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Changelog

12/6/20 - 3.0.1

e Corrected outer radius of BP plenum geometry and updated the figrue of top and bottom
of the core

Update formula for density of borated water in borated water composition

Corrected ARO ITC from -1.71 to 1.71 for Cycle 2 HZP

Added cooling time between cycles in power history data

Fixed the axial position of the dashpot in the guide tube

5/22/18 - 3.0

e Introduced uncertainty quantification of measurements
e Deleted inconsistent boron letdown data

e Corrected weight of Inconel per Top/Bottom grid listing in the table of fuel assembly
parammeters

10/30/17 - 2.0.2

e Updated Cycle 2 Power History plot to include correct End of Cycle

e Re-calculated all material compositions using latest isotopic natural abundances data,
IUPAC 2013

10/26/16 - 2.0.1

e Corrected the critical Boron concentration from 1237 to 1273 ppm in Cycle 2

e Improved re-alignment algorithm in processing measurement data
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9/6/16 - 2.0

Slight shifts to all axial planes

Added B4C control rod material and updated the control rod specification
Updated the grid spacer specifications with more accurate heights
Updated the control rod 0% withdrawn axial location

Updated the burnable poison insertion axial location

Added upper plenum and end plugs to burnable poison rods
Added upper plenum, end plugs, and spacer region to control rods
Changed from air to helium for control rod and control rod gaps
Updated neutron shield panel specification

Updated RPV geometry and material specification

Added the core liner

Added water gap between fuel assemblies and baffle

Added new materials for nozzle and support plate structure to conserve mass and volume
fractions

Added inlet coolant temperature measurements

Added tilt-corrected data

10/16/13 - 1.1.1

Added new bare instrument thimble figure and additional clarification regarding instru-
ment tubes below the dashpot.

10/16/13 - 1.1

Added cycle 2 information: shuffling pattern, burnable absorbers, fresh assembly materials
specification, zero power physics test data. For differences and additions see Tables 1,
4-8, and 23, Sources 52, 53 and 71, Sections 2.2.2.1, 2.2.3.1, 3.2 and 3.3, and Figures 15,
17, 19, and 29.

Added note in Section 3.3 regarding quality of detector trace data
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Added new materials for cycle 2 enrichments
Added detailed assembly loadings (fresh fuel only) for cycle 2

All mass densities (and number densities) of fuel have been changed to agree with exact
fuel pin dimensions reported in specification

2/21/13 - 1.0.1

Inconel was misreported as the grid material in Figure 24, changed to Zircaloy
Grid thickness reported in the caption of Figure 23 did not match figure
Grid thickness reported in the caption of Figure 24 did not match figure

Grid strap thickness reported in the caption of Figure 25 did not match figure

1/31/13 - 1.0

Changed Mass density and composition of SS304

1/18/13 - 0.2.5

Updated RPV thickness to accurate source
Updated inconel spring mass and dimension to approximate source

Changed top/bottom egg-crate dimensions to properly conserve inconel mass. Top/bottom
grids now have different radial dimensions vs. intermediate grids for the egg-crate.

Hot Zero Power temperature was changed from 560 K to 560 E

All Fuel material mass and number densities have been changed to reflect actual core-
averaged Uranium assembly loading for each enrichment.

Burnable absorber specification was changed so that the active poison extends from the
top of the active fuel to 2 in. above the bottom of the active fuel. The blank pin above
burnable absorbers was also changed from Zircaloy to Stainless Steel.

Added air gap to control rods

Changed Ag-In-Cd cladding material to SS304

Changed water density to reflect boron in it (changed boron num dens)
Fixed Air mass density, factor of 10 lower

Changed RPV inner and outer radii
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12/17/12 - 0.2.4

e Revised instrument tube and burnable absorber tube pincell details above active fuel
regions.

12/4/12 - 0.2.3

e Changed instrument tube and guide tube pincell details above and below active fuel
regions.



ABSTRACT

Advances in parallel computing have made possible the development of high-fidelity tools for
the design and analysis of nuclear reactor cores, and such tools require extensive verification
and validation. This document describes BEAVRS, a new multi-cycle full-core Pressurized Water
Reactor (PWR) depletion benchmark based on two operational cycles of a commercial nuclear
power plant that provides a detailed description of fuel assemblies, burnable absorbers, in-core
fission detectors, core loading patterns, and numerous in-vessel components. This benchmark
enables analysts to develop extremely detailed reactor core models that can be used for testing
and validation of coupled neutron transport, thermal-hydraulics, and fuel isotopic depletion.
The benchmark also provides measured reactor data for Hot Zero Power (HZP) physics tests,
boron letdown curves, and three-dimensional in-core flux maps from fifty-eight instrumented
assemblies. It should be noted however, that not all the necessary data are presented in this
document. It will be necessary for analysts to make appropriate judgements and assumptions
depending on methods employed.

