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ABSTRACT

The US Nuclear Regulatory Commission relies on the lattice physics analysis capabilities of the
SCALE code system to perform confirmatory licensing analyses. Either SCALE lattice physics
code—TRITON/NEWT or Polaris—can be used to generate cross section data used by the
PARCS nodal core simulator for full-core neutronics calculations. This report presents an
assessment of the accuracy of SCALE lattice physics codes for preparation of lattice physics
data that are used to support simulator codes such as the NRC’s PARCS, for UO2-mixed oxide
(MOX)/Zr fueled light water reactor (LWR) analyses.

Due to the nature of lattice physics calculations, critical reactor experiment benchmarks cannot
be modeled in explicit detail in a lattice physics code. However, this limitation does not mean
that these measurement data are not usable for lattice physics studies. Therefore, either
geometry approximations or axial buckling must be implemented to determine the critical water
height. These modeling limitations have led to development of a three-phase assessment
strategy.

In the first phase, selected critical experiment benchmarks are modeled using the SCALE 3D
continuous-energy (CE) Monte Carlo (MC) code KENO, which is the most rigorous neutron
transport method available in SCALE, with no approximations in the spatial, angle, or energy
treatments. Biases and statistical uncertainties in quantities of interest such as ke and pin
power distributions are determined by comparing CE KENO results to experimental data. This
first phase in the accuracy assessment is to demonstrate and establish the use of CE KENO as
a reference solution for the second phase.

In the second phase, 14 numerical test suites are used to compare SCALE lattice physics
calculations with CE KENO as a reference solution.

In the third phase, SCALE lattice physics depletion calculations are performed, and the spent
fuel isotopic results are compared with available radiochemical assay measurements. Isotopic
measurement comparisons provide quantitative assessment of isotopic density distribution
predictions with the depletion models in SCALE lattice physics codes.

This report documents results for all test suites. The assessment was performed using standard
production techniques unless otherwise noted. Both TRITON/NEWT and Polaris exhibited
acceptable accuracy for most test cases. For the few test cases in which acceptable accuracy
criteria were not met, further code and data development are planned.

The computer codes used in this assessment are as follows:

e SCALE 6.2 rev19189 (pre-release of 6.2.1) was used for CE KENO, TRITON/NEWT and
Polaris (PWR only) calculations.

e SCALE 6.2.2 was used for Polaris calculations to address several updates in support of
support boiling water reactor (BWR) lattice geometries. For this work, there is no
difference between SCALE 6.2.1 and SCALE 6.2.2 beyond the inclusion of the Polaris
BWR analysis capability.

e The ENDF/B-VII.1 continuous energy and 252 group libraries deployed in SCALE 6.2
were generated with AMPX 6.2 that is distributed with SCALE.
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1 INTRODUCTION AND BACKGROUND

The US Nuclear Regulatory Commission (NRC) relies on the lattice physics analysis
capabilities of the SCALE code system [1] to perform confirmatory licensing analyses. Either
SCALE lattice physics code—TRITON/NEWT or Polaris—can be used to generate cross
section data used by the PARCS nodal core simulator for full-core neutronics calculations.
Depending on the type of analysis needed, PARCS [2] may be used as a stand-alone reactor
simulator, or it may be coupled to the TRACE [3] reactor system safety analyses code. The
results of PARCS stand-alone steady-state simulations or transient simulations are impacted by
the quality of the few-group cross section data prepared by SCALE lattice physics calculations.

This report presents an assessment of the accuracy of SCALE lattice physics codes for
preparation of PARCS cross section data for light water reactor (LWR) analysis. The underlying
basis for this work is to compare SCALE’s lattice physics methods in TRITON/NEWT and
Polaris to the methods used in SCALE’s KENO continuous energy (CE) Monte Carlo (MC) code
capability to understand the impact of using multigroup cross sections and geometry
approximations.

Due to the nature of lattice physics calculations, critical reactor experiment benchmarks cannot
be modeled in explicit detail in a lattice physics code. Therefore, either geometry
approximations or axial buckling must be implemented to determine the critical water height.
These modeling limitations have led to development of a three-phase assessment strategy.

In the first phase, selected critical experiment benchmarks are modeled using the SCALE 3D
CE MC code KENO. CE KENO is the most rigorous neutron transport method available in
SCALE 6.2, with no calculational approximations in the spatial, angle, or energy treatments.
Biases and statistical uncertainties in calculated quantities of interest (QOIs) such as ke and pin
power distributions are determined by comparing CE KENO results to experimental data. This
first phase in the accuracy assessment is to demonstrate and establish the use of CE KENO as
a reference solution for the second phase.

For the second phase, 14 numerical test suites are used to compare SCALE lattice physics
calculations with CE KENO as a reference solution:

LWR assemblies’ beginning of life (BOL) baseline
Control elements

Mixed oxide (MOX) fuel

Reactivity worth of depleted fuel

Depletion calculations

Boron injection

Enrichment

Fuel temperature

Burnable poison (BP) loading

10. BP spatial variations

11. PARCS QOls parameters

12. Fuel reflector models

13. International benchmarks

14. Boiling water reactor (BWR) vanished zone patterns
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In the third phase, SCALE lattice physics depletion calculations are performed, and the spent
fuel isotopic results are compared with available radiochemical assay (RCA) measurements.
Comparison of the RCA measurement data with the corresponding calculated data provides a
measure of the accuracy in predicting isotopic concentrations with the depletion models in
SCALE physics codes.

This report is organized as follows. Section 2 describes the two-step reactor core calculation
procedure. Section 3 summarizes the methods and calculational details for the SCALE lattice
physics codes and CE KENO. Section 4 presents the 14 test suites developed for this
assessment. Section 5 presents concise lattice physics test results for each test suite, and
conclusions are provided in Section 6. Finally, the appendices provide (A) CE KENO 3D critical
experiment results, (B) detailed code-to-code comparisons for the 14 test suites, and (C) RCA
experiment isotopic benchmark comparisons.



2 TWO-STEP REACTOR CORE SIMULATION

Two-step reactor core simulation refers to the procedure of lattice physics calculations (step 1)
used to generate cross section data for reactor core calculations (step 2). As shown in

Figure 2-1, the two types of lattice physics calculations are fuel calculations and reflector
calculations, both of which model a 2D slice of a reactor’s fuel assembly with the boundary
conditions (BCs) shown. Fuel-based lattice physics calculations model a 2D radial (x-y) slice of
a fuel assembly. For this reason, multiassembly models are not considered in this report, and
the transport geometry is assumed to be infinite in the axial direction with reflective radial
boundary conditions. Cross section data for the fuel assembly are computed based on the 2D
neutron transport and depletion calculations. Reflector-based lattice physics calculations model
a 2D lattice adjacent to a reflector region, which is modeled as a set of slab material zones.
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Figure 2-1 Fuel and Reflector Lattice Geometry Configurations

As mentioned above, the PARCS reactor simulations depend on the quality of the cross section
data computed by lattice physics calculations. Cross sections are generally described as the
probability of interaction of a target of interest such as a nuclide and a projectile of interest such
as a neutron. The processes for evaluating cross sections at different computational levels in
the two-step approach are shown in Figure 2-2.

In the first column of Figure 2-2, cross sections are measured, evaluated, and tabulated into
nuclear data files. Evaluated nuclear data files (ENDFs) are processed into library formats used
by downstream neutron transport calculations. ENDF/B-VII.1 nuclear data files are the basis for
all SCALE calculations in this report. For SCALE, the AMPX code system is used to prepare
SCALE cross section libraries from the ENDF/B data. The SCALE lattice physics codes
TRITON/NEWT and Polaris use the SCALE cross section libraries to generate lattice physics
cross section data in T16 file format. GenPMAXS, an interface code developed by the PARCS
code developers at the University of Michigan (UM), is used to convert the lattice physics cross
section data into the appropriate PMAXS format for PARCS.



To establish the quality of PARCS core simulations, the following aspects should be considered
regarding the process outlined in Figure 2-2:

e The uncertainty or biases associated with cross section data measurements,
e The approximations and assumptions made by each computational process,
e The two-step approximation for reactor simulation, and

e The code verification and quality assurance (QA) of the following computational
processes:

Evaluation,

AMPX processing,

SCALE lattice physics,
GenPMAXS conversion, and
PARCS core simulations.

(Nuclear Data Measurements) Cross Section Libraries Converter Code
SCALE GenPMAXS

O O O O O

Cross Section Evaluation

Lattice Physics Lattice Physics Data
e e R e TRIT‘?:/!\;EWT (Core S|r:ulator Format)
ENDF/B ans e

Cross Section Processing Lattice Physics Data Reactor Simulation
AMPX (Lattice Physics Format) PARCS
T16

Figure 2-2 Cross Section Evaluation for Two-Step Calculations

This report focuses on assessment of the performance of the SCALE lattice physics codes,
TRITON/NEWT and Polaris, as part of this process. This report does not address propagation of
uncertainties and biases throughout the computational process. It also does not address two-
step approximation for reactor core simulation, code verification, and QA of each code.
Descriptions of the codes used in this work and the approximations and assumptions made by
them are discussed in Section 3.

The SCALE computer code system is distributed through ORNL’s Radiation Safety Information
Computational Center (RSICC), and the QA program is available on the SCALE public website.
SCALE is compliant with ISO-9001-2008, US Department of Energy Order 414.1D, NRC
NUREG/BR-0167, and the ORNL Standards-Based Management System. SCALE 6.2 was
released in April 2016 and is the official version of SCALE used for this report. Two micro
updates were deployed for SCALE 6.2 in 2016-2017: SCALE 6.2.1 in July 2016, and SCALE
6.2.2 in May 2017. SCALE 6.2 rev19189 (pre-release of 6.2.1) was used for CE KENO,
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TRITON/NEWT and Polaris (PWR only) calculations. SCALE 6.2.2 was used for Polaris BWR
calculations to address several updates in support of BWR lattice geometries. AMPX ENDF/B-
VII.1 CE and 252 group libraries were used for CE and multigroup (MG) calculations,
respectively. As of 2014, the AMPX code system was developed in compliance with the SCALE
QA plan and was released with SCALE 6.2 in April 2016. This 6.2 version of AMPX was used to
generate the ENDF/B-VII.1 libraries deployed in SCALE 6.2.






3 SCALE CODE DESCRIPTIONS AND MAJOR ASSUMPTIONS

The SCALE codes used in this assessment are described briefly below, along with the major
assumptions and approximations.

3.1 KENO

The KENO MC code performs 3D eigenvalue neutronics calculations. KENO-VI uses the
SCALE Generalized Geometry Package, which provides a quadratic-based geometry system
with flexibility in problem modeling. KENO performs eigenvalue calculations for neutron
transport primarily to calculate multiplication factors (kex) and flux distributions of fissile systems
in both CE and multigroup (MG) modes. CE KENO is the most rigorous method available in
SCALE 6.2 for neutron transport, with no approximations made in the spatial, angle, and energy
treatments. CE KENO (SCALE 6.2.1) was used for all reference calculations in this code
assessment.

Major assumptions or approximations of CE KENO are as follows:
¢ A sufficient number of particles is used to ensure small MC uncertainty in QOls.
e The source is appropriately converged.

e The correlation between generations of random particles is leading to non-conservative
estimates of the MC uncertainty.

3.2 TRITON/NEWT

The TRITON computer code is a multipurpose SCALE control module for transport, depletion,
and sensitivity and uncertainty (S/U) analysis. TRITON can be used to provide automated,
problem-dependent cross section processing followed by MG transport calculations for 1D, 2D,
and 3D configurations. This functionality can also be used in tandem with the Oak Ridge Isotope
Generation (ORIGEN) depletion module to predict isotopic concentrations, source terms, and
decay heat and to generate few-group homogenized cross sections for nodal core calculations.
TRITON provides the capability to perform deterministic transport analysis for 1D geometries
using XSDRNPM and for 2D geometries using NEWT. TRITON also includes 3D MC depletion
capabilities using KENO V.a and KENO-VI. For MC depletion calculations, TRITON supports
both MG and CE options.

