g. 8” lower-enriched top and bottom
blankets with 152” full-enrichment central region) but no grids and no structure above and
below the active fuel has been performed (“No grids” in Table 6-4 with axial power profile given
in Figure 6-13). Then, the grids present within the active fuel height, e.g. 8 mixing vane (MV)
grids plus 4, shorter, flow mix grids (IFM), have been introduced (“With Grids” in Table 6-4, axial
power profile in Figure 6-14). Finally, all the fuel structure above and below the fuel active
height has been added to the simulation (“Entire stack in Table 6-4, axial power profile in Figure
6-15).

As the results show, there is no significant deterioration in the reactivity agreement prediction
from VERA-CS vs. KENO going from 2D to 3D geometry, including addition of the grids and the
top/bottom structure of the fuel stack. Remarkably, the delta eigenvalue is below 30 pcm as
reported in Table 6-4.

The power distribution agreement is also overall very satisfactory, with 3D RMS <~0.5%
throughout the 3D fuel assembly geometry. Deterioration in the VERA-CS power prediction in
the axial levels containing spacer grids is apparent, more marked in the shorter IFM (see Figure
6-14 and Figure 6-15). This is mostly the result of differences in the transport methods and
approximations underlying the SPy formulation.

The summary results for all the fuel regions of the AP1000 PWR first core are summarized in
Table 6-5. As already noted, there is no apparent deterioration in the eigenvalue prediction
from VERA-CS vs. KENO going from 2D to 3D geometries. Note that the axial asymmetries in the
WABA design, which is optimized for HFP operation, cause an unphysical top-skewed power
distribution for Reg. 4 and 5A/5C HZP unrodded simulations (see axial power profile
comparisons for Reg. 4, 5A and 5C in Figure 6-16 through Figure 6-18, and compare with Reg.
5B in Figure 6-19, which does not have WABA). The associated power distribution comparison
is thus only partially relevant, and simulations at conditions more representative of actual plant
operation will need to be performed in this regard; one such simulation is reported in the next
Section (“3D 3x3 Multi-Assembly”). It is however noted that the power distribution from VERA-
CS, even for the very top-skewed power distribution cases, still compares very well with KENO
(see percent differences in the high-power top nodes in Figure 6-16 through Figure 6-18).

In summary, the remarkable agreement in reactivity and power prediction of VERA reported for

2D geometries does not deteriorate significantly when considering the entire fuel axial stack,
except for the local power at the grid spacer locations.
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Table 6-4 3D assembly results (Reg. 3)

KENO VERA-CS
RMS AP Max AP RMS AP Max AP
Case Ketr Aler A0 Node Node Cell Cell
(+/-1pecm) | (pcm) (%) (%) (%) (%) (%)
No grids 1.00118 27 -0.13 0.14 0.20 0.25 0.79
With Grids 1.00263 21 -0.25 0.17 1.35 0.42 1.72
Entire Stack 1.00265 15 -0.40 0.48 1.50 0.52 1.95

Note: Soluble boron concentration assumed to yield approximate criticality. The “Node” power is the
radially-averaged power for 49 axial layers within the 426-cm fuel active height considered for the
comparison. The “Cell” power is the pin-wise power for each fuel rod in the 49 axial layers considered.
The “RMS Node” is calculated based on the root mean square of the delta nodal power (VERA-
KENO)x100 over all the axial layers. Max Node is the maximum absolute delta multiplied by 100 over all
the axial layers. The “RMS Cell” is calculated based on the root mean square delta pin power (VERA-
KENO)x100 over all the fuel rod locations and axial layers. Max Cell is the maximum absolute delta
multiplied by 100 over all the fuel rod locations and a>4ia| layers.
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Figure 6-13 Reg. 3 assembly power distribution— no grids, void boundary conditions
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Figure 6-14 Reg. 3 assembly power distribution— w/ grids, void boundary conditions
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Figure 6-15 Reg. 3 assembly power distribution— entire fuel stack and structure
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Table 6-5 3 D assembly summary results for all fuel regions
RMS AP | RMS AP AP Hot
Reg. + /_';e:cm) ?%O) (ﬁf::) A AO (%) Pin Cell Spot
(%) (%) (%)

1 0.90409 -2.9 -211 -0.4 0.13 0.47 0.00
2 1.00224 -0.9 -81 -0.2 0.16 0.35 0.19
3 1.00265 1.5 52 -0.3 0.17 0.46 -0.03
4 1.00184 80.9 18 -0.5 0.20 1.29 -0.38
5A 1.00289 53.4 20 -0.8 0.22 1.13 -1.08
5B 1.00317 -0.5 -40 -0.4 0.23 0.54 0.91
5C 1.00225 93.6 -37 -0.2 0.22 1.12 0.97

Note: Soluble boron concentration to yield approximate criticality assumed for the various cases.
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Figure 6-16 Assembly power distribution for Reg. 4 fuel stack
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Figure 6-17 Assembly power distribution for Reg. 5A fuel stack
(124 IFBA plus 4 WABA)
—¢— Nodal Power - Grids —e— VERA-KENO
7.0%
L 6.0%
Q
> —
N a1 5.0%
o ~+ 3
2 - 4.0% =
s z
.‘8" - 3.0% §
; - 2.0% g
% b 10% @
= - 0.0% o
ST -1.0%
-2.0%
0 100 200 300 400
Distance from Bottom of Active Fuel (cm)
Figure 6-18 Assembly power distribution for Reg. 5C fuel stack
(124 IFBA plus 8 WABA)
Westinghouse Non-Proprietary Class 3 67 @ Westlnghouse



MT-14-12 Westinghouse VERA Test Stand - Zero Power Physics Test Simulations for the AP1000® PWR

=—¢=Nodal Power - Grids —e— VERA-KENO
2.0 3.0%
1.8
- 2.0%
1.6 ©
1.4 %’)’ g
% ‘ QL 10% 2
&1.2 g
3 2
©1.0 0.0% 3
Z [8)
(0] [
20.8 g
s [}
% - -1.0% &
x 0.6 o
\ <
0.4
- -2.0%
02 T ‘
0.0 -3.0%

0 50 100 150 200 250 300 350 400
Distance from Bottom of Active Fuel (cm)

Figure 6-19 Assembly power distribution for Reg. 5B fuel stack
(124 IFBA, no WABA)

6.5 3D Multi-Assemby

The results reported in this section refer to a 3x3 multi-assembly simulation, namely the 3D
counterpart of the 2D multi-lattice simulation reported in Section 6.2. The radial fuel map for
this simulation is shown in Figure 6-20. A “black” Ag-In-Cd control rod bank is inserted in the
top portion of the central assembly to counterbalance the effect of the part-length WABA in
Reg. 4 fuel and the lack of feedbacks at HZP. In this way an approximately neutral axial offset is
obtained. This simulation resembles to some extent the operation of the AO bank, which is
inserted in the top of the AP1000 PWR core and keeps the AO within the prescribed limits
during the reactor operation.

As for the previous simulations reported, the eigenvalue prediction from VERA-CS and KENO is
in excellent agreement also for a 3D multi-assembly simulation with partial inserted control
rods.

The agreement in the power distribution is also remarkable, with an RMS of less than 1%
calculated on 49 axial levels and 3x3x264 fuel radial positions. Figure 6-21 shows the axial
power profile together with the axial fuel and WABA transitions (vertical lines), as well as the
percent difference in nodal power for VERA-CS vs. KENO. The difference in the peak node
power is less than 1%, and the accuracy in the power profile predicted by VERA-CS vs. KENO is
only mildly affected by the presence of a partial inserted control rod. A 3D plot of the power
(KENO) and delta power (VERA-KENO) is given in Figure 6-22, together with the various fuel
axial transitions and grid position in the stack. Note the power suppression in the top part of
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the central assembly (Reg.2) attributed to the control rod insertion, which further skews the
power to the adjacent Reg. 4 fuel and downward from the control rod (see left hand side of
Figure 6-22). The discrepancy in the power prediction at the grids, IFM especially, is visible in
the middle and right hand side plots of Figure 6-22. Also the larger percent difference in delta
power in the bottom of the stack is noticeable, which is likely the result of a slight axial tilt in
the power profile between VERA-CS and KENO (see also the trend in delta power in Figure
6-21).

In summary, despite some discrepancy in the power prediction, VERA-CS compares very well
against KENO also for this challenging simulation.

Reg. 4

y@3.78 235595,'1158
68 IFBA 0B A
12 WABA

Reg. 4 ®°U@3.78
68 IFBA
12 WABA

Figure 6-20 Loading Pattern for Multi-Lattice Simulations
(partial control rod Insertion in central position, Ag-In-Cd “black” bank, 1/4%" geometry shown)
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Figure 6-21 3D 3x3 assemblies axial power distribution with partial insertion of Ag-In-Cd CR
(Reg. 2 and Reg. 4 fuel, CR in Reg. 2 central assembly)
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Table 6-6 3D 3x3 assembly summary results

KENO VERA-CS
Kett AO | AKsr  AAO RMS/Max RIVIS/I\_/Iax RMS/Max AP Hot
(+/-1pcm) (%) | (pcm) (%) AP Node AP Pin AP Cell Spot
(%) (%) (%) (%)
1.00119 2.4 -18 -0.7  0.9/21 0.3/0.8 0.9/3.1 -0.3

6.6 Zero Power Physics Tests

This section reports the results of the AP1000 PWR zero power physics tests (ZPPTs). In
particular, the HZP critical boron concentration for the plant startup, the rod worth for the
various banks, the differential boron worth and the temperature reactivity coefficients (ITC,
MTC and DTC) have been calculated with VERA-CS and KENO. Section A.6 and APPENDIX D
contain more details on the KENO simulations supporting the ZPPT analysis.

The 3D quarter-core KENO model employed for these calculations is illustrated in Figure 6-24.
The complexity of the core design, and in the modeling, can be appreciated from this figure.
The VERA-CS AP1000 PWR 3D core model is consistent with the KENO model, except for the
reflector. Namely, a 1-in baffle stainless steel reflector has been assumed in VERA-CS. A more
complex reflector geometry, closer to the actual AP1000 PWR reflector, has been modeled in
KENO due to the greater geometrical flexibility allowed by the code. The reactivity bias coming
from the difference in the reflector models calculated using KENO is only 9 pcm (see APPENDIX
B). Given the small magnitude of this bias, together with the fact that the impact of the
different reflector model is limited primarily to the outer assemblies, it is acceptable to use the
simplified reflector model adopted in VERA-CS for the calculations performed here, i.e. HZP
critical boron concentration and rod worth.

The HZP All-Rods-Out critical boron concentration predicted by VERA-CS for the AP1000 reactor
start-up is 1310 ppm natural boron, a difference of only -3 ppm compared to the 1313 ppm
predicted by KENO. The difference in boron worth is 0.2 pcm/ppm. These values are reported
in Table 6-7. The critical boron predictions are derived from the eigenvalue predictions at the
1321 ppm tentative HZP critical soluble boron concentration assumed, using the boron worth
prediction to compensate the excess reactivity calculated by each code from criticality. A
reactivity bias of -120 pcm has also been applied to account for the impact of thermal
expansion since both VERA and KENO models are at cold temperatures. This bias has been
determined using the Westinghouse in-house core physics package. In addition, a -26 pcm
reactivity bias has been applied to account for the presence of the instrumented thimbles in the
AP1000 PWR core (see Section A.6). This bias has been calculated using KENO.