This document and its associated data package is hosted online at the MIT Computational Reactor
Physics Group website http://crpg.mit.edu/, where future revisions and refinements to
the benchmark specification will be made publicly available.
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Section 1. Introduction rev. 3.0

1 Introduction

Advances in computing capabilities are further improving the feasibility of fast-running high-
fidelity simulations of nuclear cores. Where current core simulations require a series of ho-
mogenization procedures to model reactors on a coarse-mesh in order to overcome memory
and computer processing limitations [2], modern techniques aspire to provide solutions using
fully-detailed geometries with far fewer approximations. For instance, recent research efforts
improving the scalability and efficiency of Monte Carlo neutron transport algorithms have
resulted in very accurate solutions to the well-known Hoogenboom-Martin problem [3] with the
MC21 Monte Carlo code [4] [5], with statistical uncertainties approaching the 1% pin-power
accuracy criterion proposed by Smith [6] for full-core Monte Carlo analysis. Likewise, modern
deterministic approaches are targeting similar accuracy on some of the world’s largest super-
computers [7]. Indeed, the development of such high-fidelity full-core modelling capabilities
for LWRs is the stated goal of several DOE projects such as CASL (Consortium for Advanced
Simulation of LWRs) [8] and CESAR (Center for Exascale Simulation of Advanced Reactors)
[9]. However, there is a lack of detailed and relevant benchmarks needed to validate these
methods, and a more complete benchmark that includes measured reactor data is presented
here.

Nearly all non-proprietary benchmarks do not capture the detail of LWRs needed to validate
high-fidelity methods being developed today. For instance, the OECD LWR and Pressurized
Water Reactor (PWR) reactor benchmark specifications [10] mostly refer to simple lattice
experiments, limited physics testing configurations, and small test reactors. Whereas several
full-core LMFR models are available (FFTF, JOYO, etc.), LWRs are markedly under represented.
This is particularly true for full-core benchmarks of most interest to the methods development
and regulatory community: production reactors similar to operating and planned commercial
units. Some recent publications come close to satisfying this need, but they ultimately fall
short either in scope or applicability. For instance, a 2011 EPRI report [11] provides reactivity
and depletion data with several benchmark specifications for PWR assembly lattices. These
benchmarks, while using full-core simulations and measured data, take the approach of reducing
the benchmark to single-assembly calculations and do not provide detailed full-core tests or
measured reactor data.

A distinction should be noted between the kind of data-backed benchmark being pursued here
and the code-comparison benchmarks often used to evaluate methods. For instance, several
newer and widely-used LWR benchmarking suites are not backed by measured data, such as
the C5G7 MOX benchmarks [12], the Hoogenboom-Martin LIWR Monte Carlo benchmark [4],
and the approximate PWR specification by Douglas et al. [13]. Instead, comparisons are based
on results submitted by many different parties using a variety of codes. Measured reactor data
is required for a credible validation.

This document introduces a new benchmark that addresses many of the shortcomings of previous
LWR benchmarks by providing a highly-detailed PWR specification with two cycles of measured
operational data that can be used to validate high-fidelity core analysis methods.
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2 Benchmark Specifications

2.1 Overview

The core geometry specifications are described in 3 levels of increasing scope, detailing each of
the hierarchical elements of the model. First the radial geometry is described, followed by a
section detailing the axial parameters.

At the lowest level, the radial geometry of each of the pincell types used throughout the core
is described. Next, the fuel assembly design is detailed, including the possible configurations
of burnable absorbers and the radial specification of the grid spacers. Finally, the greater
core geometry is described, including the fuel assembly enrichment locations, the positions of
burnable absorbers, instrument tubes, control rod banks, and shutdown banks, as well as the
baffle that surrounds the fuel assemblies, the core barrel, four neutron shield panels, and the
reactor pressure vessel and liner.

After the radial and axial geometry descriptions, a material specifications section lists the details
of each of the materials referred to. Table 1 provides a summary of key model parameters that
will be specified in greater detail in subsequent sections, and Figure 1 shows a core cross section
indicating the radial structures and assembly loading pattern.
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Table 1: Summary of key model parameters.
Core Lattice Source
No. Fuel Assemblies 193 1
Loading Pattern w/o U235
Region 1 (cycle 1) 1.60" 1
Region 2 (cycle 1) 2.40" 1
Region 3 (cycle 1) 3.107 1
Region 4A (cycle 2) 3.20'" 1
Region 4B (cycle 2) 3.40"" 1
Cycle 1 Heavy Metal Loading 81.8 MT 3
Fuel Assemblies
Pin Lattice Configuration 17 x 17 4
Active Fuel Length 365.76 cm 5
No. Fuel Rods 264 4
No. Grid Spacers 8 4
Control
Control Rod Material (Upper Region) B4C 57
Control Rod Material (Lower Region) Ag-In-Cd 56
No. Control Rod Banks 57 1
No. Burnable Poison Rods in Core 1266 1
Burnable Poison Material Borosilicate Glass, 12.5 w/o B,0; 4
Performance
Core Power 3411 MWth 6
Operating Pressure 2250 psia 6
Core Flow Rate 61.5 x 10°kg/hr (5% bypass®) 7

T Cycle 1 Actual core-averaged enrichments calculated from detailed assembly loadings, see Source 70.
T Cycle 2 Actual core-averaged enrichments calculated from detailed assembly loadings, see Source 71.
* It is assumed that 5% of core flow rate goes core into bypass region. A fraction of this flow rate passes
through guide tubes. The flow rate should be estimated so that no boiling occurs in these regions.
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Core Barrel

Pressure Vessel Neutron Shield Panel

Baffle RPV Liner

Figure 1: Core cross-section indicating radial structures and enrichment loading pattern (cycle
1). Black denote stainless steel, dark gray denotes carbon steel, light blue denotes water, and
red, yellow, and dark blue denote the 1.6, 2.4, and 3.1 w/o U235 regions, respectively.