Detailed descriptions of the methods and calculational approach for TRITON and NEWT are
provided by DeHart and Bowman [4]. The TRITON/NEWT depletion sequence (TDEPL) shown
in Figure 3-1 is designed to perform 2D lattice physics calculations. This sequence was tested
extensively in this assessment. In addition, the TRITON/KENO-VI depletion sequence
(T-DEPLS) was used to perform reference depletion calculations with MG and CE KENO. All
TRITON calculations documented in this report were performed with SCALE 6.2.1.
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Figure 3-1 TRITON/NEWT Lattice Physics Calculation Flow

The TRITON/NEWT lattice physics capability is based on MG neutron transport coupled with
the ORIGEN depletion/decay module for time-dependent transmutation of depletion materials.
Resonance self-shielding calculations are performed for each defined unit cell. TRITON

currently supports three self-shielding methods [1]:
e The equivalence-theory Bondarenko method,
e The pointwise slowing down calculation (resolved-resonance range only), and

e The double-heterogeneous method for TRISO-particle compositions (not applicable to
LWR fuel).

The transport calculation is performed with NEWT, which uses discrete ordinate angle treatment
and the extended step characteristic (ESC) method for spatial treatment. The ESC
implementation in NEWT requires that the region boundaries within the transport geometry must
be straight line segments, so a curved surface must be approximated by a polygon.

The major assumptions or approximations of TRITON/NEWT include [1]



o MG approximation: MG energy structure, thermal upscattering cutoff energy (5 eV), and
flux weighting spectrum all impact the accuracy in the QOI calculation
e The equivalence-theory Bondarenko unit cell approximation:

o Neglects resonance interference phenomena between resonance-absorbing nuclides
in a given material.

o Does not consider intra-pin self-shielding effects for strong-absorbing materials.

o Assumes that spatial self-shielding effects by neighboring pin cells, guide tubes,
water rods, or assembly structures may be approximated by a Dancoff factor.

e The pointwise slowing down unit cell calculation:

o Provides rigorous spatial and energy resolution for the transport calculation within
the unit cell.

o Is limited to s-wave scattering treatment in the current implementation.

o Includes a unit cell approximation that implies that the self-shielding effects from
neighboring cells, guide tubes, water rods, or assembly structures are captured via
the appropriate definition of a buffer region surrounding the unit cell.

e The discrete ordinate angle approximation:

o Includes an angular flux which is determined over a discrete set of angles.

o Requires that the user select an appropriate quadrature set to resolve the angular
flux distribution because NEWT currently employs level-symmetric quadrature sets
or product-quadrature sets with Gauss-Legendre quadratures for the polar angle.

e The ESC spatial discretization: assumes a constant flux over each spatial region in the
geometry, so the spatial mesh must be appropriately selected so that the flux variation is
very small over each volumetric region.

3.3 Polaris

Polaris is a module in SCALE 6.2 that provides 2D lattice physics analysis capability designed
for LWR fuel designs. A detailed description of the methods and calculational approach of
Polaris is provided by Jessee et al. [5]. As in TRITON/NEWT, the Polaris lattice physics
capability is based on MG neutron transport coupled with the ORIGEN depletion/decay module
for time-dependent transmutation of depletion materials. The major differences between Polaris
and TRITON/NEWT lie in the resonance self-shielding and transport methods. Polaris employs
the embedded self-shielding method (ESSM) for resonance self-shielding [6]. ESSM is similar to
the subgroup method in that it is a global self-shielding method: the slowing-down and self-
shielding effects of neighboring fuel pins, guide tubes, water rods, and assembly structures are
accounted for in the calculation. For the transport calculation, Polaris employs the method of
characteristics (MOC), which is sometimes referred to as long characteristics. MOC solves the
characteristic transport equation over a set of equally spaced particle tracks across the lattice
geometry. Polaris provides an easy-to-use input format allowing users to set up lattice models
with a minimal amount of input.

Polaris was tested extensively in this assessment. The Polaris calculation flow is shown in
Figure 3-2. All Polaris pressurized water reactor (PWR) calculations documented in this report
were performed with SCALE 6.2.1, and all Polaris BWR calculations were performed with
SCALE 6.2.2 since it is the first version that contained complete BWR modeling capabilities.
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Figure 3-2 Polaris Lattice Physics Calculation Flow

The major assumptions or approximations of Polaris include [1]:

The MG approximation: the MG energy structure, the thermal upscattering cutoff energy

(5 eV), and the flux weighting spectrum all impact the accuracy in QOI calculation.

The ESSM approximation:

o Neglects resonance interference phenomena between resonance-absorbing nuclides
in a given material.

o Can conceptually model intra-pin self-shielding effects and temperature distributions,
but the approximations currently employed require further investigation.

The discrete ordinate angle approximation:

o Has an angular flux that is determined over a discrete set of angles.

o Employs a set of optimized quadrature sets for 2D MOC calculations in Polaris.

The MOC spatial discretization:

o Assumes a constant flux over each spatial region in the geometry, so this
assumption requires that the spatial mesh must be appropriately selected so the
scatter/fission source is very small over each volumetric region.

o Requires that spacing between the characteristic particle tracks be appropriately
selected so that the volumetric flux in each spatial region is accurate.



3.4 ORIGEN

The Oak Ridge Isotope Generation (ORIGEN) code calculates time-dependent concentrations,
activities, and radiation source terms for a large number of isotopes simultaneously generated
or depleted by neutron transmutation, fission, and radioactive decay. ORIGEN is used internally
within SCALE’s TRITON and Polaris sequences to perform depletion and decay.

The major assumptions or approximations in the ORIGEN depletion coupling in TRITON and
Polaris are presented below:

e The size and number of depletion steps is appropriate for the midpoint depletion scheme
employed in TRITON and the predictor-corrector scheme in Polaris. The depletion step
size is tested in the depletion calculations of test suite 5.

¢ In CE KENO depletion, the propagation of MC uncertainties through the depletion
calculation is small and can be neglected.






4 CODE ASSESSMENT TESTING

The goal in this work is to determine the degree to which TRITON/NEWT or Polaris is an
accurate representation of a 2D assembly model with reflective boundary conditions. In this
context, the code assessment includes assessing the quality of the nuclear data for 2D
assembly calculations and substantiating the calculational methods employed in SCALE
outlined in the previous section.

Because available critical reactor experiment benchmarks cannot be modeled with
TRITON/NEWT or Polaris directly, a three-phase approach will be used to assess the prediction
of QOls.

In the first phase, selected critical experiments will be modeled using the CE KENO 3D MC
code. Biases and statistical uncertainties in ke, and pin power distributions will be determined
for the CE KENO calculations by comparing CE KENO results to experimental data. The critical
benchmark experiments to be used are primarily from the International Handbook of Evaluated
Criticality Safety Benchmark Experiments (International Criticality Safety Benchmark Evaluation
Project [ICSBEP]) [7] and the International Handbook of Evaluated Reactor Physics Benchmark
Experiments (IRPhE) [8]. The selection of representative benchmark experiments, as
documented in Appendix A, should translate the modeling accuracy of the benchmark
experiments to the modeling accuracy of 2D assembly calculations. This phase is hereafter
referred to as CE KENO lattice calculations accuracy assessment in this report and is primarily
focused on assessing the quality of nuclear data and the accuracy of MC physics methods for
assembly calculations.

In the second phase, CE KENO, TRITON/NEWT, and Polaris assembly models will be
generated for a large set of test problems. The CE KENO result for each assembly model will be
used as the reference solution to establish bias and uncertainties in the TRITON and Polaris
calculations. A large set of assembly test problems for 14 test suites has been defined based on
the intended range of applications. This phase is hereafter referred to as 2D numerical
benchmark assessment in this report, and it primarily substantiates the use of the self-shielding
and transport methods employed in TRITON/NEWT and Polaris, the MG energy treatment, and
the selection of group structure.

In the third phase, the isotopic predictions from Polaris and TRITON/NEWT depletion
calculations will be compared to available RCA measurements. The measured isotopic density
distributions of the fuel samples will be compared with isotopic density distributions calculated
from Polaris and TRITON/NEWT depletion calculations. In addition, TRITON/NEWT and Polaris
calculations will be benchmarked using applicable mixed oxide (MOX) and uranium oxide (UOX)
fuel international numerical benchmarks for neutronic parameters and depletion calculations.
The numerical benchmark results will provide an opportunity to compare TRITON/NEWT and
Polaris results to well-recognized lattice physics code results.

4.1 Parametric Studies

Results of parametric studies are used to establish an optimum set of input parameters for CE
KENO (number of particles/generation, number of active/inactive generations), NEWT
(quadrature set, grid spacing), and Polaris (quadrature set, ray spacing, number of rings and
sectors) models.



CE KENO pin power calculations parametric study:

A short study shows that based on a PWR CE 14 x 14 geometry, MC parameters set to
400,000 particles/generation, 2,500 active generations with 250 inactive generations produce a
converged pin power distribution. Table 4-1 shows comparison of pin power distribution statistics
with respect to the reference distribution for variations in the CE KENO MC parameters. Final CE
KENO input parameters selected for the code assessment are provided in Table 4-4.

Table 4-1 Effect of CE KENO Parameters on Pin Power Distribution Statistics

CE KENO parameters Pin power statistics (%) ‘
Active Inactive Particles/ Root mean
generations generations generation L EETE square (RMS)
2,500 250 400,000 0 0 0
2,500 250 10,000 0.41 0.084 0.113
2,500 250 50,000 0.16 0.035 0.047
2,500 250 100,000 0.09 0.024 0.034
2,500 250 200,000 0.08 0.031 0.037
2,500 250 300,000 0.09 0.038 0.038
750 250 400,000 0.08 0.015 0.026
500 500 400,000 0.09 0.027 0.036
1,750 250 400,000 0.04 0.007 0.015
1,500 500 400,000 0.10 0.023 0.033

NEWT calculations parametric study:

NEWT spatial mesh refinements are performed in two steps. In the first step, the number of
polygon faces approximating the guide tube (GT) circles is increased. In the second step, the
same refinement is implemented for the fuel rod geometries. Following the same steps, spatial
grids used in unit cell definitions are refined. Table 4-2 shows some of the tested mesh
refinement, angle quadrature, and scattering order studies for the NEWT geometry. Final NEWT
input parameters selected for the code assessment are provided in Table 4-4.