The Doppler, Moderator and Isothermal Temperature Coefficients, DTC, MTC and ITC, are

respectively within 0.2, 0.4 and 0.6 pcm/F, with VERA predicting more negative values than
KENO. These results are displayed in Table 6-8 with more details on these simulations given in
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APPENDIX D. The temperature reactivity coefficient simulations is an area recommended for
further investigation since the differences observed, while small, are not insignificant.

The control rod worth results from VERA-CS and KENO are reported in Table 6-9, with
differences depicted in Figure 6-23. The rod worth prediction from VERA-CS is in outstanding
agreement with KENO for all control banks, resulting in a delta rod worth RMS of 4 pcm (0.8%).
The maximum rod worth difference is only 9 pcm, and 2.1% in terms of percentage of the rod
worth. Both gray (tungsten) and black (Ag-In-Cd) banks rod worth predictions are in excellent
agreement.

The HZP critical boron concentration and rod worth predicted by VERA-CS for the AP1000 PWR
first core are consistent with the predictions from the Westinghouse in-house core physics
package, which reinforces the confidence in a close agreement with the measured values as the
first AP1000 reactors will come on-line.

Table 6-7 HZP Reactivity Results

VERA-
KENO VERA KENO
1.00066 1.00033 -33 pcm
e [ +1pcm +1pcm
Boron Worth (pcm/ppm) -9.6 £ 0.08 -9.4 +0.2
AK w/ Thermal Expansion -120 pcm  -120 pcm
AK w/ Instrumented
Thimbles -26 pem -26 pem
Startup critical boron (ppm) 1313 1310 -3 ppm
Table 6-8 Temperature Reactivity Coefficient Results
KENO VERA VERA-
KENO
Doppler Temperature -1.54 + 0.03 -1.72 -0.18
Coefficient (DTC) pcm/F
Moderator Temperature -1.12 £ 0.04 -1.50 -0.38
Coefficient (MTC) pcm/F
Isothermal Temperature -2.66 + 0.05 -3.22 -0.56
Coefficient (ITC) pcm/F
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Table 6-9 AP1000 HZP Control Bank Worth Results

KENO VERA-CS
Bank  Material \:\rl)c::;\ AWorth AWorth

+2 pcm (pcm) (%)
MA  Tungsten 258 -1 05
MB  Tungsten 217 -5 21
MC  Tungsten 188 2 11
MD  Tungsten 234 0 0.0
M1 Ag-In-Cd 651 -4 0.6
M2 Ag-In-Cd 887 3 0.4
AO Ag-In-Cd 1635 -4 0.3
S1  Agln-cd 1079 0 0.0
S2 Ag-In-Cd 1096 9 0.8
S3  AginCd 1124 0 00
S4 Ag-In-Cd 580 -3 0.4
it 4 0.8
Max 9 21

MW Delta Worth (pcm) M Delta Worth (%)

Worth Difference (pcm, % )

S2

Figure 6-23 Delta in bank worth (in pcm and %) for VERA vs. KENO
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7 COMPUTATIONAL REQUIREMENTS

A summary of the computer resources required for performing the VERA-CS and KENO
simulations reported is given in Table 7-1. All VERA-CS calculations supporting the AP1000 PWR
core ZPPTs have been performed on the Westinghouse compute cluster. The KENO simulations
have been performed on the INL’s HPC Fission supercomputer.

As discussed, the VERA-CS calculations rely on the SPy solver and namely SPs with P3 scattering
in 23 energy groups. Using these options result in relatively low computational resources
required for 2D simulations: ~2 min on 12 cores, or ~0.4 core hours, for a 3x3 multi-lattice, ~5
min on 144 cores, or ~13 core hours, for a core radial slice with reflector. As discussed in the
previous section, the results show excellent agreement in reactivity and power distribution with
KENO, which obviously requires much larger computational resources (3,000 core hours for a
3x3 and nearly 50,000 core hours for the 2D core) but relies on fundamentally different and
more general energy and spatial treatments.

3D simulations with VERA are significantly more computationally demanding, especially if fine
axial meshes are employed, as it is required to obtain accurate 3D power distributions: a 3D
assembly with fine axial mesh structure (~500 axial meshes) results in ~ 200 times the core
hours of the corresponding lattice, the 3x3 assembly takes ~ 500 times the core hours of a 3x3
lattice and a 3D core with fine axial meshes (~250 axial layers) takes ~300 times the number of
core hours of the 2D core simulation. Furthermore, the memory requirement for 3D
simulations becomes particularly onerous: 3D core simulations with fine axial meshes require
an amount of memory beyond that available on mid-size industry cluster. The computational
times and memory requirements compound for coupled hot-full-power calculations; this makes
core cycle depletion calculations with the current VERA-CS impossible or impractical.

On the other hand, 3D HZP eigenvalue calculations, including rod worth calculations, can rely
on coarser axial mesh’. This approach enabled to perform ZPPT calculations with VERA using
the computational resources available on the Westinghouse compute cluster, resulting in a
wall-time of ~1.5 h on 320 cores. The resulting VERA predictions are in excellent agreement
with counterpart Monte Carlo calculations, requiring ~50 times the number of core-hours
employed by VERA. However, the computational time required by VERA to perform this “single
state point” calculation, which does not require criticality search iterations or thermal-hydraulic
feedback, is indicative of the impracticality of its use for coupled depletion calculations.

fThe SPy calculations presented in this report employed a 2x2 radial mesh per pin with 73 axial meshes used for
the ZPPT core calculations, resulting in total 6.0 million computational cells. In 23 energy groups, with 3 degrees of
freedom per space-energy location for the SPs (see Section 5.1.1), the resulting total number of degrees of
freedom for the AP1000 ZPPT cases is over 400 million and the number of nonzero entries in the matrix
representing the SPs operator exceeds 32 billion. The ~500 core-hours required for these calculations breaks down
in ~10% for cross sections generation by XSProc, ~30% for setup operations such as matrix and preconditioner
construction, and ~60% was spent in the SPy eigenvalue calculation. If a fine axial mesh structure with ~270 axial
cells is used, then the total number of degrees of freedom is 1.6 billions, with over 100 billion of nonzero entries in
the matrix representing the SPs; operator.
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These concerns are confirmed by the runtime performance of ~20hr on ~20,000 cores for 3D
core coupled calculation (without depletion) reported in Ref. 47. In order to perform
calculations on ~1,000 cores with ~1hr runtime per depletion step (which would translate in a
cycle depletion of a couple of days per reload: still impractical for daily reload activities, but
acceptable to obtain high-fidelity reference solutions), a ~400 reduction in computational
resources is required with respect to those currently utilized by VERA-CS.

It should be noted that the SPsP3 solver with 23-energy groups is not the only option available
in VERA-CS, and use of a lower SPy order and/or fewer number of groups to reduce the
computation resources is certainly possible. While these options can be further developed and
possibly employed in the future for cycle depletion calculations with coupling, the resulting
impact on accuracy should be ascertained. At the time of this work the SPsP3 option with 23
energy groups appeared the most reliable option for this work and has thus been employed.
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Table 7-1 Computer resources used for VERA-CS and KENO AP1000 simulations

Particles Pin Unc.  Cores Wall Core* Cores Cells Core* Wall Memory
(x1079) % # Time hours H # hours Time
2D Lattice 1.1 0.02 312 ~3.5h 1K 12 324 0.2 ~1 min <96 GB
3x3 Lattice 3 0.04 300 ~10h 3K 12 3K 0.4 ~2 min <96 GB
2D Core 25 0.06 300 ~6d 43K 144 86K 13 ~5 min <512 GB
3D Assembly 17.5 0.08 240 ~3d 17K 64 0.2M 32 30 min <512 GB
3D 3x3 25 ~0.1 180 ~6d 26K 144 1.5M 96 40 min <1.2TB
Assembly
3D Core 25 0.38 180  6.5d 28K 320 6M 05K  100min <4 TB
(Eigenvalue)
3D Core * Pow >1 1% .
. 50 Pow <1 4% 180 10.5d 45K 4,096 24M 2.3K 34 min <32TB

* VERA calculation performed on Titan OLCF since the computational resources required exceed those available on the Westinghouse’s VERA compute cluster.
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8 USABILITY OF VERA-CS

VERA-CS models are set up through VERAIN, the VERA common input. This has been found
intuitive and efficient to model commercial PWR cores with square lattice fuel assemblies.
While there are some limitations in the current modeling capabilities, there appears to be no
inherent barriers preventing future extension of the current features. The fact that through
VERAIN it has been possible to set up the first core of the AP1000 PWR, which is a fairly
complicated design with several advanced features (see Figure 4-1 through Figure 4-8), is an
important point of merit for VERA. The IFBA fuel coating is treated with good efficiency with
the 1D cross section homogenization procedure prior to the SPy calculation. Part length WABA
inserts are modeled properly. The fuel stack modeling capabilities are in general fairly
comprehensive, including the neutronically relevant structure above and below the active fuel.

The VERA “one-step” simulation approach, among other things, favors compactness and
flexibility in the input structure. One example is the input structure for the inserts (i.e., WABA,
control rods), which are set-up independently from the fuel assembly where they are inserted.
Westinghouse has successfully modeled another commercial PWR (a 2-loop core), in addition to
the AP1000 PWR core, using VERA. The resulting modeling effort was quite modest, amounting
to a few hours.

In general, the average core designer will find setting up simulations for VERA a relatively easy
effort, especially if provided with representative sample input decks.

The main limitations in the current VERA modeling capabilities noted as part of this work are:

e no automatic thermal expansion of fuel and structure from cold to hot conditions
e reflector model limited to a “jagged” (e.g. baffle-like) structure surrounded by water
e no provision for direct assignment of material number densities to a given cell

Thermal expansion is an important phenomenon which impacts reactivity and power
distribution®. The reactivity bias for the lack of thermal expansion has been calculated here
using Westinghouse in-house codes, but a systematic treatment going forward is needed for
VERA. The power distribution comparisons presented for VERA vs. KENO are appropriate since
both codes adopt a consistent assumption, i.e. cold dimensions; on the other hand, this is not
realistic when comparing to measurements, and inappropriate for comparison to typical
industrial simulators modeling thermal expansion.

The reflector modeling capability, currently limited to an axially-uniform baffle surrounded by
water, leads to some inaccuracies for reflectors with additional or different structure and
higher degree axial heterogeneity, as is the case for the AP1000 PWR. While the impact on
reactivity may be minor, the impact on power distribution, especially for the outermost

& For instance, the inter-assembly gap typically becomes narrower as a result of thermal expansion, which has a
significant impact on the pin power of the peripheral pins of an assembly, especially the corner pin.
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peripheral assemblies and pins, can be significant. This is discussed in more detail in APPENDIX
B. Notably, for smaller cores, proper reflector modeling capabilities are likely more important.

Materials are specified in VERA with the aid of an HDF5 material composition file, which is
essentially a library that is linked through an input card and contains a list of elements (e.g. Zr,
B, etc.) and typical mixtures (e.g. Zircaloy, Pyrex etc.) used in LWR cores, together with their
isotopic composition and atomic mass. The HDF5 material composition file can also be edited
and customized, for instance an AP1000 PWR-specific file was created to include materials such
as Zirlo and IFBA. This is convenient as it allows the user to specify the materials for the various
elements (e.g. fuel cladding, inserts etc.) by assigning the material type in the input (e.g. “Zirlo”
or “WABA”) thus keeping the user input file simple and concise. One drawback is that the HDF5
file is not easy to modify using typical HD5 file editing tools, and an easier way for users to
create and/or modify this file would be an asset.