2.2 Radial Geometry

2.2.1 Pin Types

In this section the radial parameters of each of the pincell types used in the fuel assemblies are
detailed. Each of these describes a complete pincell surrounded by the main coolant - in other
words, the outer guide tube shell that surrounds instrument tubes, control rods, and burnable
absorber rods is presented here as part of those pincells.

While the following radial parameters are constant throughout the axial extent of the core of
most pins, a distinction is made for the pins that have components below the control rod stop
at the bottom of the core. This region, referred to as the “dashpot”, consists of a tapering of the
guide tubes to a thinner radius that causes the constriction of flow to naturally prevent control
rods from extending too far into the core. In this model, this is approximated by a region of

4
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thinner guide tubes (described further in later sections). Thus radial parameters are provided
for pins for both regions where appropriate. Note that the central guide tubes of each assembly
(the "instrument tubes") do not shrink for the dashpot.

For all figures in this section, dimensions and materials are specified in order starting from the
inner region, through the outer rings. No thermal expansion is considered.

Figure 2 — Fuel Pin

Arrow Radius (cm) Material Source
1 0.39218 Fuel 8
2 0.40005  Helium 9
3 0.45720  Zircaloy 10
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Figure 3 — Upper Fuel Pin Plenum

Arrow Radius (cm) Material Source
1 0.06459  Inconel 11
2 0.40005 Helium 9
3 0.45720  Zircaloy 10

This shows the radial geometry used in the upper plenum region of the fuel pins, with a
small mass of Inconel to approximate the spring.

Figure 4 — Empty Guide Tube Geometry above Dashpot

Arrow Radius (cm) Material Source
1 0.56134 Water 13
2 0.60198  Zircaloy 14
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Figure 5 — Empty Guide Tube Geometry at Dashpot

Arrow Radius (cm) Material Source
1 0.50419 Water 15
2 0.54610  Zircaloy 16

Figure 6 — Instrument Tube Pin Geometry

Arrow Radius (cm) Material Source
1 0.43688 Air 17
0.48387  Zircaloy 18

2
3 0.56134 Water 13
4 0.60198  Zircaloy 14

The thimble radii were chosen to be equivalent to the outer thimble radii of control rods
and burnable absorber rods by assumption. Note that not all instrument tube positions
contain the thimble defined by the first 2 radii in the diagram above, as discussed in
Section 2.2.3.3. This pincell does not change at the dashpot.




Section 2. Benchmark Specifications rev. 3.0

Figure 7 — Bare Instrument Thimble Pin Geometry

Arrow Radius (cm) Material Source
1 0.43688 Air 17
2 0.48387  Zircaloy 18

The bare instrument thimble for regions below the instrument tube.
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Figure 8 — BP Geometry above Dashpot

Arrow Radius (cm) Material Source
1 0.21400 Air 19
2 0.23051 SS304 20
3 0.24130 Helium 21
4 0.42672  Borosilicate Glass 22
5 0.43688 Helium 23
6 0.48387 SS304 24
7 0.56134 Water 13
8 0.60198 Zircaloy 14
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Figure 9 — BP Plenum Geometry

Arrow Radius (cm) Material Source
1 0.21400 Air 19
0.23051 SS304 20
0.43688 Helium 23
0.48387 SS304 24
0.56134 Water 13
0.60198  Zircaloy 14

N U1 A WIN
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Figure 10 — Control Rod Pin Upper Geometry

v~ W

0.37338
0.38608
0.48387
0.56134
0.60198

B4C
Helium
SS304
Water
Zircaloy

28
25
26
13
14

Arrow Radius (cm) Material Source
1
/ 2

Figure 11 — Control Rod Pin Lower Geometry
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0.38227

0.38608
0.48387
0.56134
0.60198

Ag-In-Cd
Helium
SS304
Water
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27
25
26
13
14
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Figure 12 — Control Rod Pin Spacer Geometry
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0.37845
0.38608
0.48387
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SS304
Helium
SS304
Water
Zircaloy
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)
25
26
13
14

Figure 13 — Control Rod Pin Plenum Geometry
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2.2.2 Fuel Assemblies

Each of the assemblies in the core is made up of a 17 x 17 array of pins described in Section
2.2.1. Table 2 outlines the important parameters of each, and the positions of the guide tubes

are shown in Figure 14.

Assemblies are made up of one of three different enrichment fuel pins, and the guide tube
positions can be filled with one of several different burnable absorber configurations described
in Section 2.2.2.1. For any configuration, the center guide tube may contain an instrument tube.
The details of the layout of these features throughout the core are described in Section 2.2.3.

Table 2: Fuel assembly parameters.

Source
Fuel Assembly Lattice Pitch 21.50364 cm 30
Pin Lattice Pitch 1.25984 cm 31
Pin Lattice Configuration 17 x 17 4
No. Fuel Rods 264 4
No. Guide Tube Positions 24 4
No. Instrument Tube Positions 1 4
No. Grid Spacers 8 4
Top/Bottom Grid Spacer Material Inconel 718 4
Top/Bottom Grid Sleeve Material Stainless Steel 304 4
Intermediate Grid Spacer and Sleeve Material Zircaloy 4
Weight of Inconel per Top/Bottom Grid 780.273 g 32
Weight of Stainless Steel per Top/Bottom Grid 91.0329 g 34
Weight of Zircaloy per intermediate Grid 1,169.23 g 33

13
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G G G
G G
G G G G G
G G I G G
G G G G G
G G
G G G

Figure 14: Fuel assembly guide tube locations. Blank locations denote fuel rods, G denotes a
guide tube location, and I denotes a guide tube position that might contain an instrument tube.
Source: 35

14
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2.2.2.1 Burnable Absorber Configurations

Assemblies in the core that do not contain control rods may posses one of 5 burnable absorber
configurations, or have none at all. Figures 15 through 22 depict these configurations. Each
configuration appears in all four quadrants of the core, and thus the 6BA and 5BA configurations
need to be rotated as indicated. Note that the 12BA configuration is different between cycle 1
and cycle 2.

