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This report was prepared as an account of work sponsored by an
agency of the United States government. Neither the United States
government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
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disclosed, or represents that its use would not infringe privately
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process, or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States government or
any agency thereof. The views and opinions of authors expressed
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| _government or any agency thereof.
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EXECUTIVE SUMMARY

Provided are the detailed specifications for the VERA Core Physics Benchmark Progression
Problems 1 through 10. These problems were selected to assist nuclear software and methods
developers and analysts in progressing through capabilities needed to model U.S. nuclear power
reactors and their operations. The problems provide a prioritization of the VERA requirements for
the virtual reactor, beginning at the fuel pin level and progressing to full core, multi-physics, time-
dependent problems. They also enable clear and concise communication about what capabilities
have been achieved. In addition to the specifications, reference solutions are provided, if available,
from a continuous energy Monte Carlo neutron transport solution.

Problems 1 to 9 represent geometries that are contained in the WBNL1 initial startup core. Problems
5, 8, and 9 provide specification for models for which results can be directly compared to measured
nuclear plant data. Cases which are not based on WBN1 are clearly identified. The data for these
geometries is obtained from publicly available sources, and is described in common sections at the
beginning of the document. Each of the benchmark problems uses variations of the same source of
fuel data. Therefore, this document is publicly distributable.

Problem 5 provides measured data for the initial startup of WBN1 for reactor methods benchmarking
purposes. This information has been released by TVA as part of CASL milestone L1:CASL.P7.01.

Problems 6-8 provide specification for coupled physics problems relating to startup and operation of
a nuclear power reactor at operating conditions. References for these cases have not been generated,
and the measured data is not yet available.

Problem 9 provides measured data for the operation of WBN1 throughout its entire first fuel cycle.
Measured critical boron concentrations are provided to validate predicted reactivity and measured
incore flux distributions will be provided in a later revision. Problem 9 provides gross confidence
that the depletion of fuel and burnable absorbers is correct. This information has also been released
publicly by TVA (through this document and other milestones).

Problem 10 provides the fuel assembly shuffle information for WBN1 Cycle 2, which supports
simulation of the refueling outage between two fuel cycles. This completes the capability needed for
multi-cycle steady-state simulation of U.S. PWRs.

CASL-U-2012-0131-004 v Consortium for Advanced Simulation of LWRs
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2D

3D
AlC
ARI
ARO
B4C
BOC
BOL
cBwW
CE
CFD
DBW
DRW
EFPD
EOC
FP
Gad
GWdA/MT
HFP
HZP
ITC
IFBA
IRW
LWR
MG
NIST
PCM
PHI
PWR
RCCA
T/H
TVA
VERA
WABA
WBN1
WBNI1C1
WEC
ZPPT

ACRONYMS

Two-Dimensional

Three-Dimensional

Silver-Indium-Cadmium control rods

All Rods In

All Rods Out

Boron Carbide control rods
Beginning-of-Cycle

Beginning-of-Life

Control Bank Reactivity Worth

Continuous energy (as in cross sections)
Computational Fluid Dynamics

Differential Boron Reactivity Worth
Differential Control Rod Reactivity Worth
Effective Full Power Day

End-of-Cycle

Full Power

Gadolinia integral burnable absorber (Gd,O3)
Gigawatt-day per metric ton (usually of Uranium)
Hot Full Power

Hot Zero Power

Isothermal Temperature Reactivity Coefficient
Integral Fuel Burnable Absorber (here WEC’s ZrB,)
Integral Control Rod Reactivity Worth

Light Water Reactor

Multi-group (as in cross sections)

National Institute of Standards and Technology
Percent milli (10°)

Physics Integration Focus Area

Pressurized Water Reactor

Rod Cluster Control Assembly
Thermal-Hydraulic

Tennessee Valley Authority

Virtual Environment for Reactor Applications
Wet Annular Burnable Absorber

Watts Bar Nuclear Unit 1

Watts Bar Nuclear Unit 1 Cycle 1
Westinghouse Electric Company

Zero Power Physics Tests
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INTRODUCTION