Based on the user’s material type specification and using the HDF5 material composition file
linked, VERA automatically calculates number densities for the neutronic calculation. This is
convenient for typical engineering analysis, and a similar process is used in typical core
simulators. However, there is currently no provision in VERA to directly input number densities
for a given structure, which is preferable when number densities are pre-assigned or pre-
calculated (e.g. benchmarks). For instance for this analysis, number densities generated using
Westinghouse in-house codes had been pre-calculated, but could not be directly assigned in
VERA as desired to ensure consistency among the models. As a workaround, the HDF5 material
composition file had to be manually modified in conjunction with adjusting the material density
in the input to approximate the desired isotopic number density, which resulted in a time
consuming and error prone activity. It is thus recommended that a provision to directly input
number densities be implemented in VERA.

Other limitations in VERA-CS modeling capabilities that might arise as fuel geometries are
extended to other arrays than typical square-pitch fuel assemblies have not been encountered
here, but should be kept in mind for other potential industrial applications.

In terms of execution, VERA-CS simulations are run via a short shell script launched from the
terminal window. This is not unlike other core simulators, including industrial ones.
Westinghouse has not found this process particularly challenging, or a priority for
improvement.

At the end of a VERA simulation, the resulting eigenvalue and pin power distribution are
available in an HDFS5 file, while the only ASCII output provided with the SPy solver is a short log
file providing summary information on the execution.

The HDFS5 file generated by VERA can be post-processed to extract the relevant information.
CASL has developed scripts for the HDF5 file post-processing that can be used to generate
“SILO” files for visualization of results and model information with the Vislt visualization tool
(Ref. 14). Other utilities have been developed for code to code power distribution comparisons
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which can also be used for visualization with Vislt. These scripts have been used for this work
and in general were found convenient to use, though additional efforts to systematize this
process should be invested in the future.

Furthermore, an ASCIl output file with the information characterizing the simulation
performed, including the results obtained, and visualization of the model used in the simulation
should be provided alongside VERA’s execution for immediate interrogation by the user.
Verification from the user of the model input to VERA-CS beforehand is particularly important
to avoid performing computationally burdensome calculations using the wrong model, beside
for QA reasons.

VERA-CS execution through the SPy solver was found very robust and stable. There have been
no instances to report where a calculation failed to converge, or converged to an unphysical
result. This is a very positive behavior indicating the maturity of the solver used and the high
quality of the software implementation.

There have been instances of failed executions due to lack of enough memory to perform the
calculation attempted. For the user determining the amount of needed memory is currently a
“trial and error” process. In general, the memory requirements for 3D core calculations are
impractical for execution of VERA-CS on a mid-size (~1,000 cores) cluster, as already reported in
Section 7.

The user manuals currently supporting VERA-CS are inadequate if not absent. Efforts should be
made to systematically document the options available and the methods employed for the
various components, especially considering the needs and potential support requests of a wider
user community. It should be remarked that for the Westinghouse Test Stand CASL developers
have always been available for providing support to the code build, execution, and post-
processing.

Some improvements could be made in the code-specific input section of the manual, especially
given the current lack of detailed information explaining the various calculation options
available for the codes. In this area the importance of providing appropriate defaults as well as
specific examples cannot be overemphasized.

It should also be pointed out that there is a significant validation effort entailed in using VERA-
CS, especially at this stage of the development as confidence in its prediction capabilities is
being built. In particular, for this work, the validation of the VERA-CS results with independent
KENO Monte Carlo simulations has been fundamental to enhance the confidence in the results
obtained, even more so due to the absence of measurements for the simulations performed.h

h It is worthwhile noting that CASL is developing its own Monte Carlo capability with the SHIFT code, which might
facilitate future validation efforts due to massively parallel execution capabilities and reliance on the practicality of
the VERA common input for model setup. The application of SHIFT to the AP1000 PWR core simulations is ongoing
and will be documented in the future.
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In summary, at the current state, VERA-CS has been found convenient to use by the average
engineer after an initial, reasonably short, learning period and with support from CASL to
overcome contingent issues. Improvements in terms of features, documentation, build
process, and 1/O (listed in decreasing order of priority, as perceived by the authors) could
certainly be made but due to ongoing developments within constrained resources, these
improvements should not be considered urgent as they have not been an impediment to
performing simulations for the Test Stand. Priority should be given to implement thermal
expansion and improve the reflector modeling capabilities to enable realistic hot-full-power
simulations.

As a final remark on VERA’s usability, a substantial reduction of the computational resources
(memory, compute cores and wall-time) is the paramount next step to allow industrial use of
VERA-CS. Practical capabilities for cycle depletion with coupling are uttermost priorities for
industrial application of VERA-CS.
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9 CONCLUSIONS

Westinghouse has successfully performed simulations of the zero power physics tests for its
state-of-the-art AP1000 PWR using VERA-CS. The AP1000 reactor features an advanced first
core with radial and axial heterogeneities, IFBA and WABA burnable absorbers, enrichments
from natural U to 4.8 w/o %*°U, and a combination of light tungsten control banks and heavy,
Ag-In-Cd control banks to perform the MSHIM advanced operational strategy.

All VERA simulations reported have been performed by Westinghouse personnel on a VERA
build installed on a dedicated Westinghouse compute cluster. A positive resolution of some
initial challenges in building VERA has been attained thanks to a dedicated effort from CASL and
Westinghouse personnel. This has resulted in a streamlined process developed for building
VERA on external platforms which has been documented and is now available for future
deployments. The VERA build at Westinghouse is fully operational, and it has been successfully
updated and ported to different computer systems.

In performing the Test Stand simulations, Westinghouse has observed an impressive agreement
between VERA and KENO, used to provide the reference numerical results, for its AP1000 PWR
first core.

In particular, the AP1000 PWR HZP critical boron concentration predicted by VERA for the start-
up core is within 3 ppm of the KENO prediction. The RMS in the delta rod worth prediction is 4
pcm, with a maximum difference of 9 pcm, across the eleven control banks of the AP1000 PWR.
The delta in differential boron worth is 0.2 pcm/ppm. The deltas in Doppler, Moderator and
Isothermal Temperature Coefficients, DTC, MTC and ITC, are respectively less than 0.2, 0.4 and
0.6 pcm/F.

The results of the ZPPT simulations from VERA are consistent with Westinghouse predictions
using in-house core physics tools and licensed methods. This reinforces the confidence in the
Westinghouse prediction for the start-up tests, as several AP1000 units will soon begin
operation, and provides a clear example of application of CASL technology that has proved
beneficial to the nuclear industry.

VERA is in notable agreement with KENO also in terms of power distribution prediction.
Throughout simulations including radial core slices and 3D multi-assembly with partially
inserted control rod banks, the delta power RMS for VERA vs. KENO has kept well below 1%,
with the delta power at the hot spot also consistently below 1%. The high-quality benchmark
scenarios generated alongside this activity can be utilized for code comparison and methods
development at the industry, and constitute another valuable asset of the Test Stand.

In terms of practicality of use, the VERA input system, VERAIN, has been found to provide a
practical, effective and reasonably comprehensive interface to set up simulations of
commercial PWR cores. With VERAIN, it has been possible to implement a core model of the
complexity of the AP1000 PWR core in a convenient ASCII format using a common input deck.

Westinghouse Non-Proprietary Class 3 82 WESflnghOUSE



MT-14-12 Westinghouse VERA Test Stand - Zero Power Physics Test Simulations for the AP1000® PWR

Areas of improvement concern features development, 1&0, post-processing and user’s manual,
with specific recommendations given in Section 8. None of these issues are an impediment to
perform Test-Stand type of simulations but should be addressed before wider release of VERA
to the industrial community.

Code execution has been found robust and stable, indicative of the high quality of the solvers
used and the software implementation.

The major concern at the current state regards the computational performance. Cycle
depletion calculations on industry mid-size clusters with VERA-CS are impractical due to
excessive wall-time and memory requirements. Due to the uttermost relevance of these
calculations to the industrial community, it is now of the highest priority for CASL to tackle and
attain a substantial reduction in the computational burden of VERA, without deteriorating the
excellent prediction capabilities observed through this activity.

As a final consideration, the Westinghouse Test Stand has been a markedly positive experience
providing tangible reciprocal value to the organizations involved. The advanced simulation
application selected proved pertinent and engaging, showing the potential benefits, and
current limitations, of using higher-fidelity core physics tool to obtain reliable reference
solutions for challenging simulation scenarios.

The enthusiasm and dedication offered by the many people involved, from Westinghouse as
well as CASL, is acknowledged as a testimony of their dedication and engagement, and has
been a key contributor to the success of the Westinghouse Test Stand.
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APPENDIXA CE KENO-VI SIMULATIONS

The following gives more details on the KENO simulations supporting the reference results
documented in Section 6. In particular, the 2D lattices and multi-lattice, 2D Core, 3D assembly
and multi-assembly and 3D core KENO models for the AP1000 PWR core and main simulation
parameters are described.

A.l 2D Lattices'

CE KENO-VI models were created for every unique fuel lattice characterizing the AP1000 PWR
startup core (a total of 20 lattices). Additionally several controlled lattices and some at higher
fuel temperatures were generated but these are not included in this report. The lattice models
were generated with quarter symmetry and reflecting boundary conditions. Table A-1 provides
some representative information on the lattice models. A depiction of the KENO model for a
sample lattice, specifically Reg. 5A with 88 IFBA and 4 WABA, is shown in Figure A-1.

U-235@4.8
U-235@4.8 IFBA Rod
No IFBA Rod
Guide
Thimble
WABA
U-235@4.4 Rod
No IFBARod —___ .O..@’ _— O
U-235@4.4 ' : U-235@4.0
IFBA Rod

0000000 C
U-235@4.0
DOOCO0O0000 G

Figure A-1 Example 2D Lattice Model for KENO-VI (Reg. 5A)

(see Figure 4-3)

'Results discussed in Section 6.1
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Table A-1 Representative 2D Lattice Monte Carlo Parameters

Total # Particles

# Particles / Generation

# Generations

# Skipped Generations

# Cores
Memory / Core
Runtime

Eigenvalue Uncertainty

Average Pin Power
Uncertainty

Maximum Pin Power Uncertainty

1le9
leb
1100
100
312
2.7 GB
3.5 hours
<t 3 pcm

+0.025%
+0.030%

A.2 2D Multi-Lattice’

Multi-lattice simulations representing the center nine assemblies (3x3) in the AP1000 PWR core
at the axial midplane have been performed. The central location was either uncontrolled or

controlled with standard (Ag-In-Cd) or gray (tungsten) control rods.

These cases represent

challenging scenarios due to the presence of control rod and the interaction between fuel rods
of neighboring lattices, which have significantly different enrichment and may experience

marked power gradients.

Like the single lattices, advantage is taken for quarter and octant

symmetry. A depiction of the KENO model for a controlled multi-lattice is shown in Figure A-2,
with representative parameters of the KENO simulation given in Table A-2.