G G G
B B
G G G G G
G G I G G
G G G G G
B B
G G G

Figure 15: The 4BA burnable absorber configuration. Blank locations denote fuel rods, G
denotes a guide tube location, B denotes a burnable absorber rod, and I denotes a guide tube
position that might contain an instrument tube. Source: 35

15
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Core Center

T

B G B
B B
B G G G B
G G I G G
G G G G G
G G
G G G

Figure 16: The 6BA burnable absorber configuration. Blank locations denote fuel rods, G
denotes a guide tube location, B denotes a burnable absorber rod, and I denotes a guide tube
position that might contain an instrument tube. Source: 35

16
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G G G
B B
G G B G G
G B I B G
G G B G G
B B
G G G

Figure 17: The 8BA burnable absorber configuration. Blank locations denote fuel rods, G
denotes a guide tube location, B denotes a burnable absorber rod, and I denotes a guide tube
position that might contain an instrument tube. Source: 35
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B G B
B B
B G G G B
G G I G G
B G G G B
B B
B G B

Figure 18: The 12BA burnable absorber configuration for cycle 1. Blank locations denote fuel
rods, G denotes a guide tube location, B denotes a burnable absorber rod, and I denotes a guide
tube position that might contain an instrument tube. Source: 35
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B G B
G G
B G B G B
G B I B G
B G B G B
G G
B G B

Figure 19: The 12BA burnable absorber configuration for cycle 2. Blank locations denote fuel
rods, G denotes a guide tube location, B denotes a burnable absorber rod, and I denotes a guide
tube position that might contain an instrument tube. Source: 35
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Core Center

B B B
B G
B B B B G
B B I B G
B B B B G
G G
G G G

Figure 20: The 15BA burnable absorber configuration. Blank locations denote fuel rods, G
denotes a guide tube location, B denotes a burnable absorber rod, and I denotes a guide tube
position that might contain an instrument tube. Source: 35
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B B B
B B
B G G G B
B G I G B
B G G G B
B B
B B B

Figure 21: The 16BA burnable absorber configuration. Blank locations denote fuel rods, G
denotes a guide tube location, B denotes a burnable absorber rod, and I denotes a guide tube
position that might contain an instrument tube. Source: 35
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B B B
B B
B B G B B
B G I G B
B B G B B
B B
B B B

Figure 22: The 20BA burnable absorber configuration. Blank locations denote fuel rods, G
denotes a guide tube location, B denotes a burnable absorber rod, and I denotes a guide tube
position that might contain an instrument tube. Source: 35
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2.2.2.2 Radial Grid Spacer Specifications

In axial regions containing spacers, dimensions are chosen to conserve the total weight of
Inconel, Zircaloy, and stainless steel in each grid, as listed in Table 2. The present model creates
an egg-crate structure around each pincell as well as a sleeve around assemblies.

The middle six grid spacers consist entirely of Zircaloy while the top and bottom spacers consist
of a Stainless Steel 304 (SS304) sleeve with Inconel internal structures. As described in Source
36, for the top/bottom grids the entire mass of the Inconel was distributed evenly among
each of the 289 pincells in box of appropriate thickness inside the outer edges of the pincells.
Additionally, the stainless steel mass of the grid sleeve was placed in a box of appropriate
thickness around the outside of the assembly, fitting inside the region between assemblies. The
6 intermediate grids also consist of both these regions (outer grid sleeve and inner egg-crate),
filled with Zircaloy. This was done for a top/bottom grid height of 1.322in and an intermediate
grid height of 2.25in, with the same grid sleeve dimensions for each grid type. The inner
egg-crate dimensions differ between each grid type.

Figures 23 and 24 show the modified pincell geometry used for the inner grid structure around
a fuel pin for each grid type, where the box thicknesses are chosen to conserve mass in the total
grid. The same box is also placed around the guide tube pincells for each grid type.

1
2
3 Arrow Length (cm) Material Source
5 1 0.39218 Fuel 8
4 0.40005 Helium 9

0.45720  Zircaloy 10

0.61015 Water 36
0.62992 Inconel 36

a5 W N

Figure 23: Fuel pincell geometry for the Inconel 718 top/bottom grid spacer inner egg-crate,
chosen to have a thickness of 0.0198cm. Source: 36

Figure 25 shows the dimensions of the grid sleeve assemblies in all grid spacer regions. To
see what this looks like in combination with the inner structural component in the pincells see
Figure 26, which shows an image of what the aggregate grid spacer model looks like to scale.
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1
2
3 Arrow Length (cm) Material Source
5 1 0.39218 Fuel 8
0.40005 Helium 9
4

0.45720  Zircaloy 10

0.61049 Water 36
0.62992  Zircaloy 36

a5 W N

Figure 24: Fuel pincell geometry for the Zircaloy intermediate grid spacer inner egg-crate,
chosen to have a thickness of 0.0194cm. Source: 36