Polaris calculations parametric study:

Spatial meshes were refined by increasing the number of material rings and the number of
sectors in fuel, burnable absorbers, and GT regions. Uniform and material-dependent
refinements and rotational (non-aligning) sector configurations were also tested. The resolution
of the MOC solution was increased by decreasing ray spacing and increasing the number of
azimuthal and polar angles. Different combinations of ray spacing, different numbers of angles,
and different scattering orders were tested. In this study, the smallest ray spacing was

0.003 cm, the largest number of azimuthal angles was 32, and the largest number of polar
angles was 4. Table 4-3 shows some of the tested configurations. Final Polaris input
parameters selected for the code assessment are provided in Table 4-4.
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Table 4-2 Change in Unrodded k.+swith NEWT Input Parameters

Parameters Kesr k(pcm)
CE KENO reference 1.25751 0
Pn?= 1 Sn?= 6 Sides = 12 Grid®= 4 x 4 (base) 1.25696 55
Grid(GT9) =8 x 8 1.25692 59
Sides®(GT) = 40 1.25697 54
Grid=8x8 1.25612 139
Grid =16 x 16 1.25590 161
Sn =16 1.25742 9
Sn=10 1.25726 25
Pn(Fuelf) = 2 1.25697 54
Pn(Moderator’) = 3 1.25689 62
Grid=8x8 Sn =16 1.25672 79
Grid =16 x 16 Sn = 16 1.25650 101
Grid = 16 x 16 Sn = 16 Sides = 20 1.25669 82
Grid = 16 x 16 Sn = 16 Sides = 40 1.25668 83

@ = Pn: scattering order

b = Sn: angle quadrature

¢ = Grid: unit grid used in geometry

9= GT: applies only to guide tube

¢ = Sides: number of polygon sides for approximating circular geometries
f = Fuel: applies only to fuel



Table 4-3 Change in Unrodded k.+with Polaris Input Parameters

Parameters Kerr (pcll(n)
CE KENO reference 1.25751 0
MOC?3(w?=0.08 6°= 16 ¢9=2) ESSM®(w =0.026=3¢=2)Pn=0 1.25664 87
MOC(¢ = 3) 1.25682 69
MOC(6 = 32) 1.25725 26
MOC(w = 0.01) 1.25682 69
MOC(w =0.0106=32¢ = 3) 1.25741 10
MOC(w =0.016 =32 ¢ = 3) ESSM(w = 0.01) 1.25741 10
MOC(w =0.01 6 =32 ¢ = 3) ESSM(w = 0.01) GT*(3-1-1,8-16-24) 1.25711 40
MOC(w =0.016=32 ¢ =3) ESSM(w =0.01) Pn =2 1.25646 105
MOC(w =0.016=32¢ =3) ESSM(w =0.01) Pn=3 1.25636 115
MOC(w =0.04 6 =32 ¢ = 3) ESSM(w = 0.01) Pn=2 1.25646 105
MOC(w =0.04 6=20 ¢ = 3) ESSM(w =0.01) Pn =2 1.25636 115
MOC(w =0.04 6 =20 ¢ = 3) ESSM(w = 0.02) Pn =2 1.25636 115
MOC(w =0.04 6 =20 ¢ = 3) ESSM(w =0.01) Pn =2 1.25639 112
I;/Ir(])i)gw =0.016=32¢=3)GT(1-1-1,16-16-16) Fuel?(1-1-1-1,16-16-16-16) 125625 126
MOC(w =0.0106 =32 ¢ = 3) GT(3-1-2,16-16-16) Fuel(3-1-1-2,16-16-16-16) 125644 107

Pn=3

a2 = MOC: MOC solver parameters

b = w: ray spacing

€= 8: number of azimuthal angles

9 = ¢: number of polar angles

¢ = ESSM: ESSM cross section processing solver parameters

f= GT: Number of rings and sectors in each material region of GT cell

9 = Fuel: Number of rings and sectors in each material region of fuel cell

Solution Parameters:

Considering the individual contribution of each solution parameter to QOI (eigenvalue and pin
powers) and CPU time, a set of optimum solution parameters is selected. Any attempt to
increase solution resolution beyond its default value results in considerable increase to the run
time. Therefore, input parameter changes that impact the calculated ker less than 20 pcm are
ignored. Table 4-4 shows the solution parameters used in testing for CE KENO, NEWT, and
Polaris. Step sizes for depletion calculations are selected based on the accuracy of the TRITON
midpoint depletion algorithm, although Polaris allows larger depletion steps due to a higher
order predictor-corrector scheme.




Table 4-4 SCALE Solution Parameters Used in Testing

Code Problem Type Solution Parameters

Particles/generation: 10,000
CE KENO Kint Active generations: (until converged in 10 pcm)
Inactive generations: 500

Particles/generation: 100,000

CE KENO pin power Active generations: 1,000
Inactive generations: 500
. Grid=8x 8
NEWT IFBAlattice  jigese= 50, Sn = 16 for IFBA loaded lattices
Grid=8x8
NEWT All others Sides?= 20

Sn = 16 for all others
MOC?(w* = 0.003 89 = 20 ¢¢ = 3) ESSM’(w = 0.02) for IFBA

Polaris IFBA lattice loaded lattices
—_ _ —_ f _
Polaris All others MOC(w =0.04 8 = 20 ¢ = 3) ESSM/(w = 0.02) for all others
(Default)
ALL Depletion 0.25 GWd/MTU steps until burnable absorber is depleted

@ = Sides: number of polygon sides for approximating circular geometries
b = MOC: MOC solver parameters

¢ = w: ray spacing

9= @: number of azimuthal angles

¢ = ¢: number of polar angles

f= ESSM: ESSM cross section processing solver parameters

Coverage

To assess the quality of SCALE lattice physics calculations, a wide range of operating
conditions and assembly designs were selected to cover past and current commercial PWRs
and BWRs. The coverage is defined based on the intended application of SCALE lattice physics
codes for LWR core analysis with PARCS. The application range and features are specified in
terms of assembly design parameters and are provided below.

Geometry:

The code assessment is performed for available commercial PWR and BWR assembly
geometries. The BWR assemblies include General Electric (GE), Global Nuclear Fuel (GNF),
Areva (ATRIUM), and Westinghouse (SVEA) fuel designs. The PWR assemblies include
Westinghouse Electric Company (WE) and Combustion Engineering (CE) fuel designs.

BWR
1. 8x8
a. Two small water rods (GE5)
b. One large water rod (GE8, GE9, GE10)



2. 9x9
a. Two water rods (GE13)
b. One large water rod (GNF-step3)
c. Centered water box (ATRIUM9)

3. 10x10
a. Two water rods (GE12, GE14, GNF1)
b. Off-centered water box (ATRIUM10)
c. Water diamond and wings (SVEA96-Optima2)

PWR
14 x 14 WE (small guide tubes)
15 x 15 WE
16 x 16 CE (large guide tubes)
17 x 17
a. Standard WE
b. Optimized fuel assembly (OFA) WE
5. 18 x 18 WE

PO~

The majority of the assembly geometries listed above is covered in 2D numerical benchmark
validations. The remaining older designs are included in the RCA measurement validations.

For the design features and operating conditions covered in the test suites below, GE14
10 x 10, WE standard 17 x 17, and WE 15 x 15 (MOX fuel only) are selected as the nominal
assembly geometries because they are the most common and recent assembly designs.

Enrichment:

Assembly designs with 2%U enrichments ranging from 0.71-10 wt% are included. For PWR
UOX assemblies, the nominal 23U enrichment selected is 3.1 wt%. For the BWR UOX
assembly, the nominal design used is GE14 10 x 10 with an enrichment pattern [9] of 2.3—4.95
wt%. Zone patterns for other BWR assemblies [10,11] are adapted from the GE14 10 x 10
design.

MOX assemblies include recycled fuel and weapons-grade plutonium vectors with
59.7-93.6 wt % 2%°Pu. MOX enrichment zones for BWR and PWR assemblies are obtained
from available designs [12,13].

Boron Concentration:

Soluble boron concentrations of up to 2,500 ppm for PWR are modeled. A boron concentration
of 1,300 ppm natural boron is used as the nominal value for PWR assemblies because it
represents a typical beginning of cycle (BOC) hot full power (HFP) concentration.

Accident conditions (anticipated transient without scram [ATWS]) for BWR are also covered by
using boron concentrations up to 2,000 ppm at cold and hot zero power (HZP) conditions. This
approach is conservative for testing the most reactive conditions with high density coolant and
low temperature fuel.



Burnable Poisons:

Both integral and discrete burnable poison (BP) types are included. For BWRs, only integral
gadolinia-loaded fuel with gadolinia loadings ranging from 0—10% Gd»Os3 are considered,
because it is the BP type commonly used. For PWRs, all BP types listed below are considered.

1. Gadolinia (Gd205):
e 0-10 wt % natural gadolinia
e 4-and 12-rod patterns

2. Wet annular burnable absorber (WABA):
e 14.0 wt% B4C content in an Al,O3-B4C mixture

3. Burnable poison rod assembly (BPRA):
e 1g/cm? 2 g/cm®and 4 g/cm?® B4C densities
o 4- 12-, and 24-rod patterns

4. Borosilicate glass (PYREX):
e 125 wt% B20O3content
e 4- 12-, and 24-rod patterns

5. Integral fuel absorber (IFBA):
e 1.5and 4 mg "°B/inch boron loadings with 3.1 wt % #°U
e 80-, 104-, and 120-rod patterns with 3.1 wt% 23U enrichment

Fuel Temperature:

Fuel temperatures ranging from 293-3,000 K are included. A nominal fuel temperature of 900 K
is selected at hot fuel conditions for PWR assembly models, and 950 K is selected for BWR
assembly models.

Burnup:

The average assembly burnup range extends to 80 GWd/MTU of depleted fuel, which is beyond
the highest reported commercial LWR fuel assembly in the United States.

Moderator Density:

Moderator densities range from 0-90% void fraction for BWR assemblies at HFP conditions.
Moderator densities for 293 K cold and 560 K HZP conditions are also modeled. Moderator
densities corresponding to moderator temperatures ranging from 293—600 K are included for
PWR assemblies.

Control Rod/Control Blade Types:

The tested fuel assembly control element models include the following control rod types for
PWR assemblies:

1. Ag-In-Cd (AIC)
2. B4C
3. Inconel absorber



The following control blade types are used for BWR assemblies:
1. Standard original equipment manufacturer (OEM, B4C)
2. Marathon
3. Standard OEM (hafnium)

Other Features:

The following modeling options are also tested using the nominal assembly designs:

1. Fuel/reflector cross section calculations
2. Time-dependent changes to operating conditions for RCA benchmarks

4.2 2D Numerical Benchmark Test Suites

As described above in Section 4.1, a range of assembly designs with different fuel loadings and
operating conditions are tested for the accuracy assessment of the TRITON/NEWT and Polaris
lattice physics calculations. Except for the depletion test suites, all tests are performed with
fresh fuel or with depleted fuel isotopics calculated by TRITON/NEWT depletion calculations.
Unless stated otherwise, kirr and pin power distributions—relative fission rate distributions—are
compared to the reference CE KENO values. All CE KENO ki calculations are converged to a
maximum of 10 pcm uncertainty. Pin power uncertainties vary based on the lattice design and
test suite. Statistics for pin power uncertainties are provided, along with pin power comparisons.

In addition to Polaris and TRITON/NEWT (hereafter referred as NEWT), MG KENO results are
also included in code-to-code comparisons to provide insight about the accuracy of the TRITON
MG cross section processing and the transport solution. Since MG KENO shares the same
cross sections with NEWT and the same transport solver with CE KENO, it allows the
contribution of the cross section library and the transport solver to be separated based on the
differences seen in the results. As in the CE KENO calculations, MG KENO ks calculations are
converged to 10 pcm maximum uncertainty.

The success of each test is determined by acceptance accuracy and target accuracy for each
QOI. Acceptance accuracy is the maximum acceptable difference between the reference and
the calculated QOls. A test would be declared failed if the difference exceeds this determined
value. Each failed case will be investigated in detail, and if necessary, modeling and
methodology improvements will be considered. Target accuracy is the desired accuracy
between the reference and the calculated values to ensure that SCALE codes meet or exceed
the accuracy of state-of-the-art lattice physics codes. If a test result passes the acceptance
accuracy test but does not meet the target accuracy, it will be included in future code
development plans.

Acceptance accuracy and target accuracy criteria are selected based on a review of licensing
topical reports, published papers of industry standard codes, and personal communications with
experts [14,15,16,17,18]. The primary QOls under investigation are kj,s and pin power. The ki
comparisons provide insight on the prediction of the global reactivity of the lattice configuration.
Pin power comparisons provide insight on the prediction of the local power and flux distributions
within the lattice.