The VERA Core Physics Benchmark Progression Problems (Figure 1) provide a method for
developing and demonstrating increasing capabilities for reactor physics methods and software.
They provide a model-based approach to prioritization of requirements, and create clear metrics to
communicate development status. This document provides the detailed specification of the ten
problems, ranging from a simple 2D pin cell to the full cycle depletion and refueling of a 3D reactor
core configuration with control rods and burnable poisons consistent with actual nuclear power plant
designs. All of the data in this document is publicly available and most of it is based on actual fuel
and plant data from the initial core loading of Watts Bar Nuclear 1, a Westinghouse-designed 17x17
Pressurized Water Reactor (PWR) of the common vintage built in the U.S. in the 1980°s and 1990’s.

In addition to defining a common specification to test each level of capability, the document also
provides reference solutions, when possible, based on continuous energy (CE) Monte Carlo methods
using ENDF/B-VII1.0 cross sections. This is important for the first five problems to define an
analytical standard so that we can evaluate capability in context of accuracy. In some cases,
ENDF/B-V1.8 cross sections are additionally used and these results are located in the appendices.

Each problem may be solved to different degrees of satisfaction. The section entitled “Capabilities”
provides a list of many required or desired features of an excellent reactor analysis tool that could be
demonstrated for each problem. It should be discouraged to approach these problems as “solved” or
“not solved”, but rather how well are they solved, with what ease, and how comprehensive is the
software demonstrating the capabilities that are suggested. Regardless, successful progression
through each problem will lead to a satisfactory benchmark against WBN1 Cycle 1.

Revision 1 of this document contains the following summary changes:

1. Corrected the UO; isotopics in reference input for Problems 1 and 2 (U-234 and U-238),
worth approximately 80 pcm.

Changed the fuel density for Problems 1 and 2 to be consistent with the other problems
Added Problem 1E (IFBA pin cell)

4. Modified the Pyrex isotopics in reference input for Problem 2 to be more consistent with the
material composition in the specification (i.e. changed from default SCALE material)
Added Problems 2K-2P (radially-zoned enrichment, IFBA, WABA, and Gadolinia)

6. Switched to development version of CE KENO-VI (SCALE 6.2 dev) for Problems 1 and 2.

a. Captured improvements fix for S(a,p) fix (worth approximately 100 pcm for UO,)

b. Enabled output of region- based fission rate tallies (rather than nu-fission)

c. Provided parallel (MPI) version for execution on multiple cores, permitting much
larger numbers of particles, resulting in lower eigenvalue and reaction rate
distribution uncertainties.

7. Modified CE KENO-VI post-processing technique to take credit for octant symmetric fuel
rods in the calculation of fission rate distribution uncertainties (Problem 2).

8. Added new 2D problems for 3x3, quarter core, and a simple reflector case (new section
“Miscellaneous Benchmarks™)

9. Added appendices of reference input and results for Problems 1 and 2 for access and
convenience of the reader.

w N

o
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Revision 2 of this document contains the following summary changes:

1.
2.
3.
4.
5

6.

Modified Problem 1A and 2A reference solutions with actual 565K CE results.

Added Problem 2Q, a 2D lattice solution which includes spacer grid material.

Modified Problem 3A results with new CE KENO-VI development version, as described in
the Revision 1 changes (Item 6).

Added Problem 3B.

. Added CE KENO-VI results for Problem 4, including pin powers and control rod reactivity

worths.
Added the Problem 5 specification with CE KENO-VI results for criticality, control bank
reactivity worths, and other reactivity coefficients.

Revision 3 of this document contains the following summary changes:

™=

N oo

9.

10.
11.

12.

Added the density of carbon steel.

Added more operating parameters and references.

Regenerated all CE KENO-VI reference results with latest SCALE 6.2 Beta release using the
INL supercomputer Fission to achieve many more particles and thus lower power distribution
uncertainties.

Added correction factors for all 565K KENO cases to account for the lack of temperature-
dependent H-1 scattering data (S(a.,p)).