Table A-2 Representative 2D 3x3 Multi-Lattice Monte Carlo Parameters

Total # Particles
# Particles / Generation
# Generations
# Skipped Generations
# Cores
Memory / Core
Runtime

Eigenvalue Uncertainty
Average Pin Power
Uncertainty
Maximum Pin Power
Uncertainty

3.2e9
2eb
1600
200
300
3.2GB
11 hours
<t 2pcm

+0.04%

+0.09%

T Results discussed in Section 6.2
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Reg. 4
Control Rodlet : U-235@3.4/3.8/4.2
: 68 IFBA+12 WABA
Reg. 2 /
U-235@1.58

NO BA (Controlled)

\

Reg. 4
U-235@3.4/3.8/4.2
68 IFBA+12 WABA

Reg. 2
U-235@1.58

/NOBA

[ JOX JOX JOX JOX JOX JOX JOX JOX Y Y X X X X Y )

Figure A-2 2D Multi-Lattice Model for KENO-VI
(Controlled, Reg. 2 & 4 - see Figure 4-2 and Figure 6-3)

A.3 2D Core*

The KENO 2D core models provide realistic radial power distributions with adequate
uncertainty for pin power distribution comparison with VERA-CS solution. The fuel region for
the 2D core model reproduces a radial slice of the AP1000 PWR core at the axial mid-plane.
Several versions of the 2D core were executed to determine the significance of several radial
reflector treatments, as described in APPENDIX B. For consistent comparison to VERA-CS, a 1-
inch baffle model is used, as shown in Figure A-3. Table A-3 summarizes the representative
parameters of the KENO simulation.

¥ Results discussed in Section 6.3
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Figure A-3 KENO 2D Core Model
(quarter symmetry)
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Table A-3 2D Core Monte Carlo Parameters

Total # Particles 25e9
# Particles / Generation 5e6
# Generations 5000
# Skipped Generations 500
# Cores 300
Memory / Core 5.3GB
Runtime 6 days
Eigenvalue Uncertainty <+ 0.5 pcm
it
Maximum Pin Power Power <1.0: £ 0.28%
Uncertainty (by Power) Power > 1.0: + 0.08%

A.4 3D Single AssemblyI

KENO models for each of the seven assembly types (five regions with three poison
configurations in the fifth region) characterizing the AP1000 PWR startup core were created.
These simulations provide the reference solutions for 3D power distribution comparisons
against VERA-CS, including the impact of axial leakage, axial blankets, and spacer grids. The fuel
stack region above and below the active fuel is fairly detailed in the KENO models, as discussed
in Section 5.3. Outside of the fuel rod region, the nozzles and core plates are homogenized
with the coolant. Vacuum boundary conditions are assumed outside the core plates. This
detailed fuel stack model provides an excellent numerical reference solution for comparison to
deterministic codes that typically rely on simplified geometrical model outside of the active
fuel. Furthermore, the 3D effects of the grids are appropriately taken into account by KENO
with the semi-explicit spacer grid models, thereby also providing a valuable reference for
comparison to deterministic approaches. The semi-explicit spacer grid KENO model adopted
has been discussed in Section 5.3; an example is shown in Figure 5-1.

The coolant conditions and boron concentrations for the single assemblies were provided by
Westinghouse using in-house core methods to predict near-critical conditions. This reduces the
significance of the critical buckling correction when comparing results to typical core
simulators. The natural assembly is sub-critical even without soluble boron, which has thus
been assumed in this case. Control rods have not been modeled in the single assembly
calculations, but thimble plugs have been included in the top portion of the unused guide tubes
as appropriate.

The axial meshing used for the fission reaction rate tallies was consistent between KENO and
VERA. Namely, a 49-level mesh structure (in the fuel) was chosen based on actual material

'Results discussed in Section 6.4
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boundaries, e.g. axial blankets, grid spacers, dashpot, WABA, and fully inserted control rod
elevations. A maximum mesh size of 4.5-inch was allowed between material boundaries. Each
spacer grid is encompassed by a dedicated mesh. The tally mesh is fixed for all 3D problems to
ensure consistency between simulation results.

Note that three variations of Reg. 3 assembly (3.2% - no IFBA) were created, with and without
the spacer grids and without the regions outside of the fuel stack to perform this sensitivity
study have been reported in Table 6-4.

Figure A-4 depicts the KENO model for one of the seven assemblies modeled, and specifically
Reg. 4 fuel stack, featuring 68 IFBA rods with 8 “long” WABA inserts and 4 “short” WABA inserts
(see Figure 4-2 and Figure 4-7). Table A-4 summarizes the representative parameters of 3D
assembly KENO simulations.

Table A-4 Representative 3D Single Assembly Monte Carlo Parameters

Total # Particles 17.5e9
# Particles / Generation 5e6
# Generations 3500
# Skipped Generations 500
# Cores 240
Memory / Core 5.3 GB
Runtime 3 days
Eigenvalue Uncertainty <+ 0.7 pcm
it
Maximum Pin Power Power<1.0:£0.21%
Uncertainty (by Power) Power >1.0: £ 0.12%
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Hold-down Figure A-4 3D Assembly Model for KENO-VI - Region 4
spring Top Plenum (not shown to scale — axial slice at y=0; quarter lsymmetry) .
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A.5 3D 3x3 Multi-Assembly with Control Rod™

The KENO 3D 3x3 multi-assembly model depicted in Figure A-5 allows simulation of the center
nine assemblies of the AP1000 PWR core. The axial geometry is the same as the corresponding
3D assembly cases (Reg. 2 and Reg. 4) and the radial geometry is consistent with the 2D multi-
lattice case in Section A.2. Quarter symmetry is utilized.

This model allows capturing the interactions of the different pins at the assembly interfaces, as
for the corresponding 2D multi-lattice case. Moreover, the three-dimensional impact of spacer
grids, WABA rods and especially control rod insertion are captured.

The Ag-In-Cd AO control rod bank is partially inserted into the center assembly in such a way to
generate a neutral axial offset. This is similar in functionality and placement to the AO bank
during normal operation. The soluble boron in the coolant has been adjusted to obtain
approximate criticality. The thimble plugs and the tips of the S1 control bank, which is placed
on the adjacent assembly on the 3x3 diagonal (see Figure 4-8), are also modeled. These are
located, axially, in the fuel rod top plenum region.

The extent of this model is approaching the limits for obtaining 3D KENO power distribution
with adequate statistics for comparison to deterministic codes. Due to these challenges, only
one KENO 3D 3x3 assembly case has been executed. The main Monte-Carlo parameters for this
simulation are given in Table A-5.

Table A-5 3D 3x3 Multi-Assembly Monte Carlo Parameters

Total # Particles 50e9
# Particles / Generation 5e6
# Generations 10,000
# Skipped Generations 500
# Cores 240
Memory / Core 5.3GB
Runtime 9.1 days
Eigenvalue Uncertainty <+ 0.3 pcm
e
Maximum Pin Power Power <1.0:£0.31%
Uncertainty (by Power) Power > 1.0: £ 0.20%

™ Results discussed in Section 6.5
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A.6 3D Quarter Core Zero Power Physics Tests"

The KENO models supporting the AP1000 PWR core ZPPTs simulations are depicted in Figure
6-24. The reflector model employed is highlighted in Figure A-6 and Figure A-7. The KENO
reflector model employed for the 3D ZPPT simulations is a more accurate 3D representation of
the AP1000 PWR reflector compared to the VERA-CS model, which consists of an axially
uniform

1-inch thick baffle surrounded by water®. The impact of the various additional reflector
components (e.g. shroud rings, neutron pads, etc.) on eigenvalue and power distribution is
discussed in the sensitivity studies reported in APPENDIX B and APPENDIX C".

Isothermal conditions at 565K with a soluble boron concentration of 1321 ppm (natural boron
with '°B isotopic abundance of 19.9 at%) have been assumed for the startup, consistent with
the values reported in Ref. 1. The KENO models supporting the ZPPT simulations have been
executed on the INL supercomputer Fission, with more details on the simulations performed
given below. Note that each case is a 3D core Monte Carlo simulation.

1. All-Rods-Out Criticality (2 Cases)
a. Reference All-Rods-Out Geometry, no instrumentation
b. Same as la with in-core instrumentation thimbles inserted to calculate
instrumentation reactivity worth
c. Same as la with simplified reflector for sensitivity analysis

2. Control Bank Reactivity Worth (11 Cases)
a. Same as 1a but with each of the eleven control rod banks fully inserted

3. Differential Boron Reactivity Worth (1 Case)
a. Same as la but with reduced soluble boron concentration to establish boron
reactivity worth

4. Temperature Reactivity Coefficient (14)
a. Same as la with various fuel and moderator temperatures and moderator
densities to calculate ITC, MTC and DTC (see APPENDIX D)

5. MSHIM-type Control Rod Pattern
a. Same as 1la with control banks AO inserted at 226 steps, MA fully inserted and
MB at 88 steps withdrawn
b. Same as 1a but with simplified reflector for sensitivity analysis

" Results discussed in Section 6.6

° Note that a consistent, 1-inch thick baffle reflector, is used in the KENO model supporting 2D core power
distribution comparisons vs. VERA, as shown in Figure A-3

P These KENO sensitivity studies also allowed to determine an eigenvalue bias to apply to the VERA ZPPT results to
compensate for the approximate reflector model employed
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The AP1000 PWR core ZPPT KENO simulations above required a total of nearly 235,000 CPU-
hours to be executed, or approximately 40 days of wall-time with an average of 250 cores
usage. This entailed a significant human effort, beside computer’s usage, with the intent of
establishing a solid numerical reference for this work.

Most of these cases have been simulated with a number of particles adequate to establish
reliable eigenvalue results. A higher number of particles have been employed in selected cases
to reduce the coarse-mesh power distribution statistical uncertainty to enable meaningful
comparison to deterministic codes at selected locations (e.g. assembly power, high-power fuel
rods)?. Representative Monte-Carlo parameters employed for these calculations are reported
in Table A-6.

The KENO ZPPT results are summarized in Table A-7, including various adjustments described in
the footnotes. The KENO ZPPT results are also reported in Table 6-7 and Table 6-9 in the
“Results” Section of this report.

Table A-6 Representative 3D Core Monte Carlo Parameters

Parameter Eigenvalue Only Eigenvalue & Power
Total # Particles 5e9 50e9
# Particles / Generation 5e6 5e6
# Generations 1000 10000
# Skipped Generations 250 500
# Cores 180 180
Memory / Core 10.7 GB 10.7 GB
Runtime 28 hours 10.3 days
Eigenvalue Uncertainty <t 1.5 pcm <+0.4 pcm
A"elrja:‘g;rt':i:;wer +0.97% £0.27%
Maximum Pin Power Power < 1.0: £ 14.29% Power < 1.0: £ 3.39%
Uncertainty (by Power) Power >1.0:+ 3.12% Power > 1.0: + 0.86%

9 Obtaining fine-mesh low-uncertainty 3D core power distribution with the current KENO is impractical.
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Table A-7 CE KENO-VI ZPPT Results for First AP1000 Startup

Physics Parameter Result
Criticality
Eigenvalue @ 1321 ppmBt 0.99920 + 0.00001
Critical Boron (ppm)t 1313+ 1

Control Bank Worths

MA (Grey) 258+ 2
MB (Grey) 2172
MC (Grey) 188+ 2
MD (Grey) 2342
M1 (Black) 651 + 2
M2 (Black) 887 +2
AO (Black) 1635+ 2
s1 (Black) 1079 + 2
s2 (Black) 1096 + 2
S3 (Black) 1124 + 2
S4 (Black) 580+2
Differential Boron Worth (pcm/ppm) -9.56 £ 0.08

Temperature Reactivity Coefficients

MTC (pcm/F) -1.12 + 0.04F
DTC (pcm/F) -1.54 + 0.03°
ITC (pcm/F) -2.66 + 0.05F

tCriticality results are corrected for the following items:

1. -120 pcm for thermal expansion, provided by Westinghouse

2. -26 pcm to account for the presence of the in-core instrumentation thimbles calculated

by KENO. The uncertainty in this value is approximately 2 pcm.