The target and acceptance accuracy for ki, and pin power distribution are determined as
follows:



kinr and pin power target accuracy:

¢ BWR:
o 200 pcm difference in ki
o 1% RMS difference in pin power distribution
o 1.5% maximum difference in pin power distribution

o 200 pcm difference in ki
o 0.5% RMS difference in pin power distribution
o 1.5% maximum difference in pin power distribution

kinr and pin power acceptance accuracy:

¢ BWR and PWR:
o 400 pcm difference in ki
o 1.5% RMS difference in pin power distribution
o 2.5% maximum difference in pin power distribution

It is also important to assess the few-group cross sections used in the full-core PARCS analysis.
The few-group cross sections are post-processed from the multigroup cross sections and flux
distributions within the lattice. Therefore, errors in kixr and pin powers may suggest that there are
errors in the few-group cross sections. However, post-processing edits such as transport cross
sections, kinetics parameters, and fission product yields are influenced by nuclear data that are
independent of the neutronics calculation.

Because CE KENO was designed as a criticality safety analysis code, it is not capable of
generating lattice physics parameters required by core simulator codes. There are current
SCALE development efforts to replace KENO with the Shift MC code [19] to provide the
depletion capabilities and the data output necessary for lattice physics calculations. The Serpent
MC code [20] is used to compare and assess NEWT and Polaris calculations of few-group cross
section QOls, given its capabilities of generating few-group cross sections as function of
depletion. Note that Serpent uses ENDF/B-VII nuclear data generated by NJOY, which will
contribute to small differences in results.

If sensitivities of core QOls (e.g., ke, peak pin power) to few-group cross sections are known,
acceptance criteria for few-group cross sections can be determined based on the acceptable
biases in core QOls. However, calculation of these sensitivities is not straightforward. Moreover,
these sensitivities will differ based on spatial location of the lattice in the core (3D), burnup, state
of the core, control rod patterns, and core loadings. Sensitivity analysis (adjoint, stochastic, and
parametric) will require additional efforts and will be part of the next phase in the accuracy
assessment task.

However, based on previously set acceptance criteria for kj,s two accuracy criteria are applied
for these calculations, as described in the following paragraphs.

For the first criterion, the nu-fission, absorption, and scattering cross sections can be used to
compute the 4-factor formula for ki,r and the fast-to-thermal flux ratio. The 4-factor formula is
appropriate for use in this study, as the lattice physics problems are infinite medium problems.
The 4-factor formula provides an additional set of quantitative metrics for global reactivity
balance with respect to the fast and thermal neutron groups. For the purposes of this report, the
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target and acceptance accuracy for ki is applied to each term of the 4-factor formula to identify
cancellation of errors among fast and thermal cross sections.

In the second criterion, target and acceptance accuracies must be provided for direct
comparison of NEWT and Polaris few-group cross sections with Serpent. For the purposes of
this report, the target accuracy is 1.5% relative difference, and the acceptance accuracy is 3%
relative difference.
Few-group cross section target accuracy:
e 4-factor ki, formula: 200 pcm difference
e Cross sections, assembly discontinuity factors (ADFs), flux ratios, transport cross
sections, kappa values, kinetics parameters, and fission product yields: 1.5% relative
difference unless noted otherwise
Few-group cross section acceptance accuracy:

e 4-factor ki, formula: 400 pcm difference

e Cross sections, ADFs, flux ratio, transport cross sections, kappa values, kinetics
parameters, and fission product yields: 3.0% relative difference unless noted otherwise

For depletion calculations, concentrations of important isotopes must be compared at different
burnups. For the numerical depletion benchmarks presented in this report, the target accuracy
and acceptance accuracy for isotopic concentrations are as follows:

Isotopic concentration target accuracy: 1.5% relative difference in uranium and plutonium
isotopes mass

Isotopic concentration acceptance accuracy: 2.5% relative difference in uranium and
plutonium isotopes mass

Table 4-5 summarizes test coverage for 2D numerical benchmarks, and Table 4-6 summarizes
RCA measurement data.



Table 4-5 Test Suite Coverage for 2D Numerical Benchmarks

Test suite

Test Suite 1:
baseline

Test Suite 2:
control
elements

Test Suite 3:
MOX fuel

Test Suite 4:
reactivity worth
of depleted fuel

Test Suite 5:
depletion
calculations

Objective

Test case range

of various lattice types and 40, 70, and 90% void HFP, Doppler branches at

possible biases due to
lattice type and operating
condition by comparing Kinr
and pin power distribution
of common PWR and
BWR lattice types (all axial
zones for BWR).

Tests accuracy and
possible biases in kixrand
pin power distribution of
BWR and PWR lattices
with respect to different
types of control blades
and control rods.

Tests accuracy and
possible biases in ki, and
pin power distribution of
BWR and PWR lattices
containing MOX fuel (4
and 10 wt% Pu total with
50 and 95 wt% 3°Pu).

Tests accuracy and
possible biases in
reactivity worth of BWR
and PWR lattices
containing 40 GWd/MTU
and 80 GWd/MTU
depleted UOX fuel.

Tests accuracy and
possible biases in ki, and
U/Pu isotopic distributions
with depletion of UOX for
BWR (14 GWd/MTU) and
for PWR (80 GWd/MTU)
lattices.

HFP 0, 40, 70, and 90% void

PWR: controlled and uncontrolled, cold (O,
1,000,1,300, 2,000, and 2,500 ppm boron), HFP
(560 and 600K coolant temperatures), HZP
(0,1,000,1,300, 2,000, and 2,500 ppm boron),
and Doppler branch

BWR: controlled HFP 0, 40, 70, and 90% with
B4C, Marathon, and Hafnium control blades

PWR: Controlled HFP with AIC, B4C and Inconel
control rods

BWR: controlled and uncontrolled cold, HZP, 0,
40, 70, and 90% void HFP, Doppler branches at
HFP 0, 40, 70, and 90% void

PWR: controlled and uncontrolled, cold
(0,1,000,1,300, 2,000, and 2,500 ppm boron),
HFP (560 and 600 K coolant temperatures), HZP
(0,1,000,1,300, 2,000, and 2,500 ppm boron),
and Doppler branch

BWR: HFP 0, 40, 70, and 90% void HFP

PWR: HFP

BWR: 0, 40, 70% void, HFP

PWR: HFP

Tests modeling capability BWR: controlled and uncontrolled cold, HZP, 0,




Table 4-5 Test Suite Coverage for 2D Numerical Benchmarks (Continued)

Test suite

Objective

Test case range

boron injection

Test Suite 7:
enrichment

Test Suite 8:
fuel
temperature

Test Suite 9:
burnable
poison loading

Test Suite 10:
burnable
poison spatial
variations

Test Suite 11:
PARCS
parameters for
fuel-only model

Test Suite 12:
PARCS
parameters for
fuel/reflector
model

Test Suite 6:

Tests accuracy and
possible biases in ki, and
pin power distributions due
to variations in the
moderator boron
concentration.

Tests accuracy and
possible biases in ki and
pin power distributions due
to increasing 23°U
enrichment (2, 6, and

10 wt%) in BWR and PWR
lattices.

Tests accuracy and
possible biases in ki, and
pin power distributions due
to increasing fuel
temperatures in BWR and
PWR lattices.

Tests accuracy and
possible biases in ki and
pin power distributions due
to increasing burnable
poison loadings for BWR
(2-10wt% Gd) and PWR
(Gd, BPRA, IFBA) lattices.

Tests accuracy and
possible biases in ki, and
pin power distributions due
to location of burnable
poisons in BWR and PWR
lattices.

Tests accuracy and
possible biases in PARCS
QOI parameters with
respect to nominal BWR
and PWR lattice types at
different lattice conditions.

Tests accuracy of few
group reflector cross
sections generated by
using BWR and PWR
lattices.

BWR: 1,000 and 2,000 ppm, cold and HZP

BWR: 0, 40, 70, and 90% void, HFP.

PWR: HFP

BWR: 0, 40, 70, and 90% void, HFP at 500, 950
1,500, and 3,000 K fuel temperatures

PWR: HFP at 560, 900, 2,500, and 3,000 K fuel
temperatures

BWR: controlled and uncontrolled, 0, 40, 70, and
90% void HFP

PWR: HFP

BWR: 0, 40, 70, and 90% void, HFP

PWR: HFP

BWR: 0, 40, 70, and 90% void, HFP.

PWR: HFP

BWR: 0, 40, 70, 90% void, HFP

PWR: HFP




Table 4-5 Test Suite Coverage for 2D Numerical Benchmarks (Continued)

Test suite Objective Test case range

Test Suite 13:  Provides comparisons of

numerical kinr and isotopic

benchmarks concentrations with well
recognized lattice physics
codes for BWR and PWR
international benchmarks.

Test Suite 14:  Tests performance of the BWR: 0, 40, 70, and 90% void, HFP

variations in lattice physics calculations

vanished zone with respect to different

patterns vanished rod patterns in
BWR lattices.

Table 4-6 Test Suite Coverage for RCA Benchmarks?

Reactor Fuel Assembly Enrichment Pufisswt # of Burnup
design 25U wt % % samples (GWd/MTU)

Calvert Cliffs-1 PWR 14 x 14 3.038 n/a 2 37.12
UOX 44.34

Fukushima BWR 8x8 3.41-3.91 n/a 2 43.99

Daini-2 UOX 39.99

Gundremmingen BWR 9x%x9 0.253 1.15- 1 51.7
MOX 5.53

“=RCA benchmark data are provided in previous reports [21,22,23].






5 SUMMARY OF RESULTS

This section summarizes the calculational results for each test suite and provides high-level
observations of code performance trends. Detailed results and associated discussions are

found in the appendices.

5.1 Test Suite 1 — BOL LWR Assemblies Baseline

Table 5-1 Summary of Test Suite 1 Results

QOlI MC uncertainty Target criteria Acceptance criteria
Kint <10 pcm 200 pcm 400 pcm
Pin power (BWR) ~0.1% 1.0% RMS, 1.5% 1.5% RMS, 2.5%
MAX MAX
: 0.5% RMS, 1.5% 1.5% RMS, 2.5%
) (o) I [
Pin power (PWR) 0.1% MAX MAX
Categor Number of Passed target Passed acceptance
y cases criteria criteria
BWR 172 128 170
(u)®
BWR 167 102 167
(c)®
NEWT
PWR (u) 88 87 88
PWR (c) 86 48 86
Total 513 365 511
BWR (u) 172 143 165
BWR (c) 167 141 167
Polaris PWR (u) 88 88 84
PWR (c) 86 68 86
Total 513 440 502

Reference calculation — CE KENO:
500 inactive generations, 1,000 active generations, 100,000
particles/generation

4(u) = uncontrolled
b(c) = controlled

Observations are as follows:

o Nearly all cases pass the acceptance criteria.



o Al BWR lattice tests pass except Polaris 90% void, natural zone test (Ak=470 pcm).
NEWT and Polaris cold-controlled cases and 90% void cases have the largest ki
differences in BWR lattices and do not meet the target criteria.

e Several PWR-controlled cases fail to meet target criteria. All instances were at cold
0 ppm boron conditions.

¢ Both codes exhibit trends in ks difference vs void fraction for BWR lattices and kin¢
difference vs coolant boron concentration in PWR lattices.

5.2 Test Suite 2 — Control Elements

Table 5-2 Summary of Test Suite 2 Results

QOl MC uncertainty Target criteria Acceptance criteria
Kinf <10 pcm 200 pcm 400 pcm
Pin power (BWR) ~0.1% 1.0% RMS, 1.5% 1.5% RMS, 2.5%
MAX MAX
Pin power (PWR) ~0.1% 0.5% F'\\’/Il\'il‘i 1.5% 1.5% IE:\A?( 2.5%
Code Catogory  Nimberof  Passedtarget  Passed scceptance
BWR 12 12 12
NEWT PWR 6 6 6
Total 18 18 18
BWR 12 12 12
Polaris PWR 6 6 6
Total 18 18 18

Reference calculation — CE KENO:
500 inactive generations, 1,000 active generations, 100,000 particles/generation

Observations are as follows:
o All cases pass the acceptance criteria.

o Polaris and NEWT results indicate a small bias (<100 pcm) in k;,r differences between
hafnium and B4C control blades.

e Marathon control blades also show a similar bias in Polaris results.

e Compared with other PWR control rod types, AIC results show a small bias (<100 pcm)
for all codes.