Added Problem 4C-2D, a 2D 3x3 assembly case with B4C control rods.

Added Problem 5C-2D, a 2D quarter-core case with B,C control rods.

Changed the temperature of Problem 5-2D to 565K.

Revised the Problem 5 specification for consistency with actual WBN1 ZPPT tests, and
added measured results. Also added improved ITC predictions and Bank D integral rod
worths.

Added Problems 6-8 initial specifications, without reference solutions. Efforts are ongoing to
create these references for future revisions.

Added results for 565K versions of Problem 4-2D.

Added results of a radial reflector sensitivity study based on Problem 5A-2D in the
appendices, including quantification of the effect of the core barrel, neutron pads, and vessel.
Added more results and visualizations for the larger problems.

Revision 4 of this document contains the following summary changes:

1.
2.
3.

Addition of initial specifications for Problems 9 and 10.
Updated core operating characteristics based on data obtained from TVA for Problem 9.
Added new IFBA and WABA lattice arrangements based on publicly available data.

Consortium for Advanced Simulation of LWRs 2 CASL-U-2012-0131-004
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*#1 2D HZP BOC Pin Cell

*#2 2D HZP BOC Lattice

*#3 3D HZP BOC Assembly

+#4 3D HZP BOC 3x3 Assembly CRD Worth

*#5 Physical Reactor Zero Power Physics Tests (ZPPT)

*#6 3D HFP BOC Assembly

*#7 3D HFP BOC Physical Reactor w/ Xenon

*#8 Physical Reactor Startup Flux Maps

*#9 Physical Reactor Depletion

*#10 Physical Reactor Refueling

LELELLLLEEKLEL

* Bold indicates comparisons against measured data

Figure 1: Ten VERA Core Physics Benchmark Progression Problems

This document contains specifications for all ten problems, but measured data is not yet available or
releasable in all cases. Reference solutions are included for each problem as are available and
feasible to generate. In addition, as VERA development has progressed, additional test cases have
been created that do not explicitly fit into the progression of these problems, so those are
documented separately in section “Miscellaneous Benchmarks”. Most important of these are the 2D
3x3 cases (4-2D) and the 2D quarter-core cases (5-2D), which provide reference Monte Carlo
distributions with very low statistical uncertainty.
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1. GEOMETRY

Each of the problems in this specification is based on actual fuel and core geometries used in the
Watts Bar Nuclear 1 (WBNL1) initial core loading. The fuel is a Westinghouse 17x17 design
utilizing discrete Pyrex burnable poisons and hybrid AIC/B4C rod cluster control assemblies
(RCCAs). This section describes the general dimensions and material content of this fuel which will
be applicable to each progression problem. The specifications are obtained from publicly available
sources for WBN1 or similar power plant designs. All input is provided at cold conditions. In a few
cases (Problems 2K-2P), the fuel or poison specification is not based on WBNZ1, but is similar to
other common PWR fuel designs.

1.1 FUEL ROD GEOMETRY

The 17x17 fuel rod geometry is consistent for all fuel in the WBNL1 core. It contains a 12’ axially-
uniform UQO; fuel stack contained within Zircaloy-4 cladding, with an upper gas plenum, plenum
spring, and upper and lower end plugs. Figure 2 below presents the fuel rod geometry. Table 1
provides the detailed rod data as is possible from the source.

ra END PLUG
L
Y
N
: [fs——1 SPRING
=
o
. N
(rve E
\ Wy FeLLETs Table 1: Fuel Rod Specification (Ref. 1)
Input Value
Pellet Radius 0.4096 cm
. FUEL-CLAD GA® Inner Clad Radius 0.418 cm
(T¥P) Outer Clad Radius 0.475 cm
— T Rod Pitch 1.26 cm
5 a Rod Height 385.1 cm
\ ) ZIRALOT ELAD Fuel Stack Height 365.76 cm
\ :*/_ Plenum Height 16.0cm
R End Plug Heights (x2) 1.67 cm
NI A Pellet Material uo,
] ) Clad / Plugs Material Zircaloy-4
\ L] Plenum Spring Material Stainless Steel
N | N Fill Gas Material Helium
|
|
e The end plugs are assumed to be the same
height. The volume, mass, chamfer, etc. for
Figure 2: Fuel Rod Arrangement the plugs are unknown. o
(Ref. 1 Figure 4.2-3, in inches) e The volume or mass of the plenum spring is

not included in this specification.
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1.2 FUEL ROD AND GUIDE TUBE LAYOUT (LATTICE)