3. -18 pcm calculated by KENO to compensate for the fact that the S(a,[) cross section for
the H-1 isotope present in the CE data libraries used are at 550K instead of the 565 HZP
temperature . This bias has been calculated separately as part of the ITC calculations
documented in APPENDIX D. The uncertainty in this value is approximately 2 pcm.

¥The temperature coefficient uncertainties are estimated by propagation of KENO

eigenvalue uncertainties through the coefficient calculation using an independent
Monte Carlo sampling procedure.
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Shroud Ring

Figure A-6 KENO ZPPT Core Model (1 of 2)
(quarter core, radial view)
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Figure A-7 KENO ZPPT Core Model (2 of 2)
(axial view and radial views, quarter core)
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Figure A-8 Visualization of 3D Fission Distribution from KENO-VI
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APPENDIXB RADIAL REFLECTOR SENSITIVITY STUDY

A sensitivity analysis on the reflector model has been carried out taking advantage of KENO
general geometry modeling capabilities. In particular, 2D KENO core simulations relying on
same fuel region but increasingly complex radial reflector structure have been performed to
assess the impact of various reflector components on the eigenvalue and power distribution.
These simulations are described below and shown in Figure B-1.

The reflector model currently featured in VERA-CS is represented by “Case 2”, while “Case 3”
and “Case 4” emulate the AP1000 PWR reflector at axial planes without and with shroud rings.
The results from these simulations helps establish reactivity biases for core calculations with
the current VERA-CS reflector model. Case 2 is also the proper model to undertake consistent
power distribution comparisons with the corresponding VERA-CS model reported in Section 6.3.

Case 1: No baffle is present; an assembly pitch thickness of moderator surrounds the
jagged core boundary, followed by void and vacuum (non-reentrant) boundaries.

Case 2: 1-inch baffle model; a 1-inch thick solid stainless steel baffle is added to Case #1.
This model is consistent with the VERA-CS reflector modeling capability, and it has
thus been used as basis to establish biases and sensitivities.

Case 3: Full reflector model; the core barrel, neutron pads, and vessel are added to Case
#2. A vacuum boundary is placed outside the cylindrical vessel. This model
represents the reflector structure for axial regions without a shroud ring (see also
Figure A-7, Figure 4-9 and Figure 4-10).

Case 4: Shroud ring model; a shroud ring, inside the core barrel, is added to Case #3. This
model represents the reflector in the axial regions featuring shroud rings (see also
Figure A-7, Figure 4-9 and Figure 4-10). The results can be used to quantify the
radial effects of the shroud rings on the local peripheral pin power distribution.

Each of these models was executed with CE KENO-VI using quarter symmetry and Monte-Carlo
parameters as reported in Table A-3. The effects of the various reflector components are
summarized in Table B-1.

The impact on pin power of each reflector component is illustrated in Figure B-2 through

Figure B-4. For each case, two images are provided. The top image gives the distribution of
absolute pin power differences, in percent. The bottom image gives the distribution of pin
power relative differences (absolute divided by pin power), in percent. For the latter, the scales
are divided into two ranges, the first for fuel rods above a relative power of 0.8 (color scale),
and the second for pins below 0.8 (gray scale). This subdivision helps discriminating low-power
lower-importance locations from locations of higher power and importance. The minimum and
maximum relative differences for each distribution are shown in the respective legends.
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Case 1: No Bdffle Case 2: Bdffle

Shroud Ring

Case 3: Full Reflector Case 4: Shroud Ring
Figure B-1 KENO 2D Core Radial Reflector Models

While the estimated uncertainty in the pin power calculation varies depending on the fuel rod
location and power, and average pin power uncertainty of ~0.06%, and a maximum pin power
uncertainty of ~0.3% (occurring on the outermost fuel rod in the natural uranium assemblies)
has been estimated for this set of calculations.

The comparison of Case 2 (1-inch baffle plus water) with Case 1 (all water) is given for
illustrative purpose; it shows that trading water for steel immediately outside of the core
reduces thermalized neutrons backscattering into the core. This especially impacts the
peripheral rods of 3.2 w/o 2*°U assemblies, given the higher thermal fission cross-section
compared to natural U assemblies, and even more so around the 45 degree symmetry line,
where there is a higher likelihood of neutrons crossing from one assembly to the other after
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being thermalized (Figure B-2, top image). On the other hand, the presence of a baffle stainless
steel improves fast neutron backscattering into the core, which is shown in Figure B-2, bottom
image. The net effect of these compensating effects on reactivity is a ~¥35 pcm reduction in
reactivity for the 1-inch baffle reflector compared to a hypothetical “all water” reflector.
Introducing additional steel (Case 3 and Case 4) further improves fast neutrons backscattering,
but the net effect is still a slight reactivity reduction (~25 pcm) compared to an “all water”
reflector (see top row of in Table B-1).

Comparison of the more refined Case 3 and Case 4 reflector models with the simpler Case 2
baffle reflector implemented in VERA-CS indicates a very small reactivity bias (~<-10 pcm )
fostered by the latter, compared to the more faithful representations of the AP1000 PWR
reflector of Case 3 and 4. While the impact on reactivity is small and virtually negligible, at least
for static (no depletion) calculations, the impact on the power distribution, especially following
the introduction of the shroud ring (Case 4) is not insignificant. This is explained by the shroud
ring placement, intermediate between the water region after the baffle and the barrel, not too
close to the core to significantly detract from neutron thermalization backscattering but not too
far to only marginally improve fast neutron backscattering. The resulting impact on the power
distribution is visible in Figure B-4; this amounts to a ~0.6% RMS in absolute delta assembly
power between Case 4 and Case 2, with a ~¥2.5% maximum delta assembly power, occurring in
the low power assembly on the “flat” portion of the core periphery. While still modest, the
magnitude of these differences suggest that a more general reflector model in VERA-CS,
potentially including a provision for modeling radial structural rings in addition to the current
baffle reflector region, would be opportune.

Table B-1 Incremental Differences in 2D Core Models From Case to Case

Case 2-1: Case 3-2: Case 4-2: Case 4-3:
Parameter’ Baffle vs. Full w/o Ring | Full w/ Ring shroud Ri|:\
No Baffle vs. Baffle vs. Baffle g
Change in Eigenvalue 3441 341 9+1 741
(pcm)
Pin Power RMS (%)
(absolute/relative) 3.45/6.73 0.19/0.51 0.59/1.47 0.42 /0.96
Peak Pin Power
Difference (%) 41.7 /56.3 1.11/4.99 3.29/10.23 | 2.38/6.33
(absolute/relative)
Assembly Power RMS (%)
(absolute/relative) 1.34/1.95 0.17/0.31 0.57/0.99 0.40/0.68
Peak Assembly Power
Difference (%) 4.63 /5.46 0.74/1.10 2.44 /3.64 1.70/2.51
(absolute/relative)

T Absolute pin power difference ( Case_B — Case_A )x100 and relative pin power difference ( Case_B —
Case_A)/Case_Ax100 are both provided since the dominating effects are typically from peripheral low-

power pins.
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Figure B-2 Radial Pin Power Effects of the Baffle
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APPENDIXC AXIAL REFLECTOR SENSITIVITY STUDY

The AP1000 PWR core support structure utilizes six shroud rings approximately equally spaced
axially and slightly offset toward the bottom of the core. The height of each ring is roughly
equal to the space between rings. These rings can be observed in the axial cut of the KENO
model shown in Figure C-1 (“Explicit” ring KENO model on the left of Figure C-1), with reference
to Figure 4-10 for the shroud isometric view.

The axial heterogeneity introduced by these rings leads to a bias with respect to the axially
uniform reflector model currently supported by VERA". A sensitivity study was thus performed
using KENO to quantify the error of modeling the rings as axially homogeneous, by smearing
the explicit reflector into a uniform ring which preserves the structural material of the explicit
reflector model. The results of this study can inform on the errors associated with an axially
uniform reflector implementation®.

For this study, the 3D KENO results for the explicit and smeared reflector models have been
compared in detail. The reference case is the explicit rings model. This has been used in the
ZPPT simulations presented in the “Results” Section of this document. The comparison case is
the smeared reflector model in which the six shroud rings are smeared into an axially uniform
cylinder with same radii as the original rings but extending for the entire active fuel region.
Note that the structural material of the explicit model is preserved in the smeared model by
artificially reducing the density of the reflector material, approximately in half given the roughly
twofold increase in volume of the smeared model. These models are depicted in Figure C-1.

The Monte-Carlo parameters for these KENO simulations are shown in Table C-1. A large
number of particles are employed to reduce the statistical uncertainty on the power
distribution. While the pin power uncertainty is relative high, the uncertainty in the assembly
powers and average axial power shape are adequate for making coarse-mesh comparisons
between the smeared and explicit model. Note that the core configuration modeled has
several control banks inserted to produce a near-neutral axial offset, thus facilitating axial
power shape comparisons. Namely the AO bank is partially inserted in the top of the core, the
MA bank is fully inserted and the MB bank is partially inserted in the top of the core.

" This is in addition to the bias caused by the current limitation in VERA of modeling only a baffle-type reflector
structure radially, which has been discussed in APPENDIX B.
* Typical industrial core simulators are also limited to an axially uniform reflector model.
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Table C-1 3D Shroud Ring Analysis Monte Carlo Parameters

Total # Particles 25e9
# Particles / Generation 5e6
# Generations 5000
# Skipped Generations 500
# Cores 180
Memory / Core 10.7 GB
Runtime 6.5 days
Eigenvalue Uncertainty <+ 0.5 pcm
Average Pin Power Uncertainty 1+ 0.39%
Maximum Pin Power Uncertainty Power < 1.0: £ 4.66%
(by Power) Power > 1.0: £ 1.25%
Max Assembly Power Uncertainty +0.14%

The eigenvalues and delta assembly powers for the smeared vs. explicit model are summarized
below, and depicted in Figure C-1 through Figure C-3. Specifically, the absolute delta power in %
is compared: (Psm-Pex)*100, with a positive difference indicating an increase in power when
using the smeared vs. the explicit model.

e The core reactivity is essentially equivalent for the two models, within the eigenvalue
uncertainty of the calculations (0.3 + 0.7 pcm).

e The axial offset difference is -0.15%. The RMS difference in axial power (integrated on
the radial planes) is 0.2%; the maximum % difference in axial power is 0.4%.

e The maximum axially-integrated assembly power difference is 0.2%. See Figure C-3.

e The 3D assembly power RMS difference is 0.2%, with a maximum % difference of 0.7%.
The largest differences occur in the peripheral assemblies in proximity of the shroud
rings in the explicit model, as expected. See Figure C-4.

e While generally the impact on assembly power does not propagate significantly towards
the inner higher-power assemblies, this is not true for the top shroud ring, where the
MB peripheral control rod bank is partially inserted, and the bottom of the core without
shroud ring in the explicit model, which could be due to power rebalancing effects in
conjunction with the effect of the control banks. The impact of statistical noise on the
comparison should also not be excluded.

In summary, these studies indicate that an axially heterogeneous reflector modeling capability
in VERA-CS is not urgent but should be considered as part of future improvements especially for
non-standard reflector models and advanced reactor operation (with insertion of control banks
during operation).
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Figure C-1 Axially Smeared Shroud Ring Model
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APPENDIXD KENO ISOTHERMAL TEMPERATURE COEFFICIENT

The HZP ARO isothermal temperature coefficient (ITC) has been estimated for the AP1000 PWR
core using the detailed CE KENO-VI model described in Section 5.3. However, due to the direct
approach to using the continuous energy cross section data, KENO cannot easily implement the
cross section perturbation approach which is typically employed in industry codes for these
types of calculations. Furthermore, the stochastic nature of the Monte Carlo method can result
in substantial errors for calculations based on small reactivity changes, if the estimated
uncertainty in reactivity represents a significant fraction of the actual reactivity change.