,,,,,,,,,,,,,,,,,,,,,,

Arrow Length (cm) Material Source
1 10.70864 (Assembly) 36

2 10.74798 (Grid Sleeve) 36
3 10.75182 Water 30

Figure 25: Schematic dimensions of stainless steel grid sleeve. Arrow 1 is the half-width of 17
times the pin lattice pitch; arrow 2 is the outer grid sleeve box half-width; arrow 3 is the outer
boundary of the assembly pitch in the overall fuel assembly layout. The grid sleeve thickness
was chosen as 0.00384cm to conserve the estimated stainless steel mass. Source: 36
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JON N XON N N N I |
heecacacaacaacanaan

Figure 26: Scale view of an intermediate grid spacer showing inter-assembly spacing at a corner
of position J14. Grey is Zircaloy, black is stainless steel, light blue is water, green is burnable
absorber, white is air, and dark blue, red and yellow are the three different fuel enrichments.

25



Section 2. Benchmark Specifications rev. 3.0

2.2.3 Core Specification

The remainder of the radial specification is made up of the building blocks defined in the previous
sections. Specifically, the main core lattice of fuel assemblies is made up of the previously
described fuel assemblies, separated by the fuel assembly lattice pitch specified in Table 2. In
addition, specifications for the structural components surrounding the fuel assembly lattice are
given in Table 3.

Table 3: Structural component specifications.

Source
Baffle Width 2.22250 cm 37
Baffle Water Gap 0.1627 cm 41
Baffle Material Stainless Steel 304 41
Core Barrel IR 187.960 cm 38
Core Barrel OR 193.675 cm 39
Core Barrel Material Stainless Steel 304 40
Neutron Shield Panel IR 194.840 cm 4]
Neutron Shield Panel OR 201.630 cm 4]
Neutron Shield Panel Material Stainless Steel 304 41
Neutron Shield Panel Width 32° at the 45° marks 41
Pressure Vessel Liner IR 219.150 cm 4]
Pressure Vessel Liner OR 219.710 cm 4]
Pressure Vessel Liner Material Stainless Steel 304 47
Pressure Vessel IR 219.710 cm 41
Pressure Vessel OR 241.300 cm 4]
Pressure Vessel Material Carbon Steel 508 47

2.2.3.1 Enrichment Zones and Burnable Absorber Positions

The initial cycle 1 fuel assembly loading pattern is shown in Figure 27, including the distribution
of enrichments as well as burnable absorber locations. The burnable absorber configurations
here are described in Section 2.2.2.1, rotated as appropriate for core symmetry. A scale view of
burnable absorber pins depicting these rotations is shown in Figure 28.

Figure 29 shows the shuffling pattern for cycle 2, which includes 64 fresh assemblies and a
different burnable absorber pattern.
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R P NMLKJHGT FEDT CZBA
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. 3.1 w/o U235 2.4 w/o U235

1.6 w/o U235

Figure 27: Layout of fuel assemblies showing enrichment loading pattern and burnable absorber
positions in cycle 1. Source: 1

27



Section 2. Benchmark Specifications rev. 3.0

. . .
., . . . . .
«* % . . . . . .
. . . .
. . . g o
e e *e s o e e”® Y
ettt . . . . .
s e s e . . . s s s
. . . .
.
. . . . . . . .
0 .
. .
JE— ! E—
. . DR . .
. . . . . .
. . . . .
., s s .« e PR . ., . e s .
. .
.
. . . . . . ., . . . . . .
. . . . . . DY . . . . . .
. . . .
DY . . . . . . . - . . e o
*e s e . . . e e® *e e . e s e
. . . .
. .
PRI . . ., LAY I e . e,
. . . . .
. . . .
. . . . .
. . . . . . D . . . . . .
. . . . . . .
. .
. e PR *e e . e T .o ce
. . . . .
. . . . .

. . . . . . .
I | [
. . . . . . . .

. . . . g . g . g . .

B . . e
. . . .

Y PR r e, Y

.
0 .
. . . . . . . .
. . . . . .
. . .

Figure 28: Detailed scale view of burnable absorber pins in cycle 1, showing proper rotations.
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R P NMLIKJHU GV FETDTC CIB A

Lo N O 1 AW

. Fresh 3.2 w/o U235 Fresh 3.4 w/o U235

Shuffled Assembly

Figure 29: Cycle 2 shuffling pattern, burnable absorber positions, and enrichment loading
pattern of fresh assemblies. Sources: 1, 2
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2.2.3.2 Control Rod Bank Positions

Each of the four control rod banks - specified by the identifiers A, B, C, and D - are made up
of several control rod clusters in multiple fuel assemblies. In control rod clusters, every guide
tube is filled with the control rod pincell described in section 2.2.1, with the exception of the
center tube. Each of the clusters in a given control rod bank move together.

In addition to the control rod banks, 5 shutdown banks of control rod clusters are included
above the core - specified by S,, Sg, Sc, Sp, and Sg. These clusters are not used in normal
operation, however, their reactivity worth was measured and reported in Table 22.

Figure 30 shows the radial locations of control rod clusters belonging to each control rod and
shutdown bank. The axial specifications of each are described later in Section 2.3.5.

The positions of control rod banks do not change between cycle 1 and cycle 2.
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Figure 30: Control rod and shutdown bank positions. Source: 1
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2.2.3.3 Instrument Tube Positions

The central guide tube for many fuel assemblies in the core is filled by an instrument tube, as
described in Section 2.2.1. Figure 31 shows these positions. Where not indicated, the central
guide tube is filled with water, as described in section 2.2.1.