Each 17x17 assembly contains 24 guide tubes (or thimbles) serving as structure and as a location for
discrete inserts such as rod cluster control assembly (RCCA) rodlets or discrete burnable poison
rods. There is also one instrument tube at the lattice center for insertion of an incore neutron flux
detector. Each of these tubes is Zircaloy-4 and, other than the instrument tube, connects the top and
bottom nozzles. These tubes are arranged in a fixed radial layout for all assemblies, shown in Figure
3. Table 2 provides the detailed guide tube and instrument tube specifications. The guide tube
dashpot is ignored. In addition, a small inter-assembly gap exists between all assemblies containing

the core moderator.

GT GT GT
GT GT
GT GT GT GT GT
GT GT IT GT GT
GT GT GT GT GT
GT GT
GT GT GT

IT [Instrument Tube

GT |RCCA / Burnable Poison / Thimble Plug Guide Tube

Figure 3: 17x17 Lattice Fuel Rod and Thimble Arrangement
(Ref. 1 Figure 4.2-1)

Table 2: 17x17 Lattice Specification (Ref. 1)

Input

Value

Inner Guide Tube Radius
Outer Guide Tube Radius
Inner Instrument Tube Radius
Outer Instrument Tube Radius

Tube Materials
Rod Pitch
Assembly Pitch

Inter-Assembly Half Gap

0.561 cm
0.602 cm
0.559 cm
0.605 cm
Zircaloy-4
1.26 cm
21.50 cm
0.04 cm

CASL-U-2012-0131-004
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1.3 SPACER GRIDS

Each 17x17 assembly in WBN1 contains six intermediate spacer grids and two end grids which
provide lateral structure support, reduction in rod vibration and bow, and in some cases coolant flow
mixing. The intermediate grids are located in the active fuel region and are made of Zircaloy-4 to
limit neutron absorption. However, the end grids are located at the end or outside of the fuel stack
and are predominately made of Inconel for improved structural support.

The majority of each spacer grid is comprised of an orthogonal array of thin straps, each with a
mechanism for rod contact (dimples, springs). In addition, each grid also includes a set of spacer
sleeves that contact the guide tubes and instrument tube and limit the axial movement of the grids.
These sleeves are not necessarily made from the same material as the straps. None of the reference
solutions in this specification include the spacer sleeves.

The spacer grid data needed for neutronics calculations is simply the mass and volume of each
material and the axial location of each grid. It has been shown that detailed models, such as CAD
models or drawings, of spacer grids are not required for accurate reactivity and pin power
calculations. Additional information will be needed for sub-channel or CFD analyses of the grids.

Complete public grid data for WBN1 has not been located. The specification below in Table 3 is
partially based on approximations from other plant data (Ref. 8) and other grid types. Note that all
axial elevations in this document are relative to the fuel assembly seating surface, which coincides
with the top of the lower core plate.

Table 3: Spacer Grid Specification

End Intermediate
Grids Grids
Number 2 6
Material Inconel-718 Zircaloy-4
Mass (g) 1017 875
Height (cm) 3.866 3.810
Mixing Vanes ? No Yes
Axial Locations (cm) 13.884 75.2
(center of inner strap relative to  388.2 127.4
top of lower core plate) 179.6
231.8
284.0
336.2

e The spacer grid types, heights, and locations are obtained from Reference 1 (shown in Figure
4). For simplicity, the lower end grid has been shifted slightly up to align with the bottom of
the fuel stack.

e The spacer grid masses are estimated from a total mass given in Reference 1, distributed
based on volume fractions obtained from Reference 8 (based on OFA values scaled to the
V5H inner strap height).

e The spacer grid sleeve data is not included in this specification and can be ignored.

e The axial location of the bottom end grid is shifted slightly to align with the bottom of the
fuel stack. The public data is inconsistent and questionable in this area and aligning the grid
with the fuel simplifies the modeling.