Two main limitations in the current KENO version complicate its use for this type of calculation.
First, no temperature interpolation or Doppler broadening is performed’. The AMPX data is
provided and used directly in the transport calculation. Libraries exist at 565K (the HZP
temperature) and 600K, but intermediate temperatures needed for the temperature
perturbations (4F to 5K) are not available; in addition, the reactivity trends between 565K and
600K are not necessarily indicative of the trend from small temperature changes.

The second current limitation regards the availability and current use of S(a,B) continuous
energy neutron scattering data for the H-1 isotope. The current ENDF/B-VII.O data includes this
data only at 550K and 600K (and other 50K increments), and KENO performs no interpolation,
but rather applies the value available in the library at the nearest temperature input in the
model. In addition, KENO does not permit different temperatures in isotopes belonging to the
same composition (e.g. H-1 and 0-16). For these reasons, it is not possible to perform a small
moderator temperature perturbation at 565K and, as will be shown, this effect can be
significant.

In order to overcome these limitations, the following methodology was utilized for this analysis:

e A new development KENO version has been provided by the ORNL SCALE team which
permitted setting the temperature of individual isotopes (mainly H-1) uniquely from
other isotopes and compositions. This has been accomplished by manipulation of the
cross section data files.

e New Doppler-broadened CE libraries have been created and provided by the ORNL
SCALE team at temperatures between 550K and 580K, at 5K increments (six additional
libraries). These libraries were generated with AMPX consistent with the methods
employed to generate the 565K and 600K library. Note that the S(a,B) data for these
libraries remained at either 550K or 600K, depending on which was closest to the library
temperature.

e The ITC calculation has been split in three individual simulations, and the results later
combined. These three simulations are described below: a Moderator Temperature-
Only Coefficient, a Moderator Density Coefficient (MDC) and a Doppler Temperature
Coefficient (DTC).

‘ Research into on-the-fly Doppler broadening is ongoing at ORNL and this capability will be available soon.
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e Rather than directly using the reactivity delta from single state-point calculations at few
perturbed temperatures, that can be sensitive to non-physical variation from the Monte
Carlo stochastic process, results have been generated for all temperatures between
550K and 580K. These reactivity points have then been fit with a polynomial, and the
slope of the curve at the 565K ITC temperature has been used as representative of the
relevant reactivity coefficient (e.g. MTC, MDC and DTC). This method ensures that the
reactivity coefficient calculation relies on a smoothly varying reactivity trend vs.
temperature.

e The uncertainty in the above procedure is estimated using a separate Monte Carlo
sampling procedure. The uncertainties of each of the input KENO eigenvalues were
propagated to the final coefficients by sampling each data point from a normal
distribution based on the calculated KENO mean and sigma, and fitting the calculated
data as described in the previous item. 100,000 ITC values were calculated in this
manner, each based on sixteen independently sampled eigenvalues. The final
uncertainty in the calculated ITC was estimated as the standard deviation of this
population of 100,000 ITC values.

The KENO cases used for these calculations relied on 5e9 particles (1000 generations with 5e6
particles per generation, skipping the first 250 generations). Each calculation took
approximately 29 hours on 180 cores. The results of counterpart simulations performed using
VERA are also plotted in the following sections. It will be shown that the trends with
temperature for each of the reactivity coefficient components are similar for KENO and VERA,
except some differences noted in the Moderator Density Coefficient predictions. This
consistent behavior provides good confidence in the overall appropriateness of the
methodology adopted and the results obtained for these calculations.

1. Moderator Temperature-Only Coefficient

The worth of the AP1000 PWR moderator temperature was calculated by perturbing the H-1
temperature from 550K to 600K. As mentioned, due to the lack of temperature interpolation
on the scattering data, these are the only temperatures for which KENO calculations are
possible. Thus, these simulations capture essentially the reactivity worth of the change in
S(a,B) data over a 50K temperature interval from 550K to 600K. The trend is assumed to be
linear, and calculations performed at 500K have confirmed this. The results are shown in Table
D-1 and plotted in Figure D-1. Figure D-1 shows also the trend in eigenvalue obtained from
VERA for counterpart simulations perturbing the moderator temperature, which is in very good
agreement with KENO: -0.73 pcm/F for VERA vs. -0.66 + 0.02 pcm/F for KENO. It should be
noted that this not a typical MTC calculation, where both density and temperature are
perturbed simultaneously. The impact of the density variation is assessed separately.

Note also that the KENO result implies that all KENO core eigenvalues calculated at 565K should

be adjusted by -18 pcm for the lack of temperature dependence in the S(a,) scattering data
treatment. The KENO results reported in Section 6 incorporate this adjustment.
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Table D-1 Moderator Temperature-Only Reactivity Coefficient

Temperature (K) Eigenvalue
550 1.000840 + 0.000014
600 1.000242 £ 0.000014
Coefficient -0.66 £ 0.02 pcm/F
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Figure D-1 KENO and VERA Reactivity vs. Moderator Temperature

2. Moderator Density Coefficient (MDC)

The KENO moderator density calculations were performed at 565K for all materials except for
H-1, which used the nearest temperature of 550K, and the corresponding water density at each
temperature between 550K and 580K, in 5K increments. The results are provided in Table D-2
and Figure D-2. Figure D-2 shows also the trend in eigenvalue from counterpart simulations
performed with VERA. The MDC was calculated by evaluating the derivative of the parabolic fit
at 565K, amounting to -0.45 + 0.03 pcm/F for KENO and -0.77 pcm/F for VERA. The discrepancy
in the MDC prediction accounts for the majority of the difference observed in the MTC and ITC
predictions in KENO and VERA.

Combining the moderator density and temperature components, the effective Moderator

Temperature Coefficient (MTC) for the AP1000 PWR core is predicted to be -1.12 + 0.04 pcm/F
for KENO vs. -1.50 pcm/F for VERA.
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Table D-2 Moderator Density Reactivity Coefficient

Temperature (K) Density (g/cc) Eigenvalue
550 0.76972 1.000850 £ 0.000016
555 0.76106 1.000845 £ 0.000016
560 0.75207 1.000855 £ 0.000013
565 0.74271 1.000840 £ 0.000014
570 0.73294 1.000770 £ 0.000012
575 0.72269 1.000716 £ 0.000012
580 0.71190 1.000583 £ 0.000013
Coefficient -0.45 + 0.03 pcm/F
1.0010 1.0006
=¢=—KENO
- VERA
——Poly. (KENO)
1.0009 ——Poly. (VERA) — 1.0005
2 E E \ <
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Figure D-2 KENO Reactivity vs. Moderator Density

3. Doppler Temperature Coefficient (DTC)

The KENO DTC is estimated using the Doppler-broadened libraries provided by the SCALE
development team at 5K temperature increments. The temperature of all materials and
isotopes other than H-1 is perturbed along with the fuel temperature. Calculations have been
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performed showing very small reactivity worth from the temperature of these other material;

less than the estimated eigenvalue uncertainty.

For these KENO simulations, the H-1

temperature is fixed at 550K and the moderator density is held at the 565K value. The results
are provided in Table D-3 and Figure D-3 . Figure D-3 shows also the trend in eigenvalue from
counterpart simulations performed with VERA. The DTC was calculated by evaluating the
derivative of the linear fit at 565K, which is -1.58 * 0.03 pcm/F for KENO vs. -1.72 pcm/F for

VERA.
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Table D-3 Doppler Temperature Reactivity Coefficient

Temperature (K)

Eigenvalue

550 1.001409 + 0.000013
555 1.001243 + 0.000013
560 1.001132 + 0.000013
565 1.000964 + 0.000013
570 1.000847 + 0.000012
575 1.000726 + 0.000012
580 1.000554 + 0.000013
Coefficient -1.54 £ 0.03 pcm/F
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Figure D-3 KENO Reactivity vs. Fuel Temperature
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Combining the moderator temperature and fuel temperature components, the Isothermal
Temperature Coefficient (ITC) for the AP1000 PWR core is predicted to be -2.66 * 0.05 pcm/F
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from KENO and -3.22 pcm/F from VERA. The reported KENO uncertainty is an estimate, as
previously discussed, and is below the measurement uncertainty for the ITC.
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APPENDIXE KENO VERIFICATION AGAINST MCNP

CE KENO-VI has been extensively utilized as the numeric reference solution for the AP1000
PWR configurations discussed in this report. In order to demonstrate confidence in the KENO
data and methods, comparisons of the eigenvalue and pin power (normalized fission rate)
distributions for the 2D 17x17 PWR lattices described in Ref. 9 obtained with KENO and the
Monte-Carlo particle transport code MCNP5 are provided. These comparisons are shown in the
table below, and indicate an outstanding agreement in eigenvalue and power distribution
between KENO and MCNP5.

MCNP5 is a general-purpose Monte Carlo N—Particle code that can be used for neutron,
photon, electron, or coupled neutron/photon/electron transport, including the capability to
calculate eigenvalues for critical systems (Ref. 10). The ENDF/B-VII.O continuous energy data
libraries at 600K were used in this analysis.

Table E-1 2D 17x17 Lattice Comparisons between KENO and MCNP

Lattice MCNP . KENO . KENO . KENO
Case Description keinf Difference  Pin Power  Pin Power
(pcm) RMS (%) Max (%)
2A 565K 1.18189 38 0.040 0.096
2B 600K 1.18303 40 0.050 0.148
2C 900K 1.17378 4 0.059 0.138
2D 1200K 1.16598 -39 0.064 0.185
2E 12 Pyrex 1.06915 49 0.061 0.192
2F 24 Pyrex 0.97529 65 0.057 0.154
2G 24 AIC 0.84682 90 0.061 0.177
2H 24 B4AC 0.78723 99 0.077 0.233
21 Instrument Thimble 1.17959 39 0.069 0.189
2) Instrument + 24 Pyrex 0.97456 66 0.068 0.172
2K Zoned + 24 Pyrex 1.01952 54 0.057 0.180
2L 80 IFBA 1.01844 38 0.061 0.149
2M 128 IFBA 0.93841 39 0.069 0.183
2N 104 IFBA + 20 WABA 0.86901 58 0.060 0.138
20 12 Gadolinia 1.04735 35 0.061 0.171
2P 24 Gadolinia 0.92692 44 0.075 0.205
Average 45 0.062% 0.172%

For MCNP, 1e8 particle histories were used with 2000 cycles and 50,000 particles per cycle (and
100 skipped cycles), resulting in eigenvalue uncertainties less than 7 pcm and individual pin
power uncertainties less than 0.1%.

The KENO version employed for this comparison is the same as that discussed in Section 5.3. It
is a pre-release version of SCALE 6.2 Beta. The KENO calculations rely on 1e9 particle histories,
with 2750 cycles and 400,000 particles per generation, and 250 skipped cycles. The resulting
uncertainties are <3 pcm and <0.06% individual pin power.
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APPENDIXF VERA INSTALLATION GUIDE

The VERA Installation Guide is a living document compiled to guide future (and current) system
administrators through the process of system preparation to receive VERA and its components.
This includes setting up the system security/permissions, network connections, and file system.
It also includes retrieving VERA, building prerequisites and the calculation tools, performing unit
tests, and ultimately deploying VERA for end-users.