5.3 Test Suite 3 — MOX Fuel

Table 5-3 Summary of Test Suite 3 Results

QOlI MC uncertainty Target criteria Acceptance criteria
Kint <10 pcm 200 pcm 400 pcm
Pin power (BWR) ~0.1% 1.0% RMS, 1.5% 1.5% RMS, 2.5%
MAX MAX
Pin power (PWR) ~0.1% 0.5% Tﬂh,i?( 1.5% 1.5% RMI\LI‘?( 2.5%
Code Category Nu(gl::; of Pas:g;je:?;get Passegr?tc;?-?aptance
BWR (u)? 17 11 14
BWR (c)? 15 12 15
NEWT PWR (u) 29 29 29
PWR (c) 29 29 29
Total 90 81 89
BWR (u) 17 14 17
BWR (c) 15 15 15
Polaris PWR (u) 29 29 29
PWR (c) 29 29 29
Total 90 87 90
Reference calculation: CE KENO:
500 inactive generations, 1,000 active generations, 100,000 particles/generation

a(u) = uncontrolled
b(c) = controlled

Observations are as follows:
o Asin UOX fuel, there is a strong trend in ki, differences vs void fraction.

¢ Unlike UOX, MOX results for MG KENO and NEWT show a trend in the opposite
direction.

o MG KENO and NEWT results fail to meet the target criteria after the void fraction
exceeds 40%. NEWT results fail to meet the acceptance criteria at 90% void fraction.
Further investigation is required.

e Polaris results pass acceptance and target criteria for hot cases, while ki differences
are higher than the target criteria for cold cases (~370 pcm).



e All codes pass target criteria for controlled BWR lattices except for NEWT case at 90%
void fraction.

e All codes pass target criteria for PWR lattices for all state points.

5.4 Test Suite 4 — Reactivity Worth of Depleted Fuel

Table 5-4 Summary of Test Suite 4 Results

QOlI MC uncertainty Target criteria Acceptance criteria
Kint <10 pcm 200 pcm 400 pcm
Pin power (BWR) ~0.1% 1.0% RMS, 1.5% 1.5% RMS, 2.5%
MAX MAX

Pin power (PWR) ~0.1% 0.5% l:l\\)/ll\,ﬂ\i 1.5% 1.5% Iﬁ/ll\'ilf< 2.5%
Code Category Nu(gl::; of Pas:g;je:?;get Passegr?tc:;?aptance

BWR 12 9 12
NEWT PWR 3 3 3

Total 15 12 15

BWR 12 9 12
Polaris PWR 3 3 3

Total 15 12 15

Reference calculation — CE KENO:
500 inactive generations, 1,000 active generations, 100,000 particles/generation

Observations are as follows:
e Both codes pass target criteria for all PWR tests.

e Trends in ki associated with void fraction were observed for all BWR depleted fuel
configurations for both codes; the trends strongly depend on the burnup.

e While BWR 0% void fraction has the largest difference at BOC, 90% void fraction has
the largest difference in kj,r at EOC for NEWT.

e Both codes fail to meet the target criteria for BWR depleted fuel at 90% void fraction.



5.5 Test Suite 5 — Depletion Calculations

Table 5-5 Summary of Test Suite 5 Results

MC Target criteria Acceptance
Uncertainty criteria
Kinf <10 pcm 200 pcm 400 pcm
U and Pu number n/a 1.5% 2.5%
density
Number of Passed target Passed
Category - acceptance
cases criteria .
criteria
BWR 57 48 57
NEWT PWR 19 11 17
Total 76 59 74
BWR 57 44 57
Polaris PWR 19 8 17
Total 76 52 74
Reference calculation — CE KENO:
500 inactive generations, 1,000 active generations, 100,000
particles/generation

Observations are as follows:
e For PWR depletion, Polaris and NEWT pass acceptance criteria for Kir.

e Polaris results pass target criteria for ki, while NEWT results fail target criteria beyond
43 GWd/MTU.

¢ MG KENO analysis shows that cross section processing introduces 250 pcm bias in
depletion results.

¢ In general, 2®Pu concentrations show larger relative differences than other isotopes.
23U concentrations fail acceptance criteria for NEWT by -4.6% and for Polaris by
-3.7% at 80 GWd/MTU burnups.

e For BWR depletion, Polaris and NEWT pass acceptance criteria for k;,r at all void
fractions.

e Polaris results pass target criteria for ki, Wwhile NEWT results fail target criteria at 0%
and 70% void fractions.

¢ Allisotope differences pass acceptance criteria for both codes



e 23py concentrations show larger relative differences than other isotopes and fail target
criteria for both codes.

5.6 Test Suite 6 — Boron Injection

Table 5-6 Summary of Test Suite 6 Results

QoI MC uncertainty Target criteria Acceptance criteria
Kint <10 pcm 200 pcm 400 pcm
Pin power (BWR) ~0.1% 1.0% RMS, 1.5% 1.5% RMS, 2.5%
MAX MAX

Pin power (PWR) ~0.1% 0.5% IE:\A?( 1.5% 1.5% Tﬂhﬁ\i 2.5%
Code Category Nu:;g:; of Pas:ztde :?;get Passe:r?t<;$?aptance

BWR 6 6 6
NEWT PWR 15 15 15

Total 21 21 21

BWR 6 5 6
Polaris PWR 15 15 15

Total 21 20 21

Reference calculation — CE KENO:
500 inactive generations, 1,000 active generations, 100,000 particles/generation

Observations are as follows:
¢ Both codes pass the acceptance criteria for all BWR borated lattice tests.

e Both codes exhibit a trend with boron concentration in ki,rdifferences at cold conditions.
This trend disappears with increasing fuel temperature at HZP condition.

o Polaris fails the target criteria for BWRs at high boron cold condition (~260 pcm).

e Both codes pass the target criteria for all PWR borated lattice tests.



5.7

Test Suite 7 — Enrichment

Table 5-7 Summary of Test Suite 7 Results

QOlI MC uncertainty Target criteria Acceptance criteria\
Kint <10 pcm 200 pcm 400 pcm
Pin power (BWR) ~0.1% 1.0% RMS, 1.5% 1.5% RMS, 2.5%
MAX MAX
Pin power (PWR) ~0.1% 0.5% ?/IMAi 1.5% 1.5% ?/I'\,g( 2.5%
Code Category Nu‘::‘g:; of Pas‘?:?tc:e :?;get Passegr?tzc;?aptance
BWR (u)? 20 17 20
BWR (c)? 20 19 20
NEWT PWR (u) 5 5 5
PWR (c) 5 5 5
Total 50 46 50
BWR (u)? 20 13 20
BWR (c)? 20 19 20
Polaris PWR (u) 5 5 5
PWR (c) 5 5 5
Total 50 42 50
Reference calculation — CE KENO:
500 inactive generations, 1,000 active generations, 100,000 particles/generation

3(u) = uncontrolled
b(c) = controlled

Observations are as follows:

All BWR lattice tests pass acceptance criteria.

For Polaris, void fraction trends are observed across all enrichments. As fuel enrichment
increases, the biases in ki also increase. A similar trend in enrichment is observed for
NEWT results, while it is less noticeable for NEWT uncontrolled cases.

There is a significant bias between NEWT and Polaris results for uncontrolled
configurations. The bias decreases for controlled cases.

Polaris results fail to pass the target criteria at high void fraction (90%).



o NEWT results fail to pass the target criteria at no void fraction (0%).
o Al PWR lattice tests pass the target criteria.

5.8 Test Suite 8 — Fuel Temperature

Table 5-8 Summary of Test Suite 8 Results

| QOI MC uncertainty Target criteria Acceptance criteria
Kinf <10 pcm 200 pcm 400 pcm
Pin power (BWR) ~0.1% 1.0% RMS, 1.5% 1.5% RMS, 2.5%
MAX MAX
. 0.5% RMS, 1.5% 1.5% RMS, 2.5%
e o ) ]
Pin power (PWR) 0.1% MAX MAX
Number of Passed target Passed acceptance
Category P o s
cases criteria criteria
BWR 16 16 16
NEWT PWR 4 4 4
Total 20 20 20
BWR 16 16 16
Polaris PWR 4 4 4
Total 20 20 20
Reference calculation — CE KENO:
500 inactive generations, 1,000 active generations, 100,000 particles/generation

Observations are as follows:

e For consistent comparison, CE KENO calculations do not enable resonance
upscattering calculations.

¢ AllBWR and PWR lattice tests pass the target criteria.

¢ No significant biases or trends are observed with respect to increasing fuel temperature.



5.9

Test Suite 9 — Burnable Poison Loading

Table 5-9 Summary of Test Suite 9 Results

QOlI MC uncertainty Target criteria Acceptance criteria
Kinf <10 pcm 200 pcm 400 pcm
Pin power (BWR) ~0.1% 1.0% RMS, 1.5% 1.5% RMS, 2.5%
MAX MAX
Pin power (PWR) ~0.1% 0.5% I;\{/Il\gi 1.5% 1.5% ?/I'\,ﬂi 2.5%
Code Catogory  NUmberef  Passedtarget  Passed sccsptance
BWR 12 9 11
NEWT PWR 7 4 7
Total 19 13 18
BWR 12 10 12
Polaris PWR 7 7 7
Total 19 17 19
Reference calculation — CE KENO:
500 inactive generations, 1,000 active generations, 100,000 particles/generation

Observations are as follows:

Increasing gadolinium loading in BWR lattices increases bias in void fraction trends for
both codes.

High void fraction (90%) NEWT results for 0% gadolinium loading fail to meet the
acceptance criteria.

All nonzero gadolinium loadings at 0% void fractions fail to meet the target criteria for
NEWT results.

Except for the 90% void fraction 10% gadolinium loading case, all Polaris results pass
the target accuracy for BWR lattices.

Polaris results pass the target accuracy for all PWR lattice tests.
NEWT results fail to pass the target criteria for IFBA and gadolinium (~207 pcm) BP

types. IFBA results can be improved by increasing geometry details of the
absorber region.



5.10

Test Suite 10 — Burnable Poison Spatial Variations

Table 5-10 Summary of Test Suite 10 Results

QOlI MC uncertainty Target criteria Acceptance criteria\
Kint <10 pcm 200 pcm 400 pcm
Pin power (BWR) ~0.1% 1.0% RMS, 1.5% 1.5% RMS, 2.5%
MAX MAX
. 0.5% RMS, 1.5% 1.5% RMS, 2.5%
—~ (0] I 1]
Pin power (PWR) 0.1% MAX MAX
Code Category Number of Passgd t:arget Passed ?ccgptance
cases criteria criteria
BWR (u)? 8 7 8
BWR (c)? 8 8 8
NEWT
PWR (u) 14 11 14
Total 30 26 30
BWR (u)? 8 8 8
~ BWR(c)® 8 7 8
Polaris
PWR (u)? 14 14 14
Total 30 29 30
Reference calculation — CE KENO:
500 inactive generations, 1,000 active generations, 100,000 particles/generation

4(u) = uncontrolled
b(c) = controlled

Observations are as follows:

The magnitude of the k. differences depends on the BP type and spatial variation. For
BWRs, the ki difference as a function of void fraction has the same shape across the
different BP variations.

NEWT 0% void fraction fails to pass the target criteria for the uncontrolled internal
gadolinia pattern.