The positions of instrument tubes do not change between cycle 1 and cycle 2.

R P NMLKJHGT FEDT CZBA
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Figure 31: Instrument tube positions. Source: 48
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2.3 Axial Geometry

While some of the previously-described radial features are uniform along the entire height of
the model, many have several different axial zones. For instance, the models of the baffle, core
barrel, neutron shield panels, and reactor pressure vessel do not change axially, in contrast to
the pincells that make up the fuel assemblies. As presented in the following sections, the axial
zones are treated at the pincell level to facilitate easier modelling, since the boundaries for the
axial zones for each pincell type are not all at the same planes. With this type of definition,
the final aggregate geometry inside the core barrel need only consist of the fuel assemblies,
which are made up of only the inter-assembly gridstraps and the pincells that are defined for
the entire axial extent.

2.3.1 Fuel Rods

Figure 32 shows all different axial sections used in the fuel rod pincell occupying each fuel
position in the assemblies. In most places the pincells described in Section 2.2.1 are used,
however where indicated the pincell is filled either entirely with water, or with solid pins of
either stainless steel or Zircaloy. These solid pins use the outer-most radius of the regular fuel
rod pincell.
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l— Source Reference

46
46
47
47
47
36
47
5
36
5
36
5
36
5
36
5
36
5
36
5
36
5
47
66

Elevation (cm) Description

460.000

Water

431.876

Nozzle / Support Plate Stainless Steel

423.049

Water

Zircaloy Pin

419.704
417.164

Fuel Rod Plenum Pincell

Fuel Rod Plenum Pincell w/ Grid

415.164

Fuel Rod Plenum Pincell

411.806
402.508

Fuel Rod Pincell

364.725

Fuel Rod Pincell w/ Grid

Fuel Rod Pincell

359.010

Fuel Rod Pincell w/ Grid

312.528

Fuel Rod Pincell

306.813

Fuel Rod Pincell w/ Grid

260.331

Fuel Rod Pincell

254.616
208.134

Fuel Rod Pincell w/ Grid

Fuel Rod Pincell

202.419
155.937

Fuel Rod Pincell w/ Grid

Fuel Rod Pincell

150.222
103.740

Fuel Rod Pincell w/ Grid

Fuel Rod Pincell

98.0250
40.5200

Fuel Rod Pincell w/ Grid

Fuel Rod Pincell

37.1621

Zircaloy Pin

36.7480

Nozzle / Support Plate Stainless Steel

35.0000

Water

20.0000

0.00000

Highest Extent

Top of Upper Nozzle
Bottom of Upper Nozzle
Top of Fuel Rod

Top of Fuel Rod Plenum
Grid 8 Top

Grid 8 Bottom

Top of Active Fuel

Grid 7 Top

Grid 7 Bottom

Grid 6 Top

Grid 6 Bottom

Grid 5 Top

Grid 5 Bottom

Grid 4 Top

Grid 4 Bottom

Grid 3 Top

Grid 3 Bottom

Grid 2 Top

Grid 2 Bottom

Grid 1 Top

Grid 1 Bottom

Bottom of Active Fuel
Bottom of Fuel Rod
Bottom of Support Plate
Lowest Extent

Figure 32: Fuel rod pincell axial specification.
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2.3.2 Guide Tubes

Figure 33 shows the empty guide tube axial differentiation, referring to the pincells described
in Section 2.2.1. As with the fuel rods, the pincell is replaced by water below the fuel region.

T Source Reference Elevation (cm) Description
46 Water 431.876 Top of Upper Nozzle
46 | Nozzle / Support Plate Borated Water
44 Guide Tube Pincell 423.049 Bottom of Upper Nozzle
uide Tube Pince .
- - - 415.164 Grid 8 Top
36 Guide Tube Pincell w/ Grid ]
- - 411.806 Grid 8 Bottom
44 Guide Tube Pincell .
, : : 364.725 Grid 7 Top
36 Guide Tube Pincell w/ Grid .
44 Guide Tube Pincell 359.010 Grid 7 Bottom
_ice JHbe Tcet 312.528  Grid 6 Top
36 Guide Tube Pincell w/ Grid )
- - 306.813 Grid 6 Bottom
44 Guide Tube Pincell .
- - - 260.331 Grid 5 Top
36 Guide Tube Pincell w/ Grid .
- - 254.616 Grid 5 Bottom
44 Guide Tube Pincell .
- - - 208.134 Grid 4 Top
36 Guide Tube Pincell w/ Grid .
44 Guide Tube Pincell 202.419 Grid 4 Bottom
_ice JHbe Tcet 155.937  Grid 3 Top
36 Guide Tube Pincell w/ Grid ]
- - 150.222 Grid 3 Bottom
44 Guide Tube Pincell .
- - - 103.740 Grid 2 Top
36 Guide Tube Pincell w/ Grid .
: 5 98.0250 Grid 2 Bottom
44 Guide Tube Pincell .
- - - 40.5200 Grid 1 Top
36 Guide Tube Pincell w/ Grid
. y 39.9580 Control Rod Step 0
44 Dashpot Guide Tube w/ Grid 37 1621 Grid 1 Bott
44 Dashpot Guide Tube 35'0000 Brl of I:)ml Rod
. ottom of Fuel Ro
Nozzle / Support Plate Borated Water
66 / Supp Wat 20.0000 Bottom of Support Plate
ater

0.00000 Lowest Extent

Figure 33: Empty guide tube pincell axial specification.