The guide is a ReStructured Text (.rst) file which is a simple markup-based ASCII file format that
can be converted into any of several more-readable formats such as PDF or HTML. Because of
the length and level of detail of the guide, it will not be reproduced here, but rather
representative samples will be shown to demonstrate the working and final forms of the guide.

Note that when VERA is retrieved from the repository, a copy of the guide is provided in
triplicate (as .rst, .pdf, and .html files) in the documentation area. This provides those working
with the guide a means to both follow the guide more easily and to record deviations and/or
suggested changes to be passed back to the maintainers of VERA and its distribution systems.
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Documentation For Installed UVERA Components

Once installed, information on how to access the installed UERA components

along wi-
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UVERA Installation Guide

tAuthor: Roscoe A. Bartlett (bartlettra@ornl.gov)
Author: Mark Baird (bairdml@ornl.gov)}
Author: Joel A. Kulesza (kuleszj@westinghouse.com)

-- sectnum::

-- contents::

Introduction

This guide describes the structure and setup of the standard VERA development
environment (UERA Dev Env} and standard Third Party Libraries (TPLs) that need
to be in place before installing many of the UERA simulation components. It
describes everything from the ipitial setup on a new machine to the fipal

builds and testing of UERA components. The goal of this document is to

describe how to create the directories and contents outlined in “Standard UERA
Dev Env Directory Structure’_, which once finished, allows one to clone the

UERA git source repositories and build any of the necessary UERA components on a
given system.

WARNING: This guide only describes the installation of the UERA Dev Env and
TPLs and does not contain specific information about specific VERA simulation
components. That information is found in other sources. Please consult with
a CASL representative about what UERA components are available to install from
source and what capabilities they provide. Hention of other UERA repositories
in only used as examples and may not even be up to date.

Standard UVERA Dev Env Directory Structure

The standard directory structure for the installation of the UERA Development
Environment (UERA Dev Env} is given below::

${VUERA_DEU_EMNU_BASE}/
common_tools/
cmake-2.8.5/

Figure F-1 Example of VERA Installation Guide ReStructured Text File
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Figure F-2 Example of VERA Installation Guide PDF File
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For other supported compilers (e.g. intel-13.%), other directories can be used. This directory structure keeps the

cotmpatible tools and TPLs together to tnaintain consistency (e, so we don't mix TPL builds of one compiler with
TPL biailds Frv mnmthos mnsmnilar rrhicd fae athammmine faines wesblomn i smme snes

9 A Foragve . .
S il VERA Installation Guide
91 S«
TPL I
Author:  Roscoe A Bartlett (bartlettra@ornl gow)
Inorderto u) obime, Author:  Mark Baird (bairdml@ornl gov)
tunnel st - ’
b Author:  Joel & Fulesza (kuleszj@wes CUSE. COTm
char <ucar  VEE
machine th; . VEL
« TPL
Tn one's ho Clontents
/.55 to determir 1 Introduction
2 Standard VEEA Dev Env Directory Structure
which cont 3 I" 3 Initial Setup ) o
3.1 FRequesting Access to VEBA Bepositories
host 3.2 System Confiouration Considerations
Hostn Defors any 3.3 S5H Setup For Accessing casl-dev
User some of the 3.4 Nintmal System Package Setup
Local Dev Env at 3.5 Create Tno Groups
Lozal 3.6 Local Dwectory Stucture
Host 31 R 3.7 Skeleton Directory Setup
HastE 3.8 Clone Miumal Bootstrap Feposttonies
Hosth RBefore one 4 Install Standard Basic VERA Dev Env
FOre  rreands a 4.1 Standard Dev Env Script
User accordance 4.2 Install eg, egdist And Perform git Setup
Host getting this 4.3 Install CMake From Source
e g 4.4 Install git From Seurce
4.5 TInstall GCC From Source
32 S 4.6 Install OpenhfFI From Source
b - 4.7 Summary of VERA Dev Enw Setup
5 Install Standard VEEA TFLs
5.1 Zet Up Base TPL Directory And Basic Wanables
5.2 TInstall TPLs Cne At A Time
521 Install LAPACE
599 Taetall Banct
Figure F-3 Example of VERA Installation Guide HTML File
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APPENDIXG VERA AP1000 PWR INPUT

MT-14-12

core_ shape

A sample AP1000 PWR 3D core VERAIN input deck is given

below.

[CASEID]
title

[STATE]
power
tinlet
tfuel
modden
boron
sym

'AP1000

0.0
557.33
565.0
0.7441292
1321

gtr

PWR: ARO'

oe

)

g/cc
pprmB

feedback

off

rodbank

AO
MA
MB
MC
MD
M1
M2
S1
S2
S3
S4

[CORE]

264
264
264
264
264
264
264
264
264
264
264

size
apitch
height
ratd

baffle

15

21.50

Assemblies across core
All dimensions cm

479.88
3400

ss 0.127

MW

lower plate ss
upper plate ss
lower ref mod

.54

.44 0.68
.62 0.59
.54 1.0

Westinghouse Non-Proprietary Class 3

O=nothing/reflector
00000011
00001111
00011111
00111111
0r111111
01111111
11111111
11111111
11111111
01111111
01111111
00111111
00011111
00001111
00000011

assm_map
158E0I
420E68I 158E0I
158E0I 420E681I
420E68I 158E0I
158E0I 420E681I
420E68I 158E0I
480E1241 480E88I
320E0I 074E01I
insert map
12w -
- 12w -
12w - 12w -
- 12w - 8W
12w - 8W - -
- AW - -

125

(
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Westinghouse VERA Test Stand - Zero Power Physics Test Simulations for the AP1000® PWR

! 1=assembly,
depending on other parameters)

0

e
0
1
1
1
1
1
1
1
1
1
1
1
1
1
0

e
0
1
1
1
1
1
1
1
1
1
1
1
1
1
0

CoOrRrRRRPRPRRERRERRERO

158E0TI
420E68I
158E0TI
480E124
320E0TI

0

cCoOoORrRRPRRPRRPRERERREREOO

I

0

OO0 oo RFRERPRREPRERPEOOOO

OO OO O0OORFrHrRPRPREPOOOOO

158E0I
480E1241 158E0I
320E0I 320E0TI
074E0TI
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crd map
AIC
- AIC
W - W
- AIC - AIC
AIC - AIC - W
- AIC - AIC -
- AIC -
crd bank
AO
- S1
MD - MA
- S3 - 31
M1 - AO - MC
- S2 - M2 -
MB - S4 -
fuel U074 10.28 94.354 / 0.740
fuel U158 10.28 94.354 / 1.580
fuel U158B 10.30 94.641 / 1.580
fuel U320 10.28 94.354 / 3.200
fuel U320B 10.30 94.641 / 3.200
fuel U320AB 10.37 94.354 / 3.200
fuel U340 10.28 94.354 / 3.400
fuel U380 10.28 94.354 / 3.800
fuel U400 10.28 94.354 / 4.000
fuel U420 10.28 94.354 / 4.200
fuel U440 10.28 94.354 / 4.400
fuel U480 10.28 94.354 / 4.800
! Guide Tube and Instrument Tube
cell 011
cell 012
cell 013
! Fuel, Region A
cell 111 0.409575
! Fuel, Region B
cell 211 0.409575
! Fuel, Region C
cell 311 0.409575
cell 331 0.409575

Westinghouse Non-Proprietary Class 3

u-234=0.
u-234=0.
u-234=0.
u-234=0.
u-234=0.
u-234=0.
u-234=0.
u-234=0.
u-234=0.
u-234=0.
u-234=0.
u-234=0.

0.56134 0.61214 /
.52066 0.61214 /

(@]

0056
0130
0130
0277
0277
0277
0296
0347
0363
0388
0392
0449

0.56134

0.41783

0.41783

0.41783
0.41783

u-236=0.
u-236=0.
u-236=0.
u-236=0.
u-236=0.
u-236=0.
u-236=0.
u-236=0.
u-236=0.
u-236=0.
u-236=0.
u-236=0.

0.61214

0.47498

0.47498

0.47498
0.47498

00

0019
0019
0006
0006
0006
0008
0010
0010
0008
0029
0147

S~

mat zirlo 6.
mat zircéd 6.
mat he 0.
mat ifba 3.
mat ss 7
mat ssspring 1.
mat aic 10
mat tungsten 19
mat inc 8
mat waba 2.
mat al2o03 2.
[ASSEMBLY]
npin 17
ppitch 1.26
mod
mod
mod
U074 he
Ul58 he
U320 he
Ul58B he

126

g wnN .

ul

5
0001786
28 zrb2

.8

5 ss

N =

[eXINe))

zirlo
zirlo
zirlo
zirlo

zirlo

zirlo
zirlo

IT, and GT above dashpot

GT below dashpot
IT
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! Fuel, Region D

cell 411 0.409575 0.41783 0.47498 / U340 he zirlo
cell 412 0.409575 0.41783 0.47498 / U380 he zirlo
cell 413 0.409575 0.41783 0.47498 / U420 he zirlo
cell 421 0.409575 0.410083 0.41783 0.47498 / U340 ifba he zirlo
cell 422 0.409575 0.410083 0.41783 0.47498 / U380 ifba he zirlo
cell 423 0.409575 0.410083 0.41783 0.47498 / U420 ifba he zirlo
cell 431 0.409575 0.41783 0.47498 / U320B he zirlo
cell 432 0.19685 0.409575 0.41783 0.47498 / he U320AB he zirlo

! Fuel, Region E
cell 511 0.409575 0.41783 0.47498 / U400 he zirlo
cell 512 0.409575 0.41783 0.47498 / U440 he zirlo
cell 513 0.409575 0.41783 0.47498 / U480 he zirlo
cell 521 0.409575 0.410083 0.41783 0.47498 / U400 ifba he zirlo
cell 522 0.409575 0.410083 0.41783 0.47498 / U440 ifba he zirlo
cell 523 0.409575 0.410083 0.41783 0.47498 / U480 ifba he zirlo
cell 531 0.409575 0.41783 0.47498 / U320B he zirlo
cell 532 0.19685 0.409575 0.41783 0.47498 / he U320AB he zirlo
cell 601 0.47498 / zirlo ! bottomplug
cell 602 0.35 0.4039 0.41783 0.47498 / he zirlo he zirlo ! stand off tube
cell 610 0.1 0.4039 0.417830 0.47498 / he zirlo he zirlo ! pellet stack base
cell 603 0.24 0.37 0.417830 0.47498 / he ssspring he zirlo ! plenum
cell 604 0.47498 / zirlo ! endplug
cell 605 0.47498 / mod ! topgap

lower nozzle ss 6.4 6000 ! mat, height, mass (qg)

upper nozzle ss 10.6 8000 ! mat, height, mass (qg)
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axial 074EQ0I axial 420E68I
6.4 6.4
BOTPLUG 8.6 BOTPLUG 8.6
BOTSTANDOFF 19.8 BOTSTANDOFF 19.8
PELLETBASE 20.9 PELLETBASE 20.9
BOTFUEL1 79.3 BOTBLK3 41.2
TOPFUEL1 447.6 BOTFUEL3 79.3
PLENUM 464.1 TOPFUEL3 427.3
ENDPLUG 465.2 TOPBLK3 447.6
TOPGAP 469.3 PLENUM 464.1
ENDPLUG 465.2
TOPGAP 469.3
axial 158E0Q0I axial 480E88I
6.4 6.4
BOTPLUG 8.6 BOTPLUG 8.6
BOTSTANDOFF 19.8 BOTSTANDOFF 19.8
PELLETBASE 20.9 PELLETBASE 20.9
BOTFUEL2 79.3 BOTBLK3 41.2
TOPFUEL2 447.6 BOTFUEL3 79.3
PLENUM 464.1 TOPFUEL3 427.3
ENDPLUG 465.2 TOPBLK3 447.6
TOPGAP 469.3 PLENUM 464.1
ENDPLUG 465.2
TOPGAP 469.3
axial 320EOQ0I axial 480E1241
6.4 6.4
BOTPLUG 8.6 BOTPLUG 8.6
BOTSTANDOFF 19.8 BOTSTANDOFF 19.8
PELLETBASE 20.9 PELLETBASE 20.9
BOTBLK3 41.2 BOTBLK3 41.2
BOTFUEL3 79.3 BOTFUEL3 79.3
TOPFUEL3 427.3 TOPFUEL3 427.3
TOPBLK3 447.6 TOPBLK3 447.6
PLENUM 464.1 PLENUM 464.1
ENDPLUG 465.2 ENDPLUG 465.2
TOPGAP 469.3 TOPGAP 469.3
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lattice BOTPLUG