Polaris 0% void fraction fails to pass the target criteria for the controlled internal
gadolinia pattern.

Polaris passes the target criteria for all PWR lattice BP loading patterns.

NEWT fails the target criteria for IFBA loading patterns.



5.11 Test Suite 11 — PARCS Parameters for Fuel-Only Model

Table 5-11 Summary of Test Suite 11 Results

MC T o
QOlI uncertainty Target criteria  Acceptance criteria
Kinr, mf, P, € <10 pcm 200 pcm 400 pcm
nu-fission,
absorption, 0 ; 0 i
downscatter, kappa, <01% 1.§A> relative 3 /o relative
difference difference
fast-to-thermal flux,
transport, ADF
5% relative 10% relative
o
S|P =02 difference difference
Code Category Number of Passe_zd t:arget Passed ?ccgptance
cases criteria criteria

BWR 68 52 61
NEWT PWR 15 14 14

Total 83 66 75

BWR 68 60 67
Polaris PWR 15 13 15

Total 83 73 82

Reference calculation — Serpent:
200 inactive generations, 1,000 active generations, 100,000
particles/generation

Observations are as follows:
¢ Polaris has good agreement for most cases except for the 90% void fraction case. Cross
section processing in the unresolved resonance energy range and above requires
further investigation.

o NEWT has good agreement for most cases. Thermal upscattering convergence requires
investigation, along with spatial mesh refinement.

o Kappa values require additional investigation.

e See Appendix B, section B.11 for discussion on comparison of transport cross sections,
fission product yields, and kinetics parameters.
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5.12 Test Suite 12 — PARCS Parameters for Fuel/Reflector Model

Table 5-12 Summary of Test Suite 12 Results

\QOl MC uncertainty Target criteria Acceptance criteria
Qg\?v(r)\g:;?ér, <0.1% 1 -d5i ;VfOe :‘Z féi;/e 3:|/<f>f Gr;i}a:nt::vee
transport, ADF
Upscatter <0.5% 5&{;}(2?5:“0\;6 1g;’]{<f>erreejﬁgge

Category Number of Passe_d t:clrget Passed e_lcc?ptance
cases criteria criteria
BWR 96 49 74
NEWT PWR 24 13 20
Total 120 62 94
BWR 48 42 48
Polaris PWR 12 7 10
Total 60 49 58

Reference calculation — Serpent:
200 inactive generations, 1,000 active generations, 100,000 particles/generation

Observations are as follows:

¢ Polaris has good agreement for most cases except for the upscatter cross section for the
radial reflector.

o NEWT has good agreement for most cases except for the upscatter cross section and
the reflector ADF. Thermal upscattering convergence requires investigation, along with
the reflector ADF methodology.

e See Appendix B.12 for discussion on thermal upscatter and reflector ADF comparisons.



5.13

Test Suite 13 — International Numerical Benchmarks

Table 5-13 Summary of Test Suite 13 Results

QOlI Target criteria Acceptance criteria
Kint 200 pcm 400 pcm
U/Pu mass 2% relative 5% relative
Code Category Nu:;ts):; of Passz:ie :?;get Passegr?tiiieaptance
BWR 57 N/A N/A
“Eo PWR 6 6 6
Total 63 6 6
BWR 57 N/A N/A
NEWT PWR 6 6 6
Total 63 3 4
BWR 57 N/A N/A
Polaris PWR 6 4 4
Total 63 4 4
Reference calculation — benchmark results

Observations are as follows:

CE KENO and NEWT show good agreement with reference CASMO results from the
EPRI PWR benchmark. Polaris results do not meet acceptance criteria after
50 GWd/MTU.

There are large differences in (~800 pcm) in Serpent and SWAT code ki results for the
Expert Group on Used Nuclear Fuel Criticality (EGUNF) Phase Il BWR benchmark.
Therefore, no reference solution was selected for the BWR benchmark.

In contrast to large differences in ki results, U isotopes are in good agreement for all
codes. The largest differences are observed in 22Pu (14%) and #°Pu (4%) isotopes.



5.14 Test Suite 14 — Variations in Vanished Zone Patterns

Table 5-14 Summary of Test Suite 14 Results

QOlI MC uncertainty Target criteria Acceptance criteria
Kinf <10 pcm 200 pcm 400 pcm
Pin power (BWR) ~0.1% 1.0% RMS, 1.5% 1.5% RMS, 2.5%
MAX MAX
Code Category Number of Passgd tgrget Passed e_accfaptance
cases criteria criteria
NEWT BWR 12 10 12
Polaris BWR 12 12 12

Reference calculation — CE KENO:
500 inactive generations, 1,000 active generations, 100,000 particles/generation

Observations are as follows:

Polaris passes the target criteria for all patterns.
NEWT fails the target criteria for 0% void fractions.




5.15 RCA Measurements

Table 5-15 Summary of RCA Results

Target  Acceptanc
criteria e criteria

U/Pu mass 2% relative 5% relative
Sample Number Passed Passed

RCA sample Burnup?® of target acceptanc

(GWd/MTU) isotopes criteria e criteria
Calvert Cliffs-1 MKP 109-3 44.34 9 3 6
Calvert Cliffs-1 MKP 109-2 37.12 9 6 9
CE Fukushima SF98-5 43.99 9 8 9
KENO  Fukushima SF98-6 39.92 9 7 4
Gundremmingen GRM-1 51.7 9 7 9
Total 45 31 37
Calvert Cliffs-1 MKP 109-3 44.34 9 5 6
Calvert Cliffs-1 MKP 109-2 37.12 9 7 9
- Fukushima SF98-5 43.99 9 5 7
Fukushima SF98-6 39.92 9 2 4
Gundremmingen GRM-1 51.7 9 6 9
Total 45 25 35
Calvert Cliffs-1 MKP 109-3 44.34 9 6 8
Calvert Cliffs-1 MKP 109-2 37.12 9 8 9
el Fukushima SF98-5 43.99 9 5 8
Fukushima SF98-6 39.92 9 3 4
Gundremmingen GRM-1 51.7 9 5 8
Total 45 27 37

2 = Reported burnup values (Reference measured isotopic data)

Observations are as follows:

¢ The nine isotopes considered for comparisons in the table above are U and Pu isotopes:
234U, 235U, 236U, 238U, 238PU, 239PU, 240PU, 241PU, and 242PU.

o Good agreement between calculated and measured isotope concentrations is observed
for major actinides (?*°U and 2*°P) for all three codes.



¢ Relative differences between calculated (C) and measured (E) isotope concentrations do
not show any clear trends with respect to fuel (UOX, MOX) or reactor type (BWR, PWR).

e The difference in C/E ratios can be significant between CE KENO and Polaris for 2°U
(6%) and ?*°Pu (3%) for some samples. However, it is difficult to reach any conclusion
based on the limited number of measurements for burnup, enrichment, void fraction and
reactor type used in this test suite.



6 CONCLUSIONS

6.1 Overall Conclusions

This report provides a thorough, detailed assessment of the SCALE lattice physics codes for
generation of few-group cross section data for the PARCS core simulator. The detailed results
are summarized in Section 5 and are provided in the appendices. This assessment included 14
test suites in which the NEWT and Polaris results were compared to CE KENO MC reference
calculations. Table 6-1 below summarizes the results for the 14 test suites. Nearly all cases
passed the acceptance accuracy criteria, and the majority of cases passed the more stringent
target accuracy criteria.

In addition, isotopic depletion results from NEWT, CE KENO, and Polaris were compared to RCA-
measured isotopic concentrations. Table 6-2 summarizes the RCA results. The Polaris and
NEWT results used different methodologies but were consistent with each other. These results
agreed well with the measured data for most isotopes and were generally consistent with past
SCALE depletion validation studies except for 23¥Pu results, which need further investigation.

This report demonstrates that with few exceptions, NEWT and Polaris provide acceptable
predictions of (1) Kinr, pin power distributions and (2) few-group cross section data for PARCS
LWR core simulation. The exceptions, which are described in further detail in Appendix B, are
subject to further investigation. Areas that will be investigated further are summarized below:

e Polaris void trend: The numeric test suites reveal a trend in the ki,r bias with respect to
BWR void fraction. As void fraction increases from 0 to 90%, the bias between Polaris
kinr and CE KENO kix increases. At this writing, enhancements to the self-shielding
methodology in Polaris have been identified that improve the bias trend to the point that
the bias is a nearly constant function of void fraction. These enhancements will be
introduced in the SCALE 6.3 release.

e Polaris boron trend: The numeric test suites reveal a trend in the kj,r bias with respect to
PWR boron concentration. As boron concentration increases, the bias between Polaris
kins and CE KENO k;»r increases. As in the BWR void trend, enhancements to the self-
shielding methodology in Polaris improve the bias trend. These enhancements will be
introduced in the SCALE 6.3 release.

e Source of biases in MOX fuel results: The numeric test suites reveal that biases and
trends with MOX fuel are larger in magnitude when compared to the equivalent UO;
models for both NEWT and Polaris. As shown in Section 4.1, the parameters used in
each code were determined based on UO, CE 14 x 14 calculation. MOX fuel assemblies
exhibit different flux spectrum when compared to UO; fuel. Initial future investigations will
examine the sensitivity of the MOX QOls to quadrature and spatial mesh selection
specific to each code.

¢ High burnup depletion of IFBA loaded assemblies: The EPRI Benchmark shows larger
than expected reactivity worth for depleted fuel at burnups above 50 GWd/MTU using
Polaris. This trend is not observed in numerical depletions calculation tests (Test Suite
5). Even at extremely high burnups of up to 80 GWd/MTU, Polaris results show
acceptable bias compared to results using CE KENO. Furthermore, good agreements in
isotope distributions observed in comparisons to PWR RCA measurements do not



indicate any inherent problems in depletion calculations. A detailed analysis of burnup-
dependent isotopic distributions and Polaris solution parameters is expected to identify
sources of deviations.

Table 6-1 Summary of SCALE Lattice Physics Test Suite Results
NEWT Polaris
Test suite acceptance accuracy Comments
(pass / total)

1-BOL LWR 511/513 502/513 Both codes exhibit trends in ki difference vs void

assemblies fraction for BWR lattices and ki difference vs

baseline coolant boron concentration for PWR lattices.

2 — control 18/18 18 /18  All cases meet target and acceptance criteria.

elements

3 — MOX fuel 87 /90 90/90 NEWT cases fail acceptance criteria at 90% void
fraction for BWR uncontrolled lattices.

4 — reactivity 15/15 15/15  All cases meet acceptance criteria. Both codes fail

worth of to meet the target criteria for BWR fuel at 90% void

depleted fuel fraction. Both codes pass target criteria for all
PWR tests.

5 — depletion 74 /76 74 /76 Polaris results meet target and accuracy criteria for

calculations kinr. NEWT results fail target criteria at high
burnups for PWR and at low and high void
fractions for BWR. Both codes fail to pass target
criteria for isotopic comparisons at high burnups
for PWR.

6 — boron 21/ 21 21/21  All cases meet acceptance criteria. NEWT cases

Injection meet target criteria. Polaris cases meet the target
criteria except for the high boron cold condition.

7 — enrichment 50/ 50 50/50 All cases meet acceptance criteria. All PWR cases
meet target criteria. Some BWR cases fail target
criteria.

8 — fuel 20/20 20/20 All cases meet target and acceptance criteria.

temperature

9 — BP loading 18/19 19/19 All Polaris cases meet target and acceptance
criteria except for 2 PWR cases that fail target
criteria. All NEWT cases meet acceptance criteria
except for 1 BWR case at 90% void fraction.
Several other NEWT cases fail target criteria.

10 — BP spatial 30/30 30/30 All Polaris cases meet target and acceptance

variations criteria except for 1 BWR controlled case that fails
target criteria. All NEWT cases meet target and
acceptance criteria except for 4 cases that fail
target criteria.