2.3.3 Instrument Tubes

Figure 34 shows the instrument tube axial differentiation, referring to the pincells described
in Section 2.2.1. This follows the same pattern as the guide tube axial specification, with the
caveat that below the fuel region the inner section of the instrument tubes (that is, without
the surrounding guide tube) is used through the lowest extent of the geometry. Also note that
regardless of whether or not the central instrument tube contains the inner instrument thimble,
the outer guide tube does not shrink for the dashpot.
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46
42
36
42
36
42
36
42
36
42
36
42
36
42
36
42
36
42
66
42

Source Reference

Elevation (cm) Description

Water

460.000
423.049

Instr. Tube Pincell

415.164

Instr. Tube Pincell w/ Grid

411.806

Instr. Tube Pincell

364.725

Instr. Tube Pincell w/ Grid

Instr. Tube Pincell

359.010
312.528

Instr. Tube Pincell w/ Grid

Instr. Tube Pincell

306.813
260.331

Instr. Tube Pincell w/ Grid

Instr. Tube Pincell

254.616

Instr. Tube Pincell w/ Grid

208.134

Instr. Tube Pincell

202.419
155.937

Instr. Tube Pincell w/ Grid

Instr. Tube Pincell

150.222

Instr. Tube Pincell w/ Grid

103.740

Instr. Tube Pincell

98.0250
40.5200

Instr. Tube Pincell w/ Grid

37.1621

Instr. Tube Pincell

Support Plate / Nozzle Borated Water

35.0000

Bare Instr. Tube

20.0000

0.00000

Highest Extent

Bottom of Upper Nozzle
Grid 8 Top

Grid 8 Bottom

Grid 7 Top

Grid 7 Bottom

Grid 6 Top

Grid 6 Bottom

Grid 5 Top

Grid 5 Bottom

Grid 4 Top

Grid 4 Bottom

Grid 3 Top

Grid 3 Bottom

Grid 2 Top

Grid 2 Bottom

Grid 1 Top

Grid 1 Bottom

Bottom of Fuel Rod
Bottom of Support Plate

Lowest Extent

Figure 34: Instrument tube pincell axial specification.
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2.3.4 Burnable Absorbers

Figure 35 shows the axial regions of the burnable absorber pincells. Here, the active region of
burnable absorber rods as presented in Section 2.2.1 extend from a plane a few inches above
the bottom of the active fuel to a plane just below the top of the active fuel region. Above there,
the outermost inner radius of the burnable absorber rods (or arrow 6 in Figure 8) is used to
create a solid stainless steel pin tube through the top of the upper nozzle, inside the guide tube
where appropriate.

Source Reference Elevation (cm) Description
4J; W 460.000 Highest Extent
43 Statnl atSer 5 431.876 Top of Upper Nozzle
43 Stai tlaln e;s ﬁi .1r1 GT 423.049 Bottom of Upper Nozzle
tain’ess Stee’ 1in In & 421.532  Top of BPRA Rod Plenum
43 BPRA Rod Upper Plenum Pincell )
- - 415.164 Grid 8 Top
36 BPRA Rod Plenum Pincell w/ Grid )
43 BPRA Rod P pincell 411.806 Grid 8 Bottom
43 = blo 2D em;m P%nceu 401.238 Top of Active Absorber
urnable Absor .er ince . 364.795 Grid 7 Top
36 Burnable Absorber Pincell w/ Grid )
43 B ble Absorber Pincell 359.010 Grid 7 Bottom
urnable Absor .er ince . 312.528 Grid 6 Top
36 Burnable Absorber Pincell w/ Grid ]
43 B ble Absorber Pincell 306.813 Grid 6 Bottom
urnable Absor .er ince . 260.331 Grid 5 Top
36 Burnable Absorber Pincell w/ Grid .
- 254.616 Grid 5 Bottom
43 Burnable Absorber Pincell )
- - 208.134 Grid 4 Top
36 Burnable Absorber Pincell w/ Grid )
- 202.419 Grid 4 Bottom
43 Burnable Absorber Pincell .
- - 155.937 Grid 3 Top
36 Burnable Absorber Pincell w/ Grid ]
- 150.222 Grid 3 Bottom
43 Burnable Absorber Pincell )
- - 103.740 Grid 2 Top
36 Burnable Absorber Pincell w/ Grid )
- 98.0250 Grid 2 Bottom
43 Burnable Absorber Pincell .
43 Stainless Steel Pin in GT 40.5580 Bottom of Active Absorber
4a ;Slnpe.ss, ZeT 1;’ (l}n, ; 40.5200  Grid 1 Top
— i w7 51 - 39.9580 Control Rod Step 0
43 SS Pin in Dashpot GT w/ Grid 38,6600 B ¢ BPRA Rod
36 Dashpot Guide Tube w/ Grid ’ O_t' © °
. 37.1621 Grid 1 Bottom
44 Dashpot Guide Tube 35,0000 B ¢ Fuel Rod
66 | Support Plate / Nozzle Borated Water ) ottom of Fuel Ko
Wat 20.0000 Bottom of Support Plate
ater

0.00000 Lowest Extent

Figure 35: Burnable absorber pincell axial specification.
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2.3.5 Control Rods

Figure 36 shows the control rod axial layout, which depending on the degree of insertion can
either be occupied by the empty guide tube pincell or the control rod pincell described in Section
2.2.1. The details of insertion depend on the radial location of the specific control rod cluster,
i.e. which control or shutdown bank it belongs to. Unlike the other axial descriptions in this
section, Figure 36 presents the axial sections only for the control rod thimble that fits inside
the guide tube. It is presented for the fully-inserted position; all intermediate planes should be
shifted according to the number of steps withdrawn, and the appropriate axial sections created
in combination with the surrounding guide tube and grid spacer pincell.