013
601
601
012
601
601
012
601
601

601
601
601
601
601
601
601
601

601
601
601
601
601
601
601

012
601
601
012
601
601

601
601
601
601
601

lattice BOTSTANDOFF

013
602
602
012
602
602
012
602
602

lattice PELLETBASE

013
610
610
012
610
610
012
610
610

lattice PLENUM

013
603
603
011
603
603
011
603
603

602
602
602
602
602
602
602
602

610
610
610
610
610
610
610
610

603
603
603
603
603
603
603
603

602
602
602
602
602
602
602

610
610
610
610
610
610
610

603
603
603
603
603
603
603

012
602
602
012
602
602

012
610
610
012
610
610

011
603
603
011
603
603

602
602
602
602
602

610
610
610
610
610

603
603
603
603
603

012
601
601
601

012
602
602
602

012
610
610
610

011
603
603
603

Westinghouse VERA Test Stand - Zero Power Physics Test Simulations for the AP1000® PWR

601
601 601
601 601 601

602
602 602
602 602 602

610
610 610
610 610 610

603
603 603
603 603 603

Westinghouse Non-Proprietary Class 3

lattice ENDPLUG

013
604
604
011
604
604
011
604
604

604

604 604

604 604 011
604 604 604
604 604 604
604 604 011
604 604 604
604 604 604

lattice TOPGAP

013
605
605
011
605
605
011
605
605

Fuel,
lattice TOPFUEL1

013
111
111
011
111
111
011
111
111

605

605 605

605 605 011
605 605 605
605 605 605
605 605 011
605 605 605
605 605 605

Region A

111

111 111

111 111 011
111 111 111
111 111 111
111 111 011
111 111 111
111 111 111

lattice BOTFUELL

129

013
111
111
012
111
111
012
111
111

111

111 111

111 111 012
111 111 111
111 111 111
111 111 012
111 111 111
111 111 111

604
604
604
604
604

605
605
605
605
605

111
111
111
111
111

111
111
111
111
111

011

604 604

604 604 604

604 604 604 604

011

605 605

605 605 605

605 605 605 605

011

111 111

111 111 111

111 111 111 111

012

111 111

111 111 111

111 111 111 111
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! Fuel,

Region B

lattice TOPFUEL2

013
211
211
011
211
211
011
211
211

211

211 211

211 211 011
211 211 211
211 211 211
211 211 011
211 211 211
211 211 211

lattice BOTFUEL2

013
211
211
012
211
211
012
211
211

! Fuel,

211

211 211

211 211 012
211 211 211
211 211 211
211 211 012
211 211 211
211 211 211

Region C

lattice TOPFUEL3

013
311
311
011
311
311
011
311
311

311

311 311

311 311 011
311 311 311
311 311 311
311 311 011
311 311 311
311 311 311

lattice BOTFUEL3

013
311
311
012
311
311
012
311
311

311

311 311

311 311 012
311 311 311
311 311 311
311 311 012
311 311 311
311 311 311

MT-14-12

211
211
211
211
211

211
211
211
211
211

311
311
311
311
311

311
311
311
311
311

011
211
211
211

012
211
211
211

011
311
311
311

012
311
311
311
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211
211 211
211 211 211

211
211 211
211 211 211

311
311 311
311 311 311

311
311 311
311 311 311
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lattice TOPBLK3

013
331
331
011
331
331
011
331
331

331
331
331
331
331
331
331
331

331
331
331
331
331
331
331

011
331
331
011
331
331

lattice BOTBLK3

013
331
331
012
331
331
012
331
331

! Fuel,
lattice TOPFUEL4

013
412
412
011
412
412
011
412
421

331
331
331
331
331
331
331
331

Region D,

423
413
412
413
413
412
412
411

331
331
331
331
331
331
331

423
412
423
423
412
412
421

012
331
331
012
331
331

011
412
412
011
422
411

lattice BOTFUEL4

130

013
412
412
012
412
412
012
412
421

423
413
412
413
413
412
412
411

423
412
423
423
412
412
421

012
412
412
012
422
411

331
331
331
331
331

331
331
331
331
331

412
412
412
412
421

412
412
412
412
421

011
331
331
331

012
331
331
331

68 IFBA

011
412
412
411

012
412
412
411

331
331
331

331
331
331

412
412
421

412
412
421

331
331 331

331
331 331

422
411 421

422
411 421
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lattice TOPBLK4

013
431
431
011
431
431
011
431
432

432
431
431
431
431
431
431
431

432
431
432
432
431
431
432

011
431
431
011
432
431

lattice BOTBLK4

013
431
431
012
431
431
012
431
432

! Fuel,

432
431
431
431
431
431
431
431

Region E,

432
431
432
432
431
431
432

012
431
431
012
432
431

lattice TOPFUELS

013
512
512
011
512
512
011
522
521

513
513
512
513
513
512
512
521

513
512
523
523
512
522
521

011
512
512
011
522
521

lattice BOTFUELS

013
512
512
012
512
512
012
522
521

513
513
512
513
513
512
512
521

513
512
523
523
512
522
521

012
512
512
012
522
521

431
431
431
431
432

431
431
431
431
432

512
512
512
512
521

512
512
512
512
521

011
431
431
431

012
431
431
431

88 IFBA

011
512
512
521

012
512
512
521

431
431
432

431
431
432

512
512
511

512
512
511
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432
431 432

432
431 432

512
521 511

512
521 511

lattice

013
531
531
011
531
531
011
532
532

TOPBLKS

531
531
531
531
531
531
531
532

531
531
532
532
531
532
532

011
531
531
011
532
532

lattice BOTBLKS

013
531
531
012
531
531
012
532
532

! Fuel,
lattice TOPFUELG6

013
512
512
011
512
512
011
522
521

531
531
531
531
531
531
531
532

Region E,

523
513
512
513
523
512
512
521

531
531
532
532
531
532
532

513
512
523
523
512
522
521

012
531
531
012
532
532

011
512
512
011
522
521

lattice BOTFUEL®6

131

013
512
512
012
512
512
012
522
521

523
513
512
513
523
512
512
521

513
512
523
523
512
522
521

012
512
512
012
522
521

531
531
531
531
532

531
531
531
531
532

512
512
522
512
521

512
512
522
512
521

011
531
531
532

012
531
531
532

124 IFBA

011
512
512
521

012
512
512
521

531
531
531

531
531
531

512
512
521

512
512
521

531
532 531

531
532 531

522
521 521

522
521 521
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lattice TOPBLKG6
013 rodmap 4waba
531 532 -
531 531 531 - -
011 531 531 011 - - -
531 531 532 531 531 - - - -
531 532 532 531 531 011 - - - - -
011 531 531 011 532 531 531 - - - - - 041
532 531 532 532 531 531 531 532 - - - - - - -
532 532 532 532 532 532 532 532 532 - - - - - - - -

lattice BOTBLKG6 rodmap 4top
013 -
531 532 - -
531 531 531 - - -
012 531 531 012 - - - -
531 531 532 531 531 - - - - -
531 532 532 531 531 012 - - - - - 042
012 531 531 012 532 531 531 - - - - - - -
532 531 532 532 531 531 531 532 - - - - - - - _
532 532 532 532 532 532 532 532 532 - - - - - - - - -

[grid input] _ _

! omitted - - -
050 - - 050
- - - - - 042
[INSERT] 050 - - 050 - - -
title "WABA" - - - - - - - -
npin 17 - - - - - - - - -
cell 041 0.29 0.34 0.35 0.40386 0.41783 0.48387 / mod rodmap 4spacer
zirc4 he waba he zirci4 -
cell 042 0.29 0.34 0.41783 0.48387 / mod - -
zircd he zirc4 - - -
cell 043 0.29 0.48387 - - - -
/ mod zircd - - - - -
cell 050 0.54 - - - - - 043
/ ss - - - - - - -
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rodmap 1l2waba
rodmap 8waba -

rodmap l2spacer
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axial 4W
rodmap 8waba4dspacer 41.2
- 4spacer 61.6
- - 4waba 356.2
- - - 4top 451.0
043 - - - 20thimbles4wabas 466.6
- - - - - 041 axial 8W
041 - - - - - - 41.2
- - - - - - - - 8spacer 61.6
- - - - - - - - - 8waba 356.2
8top 451.0
rodmap 8waba4dtop l6thimbles8wabas 466.6
- - axial 12W
- - - 41.2
042 - - - 8wabadspacer 79.3
- - - - - 12waba 338.4
- - - - - 041 8wabadtop 427.3
041 - - - - - - 12top 451.0
- - - - - - - - 12thimblesl2wabas 466.6
axial NW
rodmap 24thimbles 451.0
- 24thimbles 466.6
_ - - [CONTROL]
050 - - 050
- - - - - ! control rod input section omitted
- - - - - 050
050 - - 050 - - -
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[EDITS]
axial edit bounds

20.
32.
41.
48.
55.
61.
70.
79.
87.
95.

103.
109.
120.
132.
143.
154.
160.
172.
183.
195.
206.
212.
223.
234.
236.

247

258.
263.
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90
23
22
52
82
54
43
32
36
39
43
14
61
07
53
99
71
17
63
09
55
27
30
34
02
.07
11
83
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274.
285.
287.
298.
309.
315.
326.
336.
338.
347.
356.
361.
366.
377.
389.
390.
401.
.80
418.
427.
437.
447.

412

87
90
58
63
68
39
06
72
40
29
18
24
95
99
03
70
75

52
30
46
62

[INSILICO]
cell homogenize true

eq_set
SPN_order
Pn order
tolerance
dimension
mesh

spn_fv

Pn_correction true

mat library apl000 mat r3.h5

xs library

135

1ib252 hetbondoneabs-noabssigp
silo output denovo silo out
max delta z

num blocks i
num blocks J

num groups
num_ sets

new grp bounds

RFRPNORFRNWORRPOOAOD IR NDNDNWWERE O o

.2085e+05
.1109e+05
.5308e+03
.8644e+02
.7612e+01
.5379%e+01
.7697e+01
.1684e+01
.0397e+01
.5968e+01
.1500e+00
.7000e+00
.3000e+00
.0970e+00
.0450e+00
.5000e-01
.5000e-01
.0600e-01
.0700e-01
.8000e-02
.5000e-02
.0000e-02
.0000e-05

15.0
32
10
23

1
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