Table 6-1 Summary of SCALE Lattice Physics Test Suite Results (Continued)

NEWT Polaris

Test suite acceptance accuracy Comments

(pass / total)
11 — PARCS 66 / 83 75/ 83 Polaris 90% void cases need further investigation.
parameters for NEWT upscatter cross section needs investigation.
fuel-only model
12 - PARCS 120/ 194 58 /60 Polaris shows good agreement. NEWT upscatter
parameters for cross section needs investigation.
fuel/reflector
model
13 - 6/6 4/6 Polaris results at high burnups need investigation
International for the PWR tests.
numerical
benchmarks
14 —Vanished 12/12 12/12  All Polaris cases meet the target and acceptance
zone patterns criteria. All NEWT cases meet the target and

acceptance criteria with the exception of 2 cases
that fail the target criteria at 0% void fraction.

Table 6-2 Summary of SCALE RCA Comparisons for Depletion Validation

Range of results for (C/E-1) (%)

Nuclide
CE KENO Polaris
24U [-4, 8] [-4, 6] [-3, 10]
25U [-4, 7] [-6, 3] [-6, 2]
25y [-2, 2] [-1, 3] [-2, 3]
238py [1, 16] [0, 15] [0, 12]
9Py [-5, 7] [-9, 4] [-8, 2]
240py [-2, 4] [-3, 2] [-4, 1]
24Py [-3, 1] [-7, -1] [-6, -2]
242py [-4, -2] [-4, 2] -3, 2]
Isotope concentrations are normalized to 238U at discharge burnup.

6.2 Lessons Learned

The SCALE lattice physics code assessment reveals that many default or traditionally adopted
solution parameters are too coarse, most notably for CE KENO pin power calculations and
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NEWT calculations. The focus of this work is to assess the bias between well-converged NEWT
and Polaris calculations with well-converged CE KENO calculations to identify deficiencies,
trends, or biases in methods or multigroup structure. Selection of solution parameters—particle
count, space/angle discretization, burnup step size, etc.—must be balanced between run time
and fidelity of solution. Coarse parameter selection implies faster calculations at the cost of
degraded solution fidelity. Mesh-converged parameter selection implies a higher fidelity solution
at the cost of slower run times. The solution fidelity is not to be confused with solution accuracy;
that is, the coarse parameter selection may lead to smaller bias due to cancellation of error.

The following list summarizes the recommended solution parameters for well-converged SCALE
lattice physics calculations based on the parametric study presented in Section 4.1. The solution
parameters are not default values in SCALE 6.2 unless otherwise noted and require 2x to 3x
more CPU time.

1. CE KENO ke calculations with 10,000 particles per generations with 500 in active
generations

2. CE KENO pin-power calculations with 100,000 particles per generation, 1,000 active
and 500 inactive generations.

3. CE KENO depletion calculations with the same parameters as CE KENO pin-power
calculations

4. NEWT ker and pin-power calculations with 8 x 8 grids per unit cell with 20 sides for
polygons representing circles and Sy=16 quadrature set.

5. NEWT ke and pin-power calculations for IFBA loaded PWR lattices with 50 sides for
polygons representing circles and the same solution parameters as other lattice types

6. Polaris kesr and pin-power calculations with 0.04 cm MOC ray spacing, 0.02 cm ESSM
ray spacing, 20 azimuthal angles, and 3 polar angles (These solution parameters are
the defaults in Polaris in SCALE 6.2.2.)

7. Polaris ke and pin-power calculations for IFBA loaded PWR lattices with 0.003 cm MOC
ray spacing and the same solution parameters as other lattice types. Noting that this ray
spacing results in unpractical runtimes compared to typical lattice calculations and a ray
spacing of 0.01 cm have acceptable accuracy.

8. CE KENO and TRITON/NEWT depletion step size not larger than 0.25 GWd/MTU until
IFBA or Gd-based burnable absorbers deplete

9. Polaris depletions step size not larger than 0.5 GWd/MTU until IFBA or Gd-based
burnable absorbers deplete

6.3  Future Work
Assessment of Polaris accuracy will continue be the point of emphasis for LWR lattice physics

analysis. This is the first assessment in a series of activities applied for NRC LWR confirmatory
analysis with Polaris and PARCS. These future activities include:



Polaris lattice physics assessments for high burnup, extended enrichment, and accident
tolerant fuels.

SCALE coarse group libraries will be assessed to develop recommendations on usage
and influence future development on broad group libraries to succeed the current 56-group
structure.

Polaris and PARCS validation using core operating data for available PWRs and BWRs
such as Watts Bar, Hatch, Cofrentes, and TMI. This will include cycle boron letdown (PWR
only), control rod worths, reactivity coefficients, and detector measurements.

PARCS assessment of methodology accuracy such as effect of interpolation strategy,
nodal methodology, and thermal hydraulics on core quantities of interest.

SCALE fine group libraries will be assessed as part of Polaris run-time optimization
efforts that include on-the-fly energy condensation methods.
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APPENDIX A
CE KENO LATTICE CALCULATIONS
ACCURACY ASSESSMENT

AA1 Criticality Benchmarks

Purpose: A set of critical experiments applicable to LWRs, flux spectra, and fuel materials are
used to assess 3D CE KENO ke calculations for LWR fuel. The ke biases from these
experiments provide a basis for the accuracy of the CE KENO results.

Description: The range of temperatures, fuel enrichments, and pin cell geometries are
summarized in Table A-1 and Table A-2.

Table A-1  Critical Experiment Summary for UOX fuel

Description Number Enrig?ment Tempoerature
of cases U (°C)
LEU-COMP-THERM-001 8 2.35 2.032 Ambient
LEU-COMP-THERM-002 5 4.31 2.54 Ambient
LEU-COMP-THERM-008 17 2.46 1.63576 Ambient
LEU-COMP-THERM-010 30 4.31 2.54-1.892 Ambient
LEU-COMP-THERM-017 29 2.35 2.032-1.684 Ambient
LEU-COMP-THERM-042 7 2.35 1.684 Ambient
LEU-COMP-THERM-046 18 4.35 1.5 14-85
LEU-COMP-THERM-050 18 4.74 1.3 Ambient
LEU-COMP-THERM-078 15 6.9 0.854964 Ambient
LEU-COMP-THERM-080 11 6.9 0.8001 Ambient
KRITZ-LWR-RESR-002 2 1.86 1.485 19.7/248.5

Table A-2  Critical Experiment Summary for MOX fuel

Numb f Enrichment Pitch T ¢

Description umber o (%) itc empocga ure
cases 9Py 2u0py, (cm) (°C)

MIX-COMP-THERM-
001 4 22 86.15 0.9525-1.905 Ambient
MIX-COMP-THERM-
002 6 91.83 7.76  1.778-2.51447 Ambient
MIX-COMP-THERM-
004 11 68 22 1.825-2.474 Ambient




Results: MG KENO and CE KENO calculated-to-expected (C/E) values for the LEU-COMP and
MIX-COMP systems are presented in Figure A-1 and Figure A-2, respectively. Uncertainties in
kerroriginating from experimental and MG data uncertainties are depicted as dotted lines in the
figures. The data used in the figures are listed in Table A-3 and Table A-4. Average CE KENO
C/E results for LEU and MIX-COMP are 0.99970 + 0.00020 and 0.99931 + 0.00087,

respectively.

A detailed explanation of uncertainties and discussion on individual experimental sets can be
found in a recent paper by Marshall [24].
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Figure A-1 C/E Values for LEU-COMP-THERM Systems Using SCALE 6.2 [24]
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Figure A-2 CJ/E Values for MIX COMP-THERM Systems Using SCALE 6.2 [24]

Table A-3 Critical Experiment Comparison for UOX fuel

252-group Continuous energy

Average C/E Uncertainty Average C/E  Uncertainty
LEU-COMP-THERM-001 1.00285 0.00041 1.00197 0.00041
LEU-COMP-THERM-002 0.99719 0.00072 0.99805 0.00072
LEU-COMP-THERM-008 1.00566 0.00083 1.00293 0.00083
LEU-COMP-THERM-010 0.99915 0.00020 0.99970 0.00020
LEU-COMP-THERM-017 0.99724 0.00083 0.99777 0.00083
LEU-COMP-THERM-042 1.00730 0.00159 1.00241 0.00158
LEU-COMP-THERM-046 0.99870 0.00087 0.99931 0.00087
LEU-COMP-THERM-050 1.00147 0.00139 1.00128 0.00139
LEU-COMP-THERM-078 0.99985 0.00068 1.00025 0.00068
LEU-COMP-THERM-080 1.00232 0.00056 1.00307 0.00056
KRITZ-LWR-RESR-002 N/A N/A 0.997352 0.0000995




Table A-4 Critical Experiment Comparison for MOX fuel

252-group Continuous energy

Average C/E Uncertainty Average C/E Uncertainty

‘ MIX-COMP-THERM-001 0.99927 0.00005 1.00031 0.00005 ‘
‘ MIX-COMP-THERM-002 1.00328 0.00005 1.00433 0.00005 ‘
‘ MIX-COMP-THERM-004 0.99665 0.00003 0.99773 0.00003 ‘

A.2 Pin Power Benchmarks

Purpose: Measured relative pin powers from six B&W-1810 [25] critical experiments that are
applicable to LWRs, flux spectra, and fuel materials are modeled with CE KENO. The pin power
RMS and maximum differences from these experiments provide a basis for the accuracy of the
CE KENO pin power calculations.

Description: The range of soluble boron concentrations, fuel enrichments, and fuel lattice
geometries are listed in Table A-5. Pin powers percent differences are shown in Figure A-3
through Figure A-8. Figure A-8 summarizes RMS and max differences observed in pin power
comparisons. In general, the RMS error across the central quarter of the assembly ranges from
0.46 to 0.95%, while the most extreme departures range from -2.08 to 2.58%. In most cases,
the regions of highest misprediction are directly adjacent to the water hole locations. Although
pin powers are predicted accurately in general, there is a noticeable shift in the predictions, to
an average of about -1.0% at approximately 20 cm from the center of the lattice. The increase in
pin power differences trends as a function of distance from the center of the core (of -0.02% per
cm). Similar trends are also observed in deterministic code CASMO-5 [26]. Maximum pin power
differences with the measurements are also observed at the same pin locations for both codes.
Since CASMO-5 and CE KENO have different transport solvers (deterministic vs MC) and
nuclear data processing (Bondarenko based vs continuous energy), missing model descriptions
or measurement errors are considered to be possible causes for large pin power differences
with measurements at some locations.

Table A-5 Critical Experiment Summary for B&W 1810

Core 2.46 Wt% | 4.02 wt% Similar fuel Boron
. . . concentration
configuration rods rods design
(ppm)

4,808 0 0 B&W 15 x 15 1,337.9
4,780 0 20 B&W 15 x 15 1,208.0
3,920 888 0 B&W 15 x 15 1,899.3

14 3,920 860 20 B&W 15 x 15 1,653.8

18 3,676 944 0 CE 16 x 16 1,776.8

20 3,676 912 20 CE 16 x 16 1,499.8
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Figure A-3 B&W Core 1 Pin Power Differences for CE KENO
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Figure A-4 B&W Core 5 Pin Power Differences for CE KENO
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Figure A-5 B&W Core 12 Pin Power Differences for CE KENO
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Figure A-6 B&W Core 14 Pin Power Differences for CE KENO
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Figure A-7 B&W Core 18 Pin Power Differences for CE KENO
N/A
0.34% | 0.15%
-0.05% | 0.11% | -0.15%
-0.45% | 0.49% | -1.00% | N/A
056% | 0.25% | 1.22% | NIA N/A
-0.81% | -0.39% | -1.38% | -1.85% | -0.26% | 0.56%
0.39% | -0.72% | -0.09% -0.49% | -0.39% | -0.06%
0.93% | 1.64% | 1.63% | -0.77% | 0.15% | -1.05% | 1.02% | 0.13%
Figure A-8 B&W Core 20 Pin Power Differences for CE KENO
Table A-6  Critical Experiment Comparison for B&W 1810
Core RMS Error ' Max Error
1 0.46% -1.37%
5 0.53% 1.28%
12 0.75% -2.08%
14 0.80% 2.12%
18 0.78% 1.65%
20 0.95% 2.58%




A.3  Serpent ker Comparisons

Serpent MC code results are used in Test Suites 11 and 12 as reference solutions because of
its extensive lattice physics edits. Both test suites employ nominal PWR and BWR lattices for
testing. Table A-7 provides a comparison of keff results with CE KENO. As seen from the
results, Serpent and CE KENO results agree well, less than 100 pcm for all cases except BWR
10 x 10 0% void (121 pcm).