In this model, when fully-inserted the top of the upper control rod active absorber region should
be flush with the top of the active fuel region. Control rods are considered to be withdrawn
in 228 "steps" until the active region is drawn completely out of the active fuel region. When
withdrawn 228 steps, the bottom of the lower control rod active absorber region should be
flush with the top of the active fuel region. The total height of the lower and upper control rod
regions is 360.68 cm, meaning the step height is 1.58193 cm.

The actual axial planes used depend on the the number of steps of insertion of the rod, and
may be superseded by the highest axial plane when appropriate. In other words, the planes
presented in Figure 36 should be shifted upwards by the number of steps withdrawn times the
step height.

The control and shutdown banks can have any level of partial insertion, where the bottom tips
of the rods can be at any axial step level between step 0 and step 228. While each of these
banks move their control rod clusters together, their movement is often staggered with the
other control rod banks, described in Figure 37 with an insertion sequence example. However,
insertion levels for each individual bank are provided for most of the data presented in this
benchmark, so the algorithm in Figure 37 may not be needed.

Source Reference Elevation (cm) Description
4{ Stainless Steel Pi 460.000 Highest Extent
tainess stee’ Tin 415.558 Top of Control Rod Plenum
45 Control Rod Upper Plenum
- 403.778 Bottom of Control Rod Plenum
45 Control Rod Spacer Pincell
- 402.508 Bottom of Spacer

45 Control Rod Upper Absorber Pincell
45 C T Rod L Absorber Pincell 143.428 Bottom of Upper Absorber (B4C)

ontrol Ro - ower sor' er Yince 41.8280 Bottom of Lower Absorber (AIC)
45 Stainless Steel Pin

Water 39.9580 Bottom of Control Rod
35.0000 Bottom of Fuel Rod
t Plat Nozzle Borated Wat
66 Support Plate /Woiz ¢ Porated Watet 20.0000 Bottom of Support Plate
ater

0.00000 Lowest Extent

Figure 36: Control rod pincell axial specification when fully-inserted. This only shows axial
sections for the control rod itself, which is inside one of the guide tubes.
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Control Rod Insertion Sequence

Starting from all rods fully withdrawn:

e First D moves in alone, until it gets to 113 steps withdrawn

e Now D and C move together until C gets to 113 steps withdrawn
(D is all the way in when C is at 115)

e Now C and B move together until B gets to 113 steps withdrawn
(C is all the way in when B is at 115)

e Now B and A move together until A gets to O steps withdrawn
(B is all the way in when A is at 115)

Assuming only movement of each control rod bank by one step at a time, in total this sequence
yields 574 unique positions, which we denote with integer S steps withdrawn. If S = 0 all
control rods are out of the core, and if S = 574 all rods are fully inserted. For example for normal
operation with the D bank at the bite position of S;, = 213 steps withdrawn, S =228 —213 = 15.
With this notation, the following algorithm provides the elevation of the axial planes of the
active region in each control rod bank (s}’ot and leOp) for a given S with the fully inserted elevation
s, and step width 6.

Sp, = max(0, 228 —S)

Sc = (Sp < 113) ? max(0, 228 —S+113 +3) : 228

Sp = (S¢ < 113) ? max(0, 228 —S+113 x 2+5) : 228
S, =(Sp <113) ? max(0, 228 —S+ 113 x3+7) : 228

sht=5,+ 8 xS,
SBOt:SO‘I'(SXSB
set=s,+ 6 X S¢

SEOt:SO‘I'éXSD

syT =52+ 5 x 228
sgr =50+ 6 x 228
so” =50 + 65 x 228

sg)p = sg(’t +6 %228

Figure 37: Control rod insertion sequence and axial specification [14].

39



Section 2. Benchmark Specifications rev. 3.0

2.3.6 Aggregate

By defining the full extent of the axial geometry in the pincells, several features remain to be
described or examined in the final combination of each element of the model. In aggregate it is
useful to see an exhaustive list of all axial planes used in the model, as presented in Figure 38.
Control rod insertions are treated separately, as discussed in Section 2.3.5.

Elevation (cm) Description
460.000 Highest Extent

H ” . . 431.876 Top of Upper Nozzle
423.049 Bottom of Upper Nozzle
e ——+— 421.532  Top of BPRA Rod Plenum

419.704 Top of Fuel Rod

417.164 Top of Fuel Rod Plenum
415.558 Top of Control Rod Plenum
s il | —— 415.164 Grid 8 Top
411.806 Grid 8 Bottom
403.778 Bottom of Control Rod Plenum
402.508 Top of Active Fuel
— — 401.238 Top of Active Absorber
400.638 Control Rod Step 228
364.725 Grid 7 Top
359.010 Grid 7 Bottom
| — — 312.528 Grid 6 Top
306.813 Grid 6 Bottom
260.331 Grid 5 Top
254.616 Grid 5 Bottom
I i r § 208.134 Grid 4 Top
I I 202.419 Grid 4 Bottom
155.937 Grid 3 Top
150.222 Grid 3 Bottom
e — 103<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>