Table A-7 Serpent and CE KENO ki, Comparisons

Nominal

Lattice State Serpent| sigma |CE KENO

PWR 17 x 17 1300 ppm B| 1.17253| 4.70E-05| 1.17289  9.90E-05 -36
0% Void| 0.98326| 7.20E-05| 0.98205| 9.90E-05| 121
40% Void| 0.96260 7.40E-05 0.96181 9.90E-05 79
70% Void| 0.94200| 7.40E-05| 0.94147| 9.90E-05 53
90% Void| 0.92732| 7.20E-05| 0.92688| 1.00E-04 44

BWR 10x10




APPENDIX B
2D NUMERICAL BENCHMARK ASSESSMENT

B.1 Test Suite 1 — BOL LWR Assemblies Baseline
Purpose: Performance of the NEWT and Polaris lattice physics codes for common assembly
designs is tested using BWR and PWR case matrices at BOL. The purpose of this test suite is
to test code accuracies with respect to nominal operating state points for different lattice types.
Pin powers and ks values are compared to CE KENO values.
Target Accuracy

e 200 pcm difference in ki

e 1% RMS and 1.5% max difference in pin power distribution for BWR lattices

e 0.5% RMS and 1.5% max difference in pin power distribution for PWR lattices
Acceptance Accuracy

e 400 pcm difference in Kinr

e 1.5% RMS and 2.5% max difference in pin power distribution for BWR and PWR lattices
B.1.1 BWR
Description: All assembly designs for different geometries and unique lattice types (e.g., axial
natural enrichment blankets [NAT], dominant lattice [DOM], plenum lattice [PLE], vanished
lattice [VAN], etc.) are listed in Table B-1. All assemblies are modeled with a wide gap on the
north/west sides and a narrow gap on the south/east sides. OEM control blades are used for the

assembly configurations with control blades. Different fuel assembly designs covered by this
test suite are shown in Table B-1.

Table B-1 Test Suite BWR Assembly Geometries

Assembly design Product line ] Lattice type

8x8 GE9 DOM

9x9 GE11 DOM

10 x 10 GE14 DOM, VAN, PLE, NAT PSZ, N-V, N-T
10 x 10 SVEA-96 DOM

10 x 10 Atrium10 DOM

Each lattice type in Table B-1 is tested for configurations in which control blades are out
(uncontrolled) and control blades are in (controlled) using the case matrix presented in Table
B-2. State points in the case matrix are selected based on the branch cases used in cross
section generation for PARCS/TRACE [27].



Table B-2 BWR Standard Case Matrix for Uncontrolled And Controlled Cases

n5:15t)eer TF (K)' TC (K)* frac\tlizlrflj (%)
5 500 293 0
3 950 293 0
4 500 560 0
z 500 560 40
5 500 560 70
7 500 560 o
3 950 560 0
9 950 560 40
10 950 560 0
11 950 560 o
12 1,500 560 0
13 1,500 560 e
14 1,500 560 70
15 1,500 560 o

" TF = fuel temperature
2TC = coolant temperature

Results: MG KENO, NEWT, and Polaris comparisons for uncontrolled and controlled cases are
shown in Figure B-1 and Figure B-2, respectively. MG KENO cases were not run for 10 x 10
PSZ, N-V, and N-T cases.

The NEWT results are generally lower than the MG KENO results. MG KENO uses the same
cross sections as NEWT, so the discrepancies between the MG KENO and NEWT results
indicate a difference in the transport solutions. Mesh refinement studies show that NEWT
results cannot be improved further by increasing spatial mesh. However, if angle mesh is
refined beyond S,=16 by using a product quadrature set, an improvement of more than 100 pcm
is observed. Use of high-order product quadrature sets in current NEWT is not practical due to
long run times.

Similar trends with respect to void fraction and coolant temperature (cases 1, 2, and 3) are
observed across all lattice types. This bias is believed to be the result of insufficient treatment of
MG cross sections in the unresolved resonance energy range.

Although there is a consistent bias between NEWT and Polaris results for uncontrolled cases,
this bias diminishes for controlled cases except in natural enrichment zones (NAT, N-T, N-V).



Biases in ki, with respect to coolant void fractions at different fuel temperatures (cases 4-15)
can be seen in Figure B-3 for GE14-DOM lattice. Consistent void trend (0%, 40%, 70%, 90%)
and control blade biases are observed for all fuel temperatures.

The results presented in Figure B-1 and Figure B-2 are summarized statistically in Table B-3
through Table B-5 for MG KENO, NEWT, and Polaris, respectively. The mean, min, and max
differences in kj.r are presented for each lattice type. The mean results for NEWT are
consistently low by ~100-200 pcm. The largest kins differences (~400 pcm low) are observed for
the NEWT cases for uncontrolled GE14 NAT and

8 x 8 lattices at HFP conditions.

The general void trend and biases observed in natural enrichment zones are being investigated
and are expected to be resolved with improvements in cross section processing.

NEWT and Polaris pin power distributions are compared to CE KENO reference pin power
distributions for selected lattices at different void fractions. Differences between CE KENO pin
powers and the other two codes are presented in Figure B-4 through Figure B-12. While the
largest pin power differences occur at the wide-wide corner, gadolinia rods exhibit larger
differences compared to the rest of the fuel rods. When control blades are inserted (Figure B-6),
the largest pin power difference shifts to the narrow-narrow corner, and pin power differences
are reduced overall. The Polaris maximum pin power difference (1.71%) for 10 x 10 DOM lattice
exhibits the largest difference of all the sampled lattices. This value fails the target accuracy
criteria, but it passes the acceptance accuracy criteria and will be investigated further.
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Figure B-1 Test Suite 1: BWR kinf Comparisons for Uncontrolled Cases
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Figure B-3 Test Suite 1: Void Fraction Trend for GE14-DOM Lattice
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Table B-3 BWR Standard Case Matrix MG KENO k;.-(pcm) Statistics

Uncontrolled Controlled

mean = max |

8x8 84 -83 19 -256 52 2 86 -75
9x9 36 2 72 -50 49 52 109 -31
10 x 10 - 47 -3 84 -83 48 52 150 -27
DOM

10 x 10 - 36 60 108 9 56 -35 16 -151
VAN

10 x10 -PLE | 47 54 150 -13 55 93 187 7
10 x 10 - NAT | 118 -126 3 -358 47 -35 37 -126
ATRIUM10 49 71 145 7 48 104 167 9
SVEA-96 51 -35 16 -151 50 32 107 -54

Table B-4 BWR Standard Case Matrix NEWT Ak;.r (pcm) Statistics

Uncontrolled Controlled
Lattice
‘ mean

8x8 100 -180 -12 =377 67 -155 -50 -260
9x9 76 -160 -65 -331 133 -89 55 -303
10 x 10 - 80 -109 16 -219 144 -82 99 -300
DOM

10x10-VAN| 74 -95 41 -220 141 -199 |-113 -304
10 x 10 - PLE | 102 -103 35 -224 155 -81 98 -329
10 x 10 - NAT | 182 -159 141 -476 41 =227 |-150 -288
ATRIUM10 74 -161 -51 -282 133 -130 17 -336
SVEA-96 63 -199 -113 -304 119 -153 -6 -365

B-5



Table B-5 BWR Standard Case Matrix Polaris Ak;.r(pcm) Statistics

Uncontrolled Controlled
Lattice
‘ mean | max

8x8 89 62 190 -75 98 -127 15 -258
9x9 81 80 201 -48 123 -64 91 =272
10 x 10 - 84 65 215 -49 125 -84 100 -282
DOM

10 x 10 - VAN 87 65 207 -74 102 33 191 -109
10 x 10 - PLE 87 64 229 -46 121 -89 73 -289
10 x 10 - NAT | 127 153 426 58 22 -90 -44 -120
ATRIUM10 121 239 510 134 32 -34 40 -76
SVEA-96 89 98 245 =27 128 -56 107 =272

B-6



NEWT 0% Void (RMS=0.40%, MAX=0.98%)

0.95% 0.83% 0.55% 0.36% 0.47% 0.20% 0.55% 0.32% 0.65% | 0.98%

0.83% 0.16% | -0.30% | 0.03% | -0.18% | -0.12% | -0.47% | -0.04% | -0.36% | 0.30% 1.4%
0.55% | -0.30% | -0.20% | -0.85% | -0.16% | -0.41% | -0.10% | -0.74% | -0.11% | -0.05% ix
0.36% 0.03% | -0.85% | -0.02% | -0.22% N/A N/A -0.07% | -0.39% | 0.07% gﬁ:
0.47% | -0.18% | -0.16% | -0.22% | 0.61% N/A N/A -0.16% | -0.27% | 0.01% g:::
0.20% | -0.12% | -0.41% N/A N/A 0.43% | -0.08% | -0.51% | -0.13% | 0.02% -[E))-.Z;
0.55% | -0.47% | -0.10% N/A N/A -0.08% | -0.31% | -0.14% | -0.53% | -0.04% :g:::
0.32% | -0.04% | -0.74% | -0.07% | -0.16% | -0.51% | -0.14% | -0.62% | -0.07% | 0.07% jﬁ
0.65% | -0.36% | -0.11% | -0.39% | -0.27% | -0.13% | -0.53% | -0.07% | -0.17% | 0.33% o
0.98% 0.30% | -0.05% | 0.07% 0.01% 0.02% | -0.04% | 0.07% 0.33% 0.62%

Polaris 0% Void (RMS=0.32%, MAX=1.07%)

1.07% 0.71% 0.14% | -0.25% | -0.31% | -0.48% | -0.15% | -0.10% | 0.36% 1.00%

0.71% 0.39% | -0.01% | 0.13% 0.00% | -0.11% | -0.29% | -0.02% | -0.06% | 0.11% 1.4%
0.14% | -0.01% | -0.12% | -0.38% | -0.16% | -0.21% | -0.11% | -0.49% | -0.07% | -0.15% ix
-0.25% | 0.13% | -0.38% | 0.01% 0.03% N/A N/A 0.10% | -0.12% | -0.10% g:i:
-0.31% | 0.00% | -0.16% | 0.03% 0.70% N/A N/A 0.04% | -0.08% | -0.16% g::::
-0.48% | -0.11% | -0.21% N/A N/A 0.70% 0.11% | -0.27% | -0.11% | -0.12% -Er:)!..z:i
-0.14% | -0.29% | -0.11% N/A N/A 0.11% 0.10% | -0.10% | -0.21% | -0.19% :g:::
-0.10% | -0.02% | -0.49% | 0.10% 0.04% | -0.27% | -0.10% | -0.24% | -0.05% | 0.01% :::::
0.36% | -0.06% | -0.06% | -0.11% | -0.08% | -0.11% | -0.21% | -0.05% | 0.24% 0.32% S
1.00% 0.11% | -0.14% | -0.10% | -0.16% | -0.12% | -0.19% 