Consortium for Advanced Simulation of LWRs 6 CASL-U-2012-0131-004
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1.4 ASSEMBLY GEOMETRY

Each Westinghouse 17x17 assembly in WBN1 is comprised of fuel rods, guide and instrument tubes,
spacer grids, and top and bottom nozzles. Figure 4 demonstrates the axial assembly geometry. The
specifications for the assembly are provided in Table 4 and specifications for the nozzles and core
plates are given in Table 5.

ROD CLUSTER
CONTROL
ASSEMBLY
SPRING
TOF MODIILE
Table 4: Fuel Assembly Specification (Ref. 1)
Input Value
Assembly Pitch 21.50 cm
Inter-Assembly Half Gap 0.04 cm
Total Assembly Height 406.337 cm
Bottom Nozzle Height 6.053 cm
Top Nozzle Height 8.827 cm
Fuel Rod Height 385.1cm
l l l I [ ” Axial Location of Fuel Stack 11.951 cm
Lower Gap Height
| (above bottom nozzle) 4.228 cm
B Upper Shoulder Gap Height 2.129 cm
(below top nozzle)
- L UO, Mass 522.0 kg
'l l" I H e The dashpot region of the guide tubes is not

included in this specification.

N

1
AL

eiee )

Figure 4: Axial Fuel Assembly Arrangement
(Ref. 1 Figure 4.2-2, in inches)

Table 5: Assembly Nozzle and Core Plate Specification

Bottom Top Lower Upper
Nozzle Nozzle Core Plate Core plate
Material SS-304 SS-304 SS-304 SS-304
Mass (kg) 6.25 6.25
Height (cm) 6.053 8.827 5.0 7.6
Volume Fraction (%) 50% 50%
Axial Location (cm) 0.0 397.51 -5 406.337

(relative to top of lower core plate)
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e The nozzle and core plate materials, heights, and axial locations are obtained from Ref. 1.

e The lower core plate thickness is obtained from Reference 9 for a generic Westinghouse
plant.

e The upper core plate thickness is assumed. The model should be insensitive to this value.

e The nozzle masses are assumed to be equal, with an approximate total mass of 12.5 kg. It is
assumed that the model is insensitive to these values because of the distance to the fuel.

e The upper and lower core plates are perforated with flow holes which allow the coolant to
enter and exit the fuel assemblies. Because these plates are located a large distance from
fuel, it is sufficient to assume a 50% volume fraction of the stainless steel and coolant.

1.5 PYREX GEOMETRY

The initial WBN1 core loading utilizes various patterns of the Pyrex (borosilicate glass, B,O3-SiO,)
discrete burnable neutron absorber located in the assembly guide tubes. These inserts may be placed
in any assembly which is not located in a RCCA location, using several possible radial
configurations shown in Figure 5. The specification for Pyrex is provided below, based on data from
References 1 and 8.

Table 6: Pyrex Rod Specification

Input Value
Enrichment 12.5 wt% B,0;
Boron-10 Loading 6.24 mg/cm
Pyrex Density 2.25 glcc
Inner Tube Inner Radius 0.214 cm
Inner Tube Outer Radius 0.231cm
Pyrex Inner Radius 0.241 cm
Pyrex Outer Radius 0.427 cm
Cladding Inner Radius 0.437 cm
Cladding Outer Radius 0.484 cm
Poison Height 360.68 cm
Plenum Height above Poison ~ 22.2 cm
Axial Location of Poison 15.761 cm
End Plug Height ~2.54 cm
Inner Tube Material SS304
Plenum Material Helium
Cladding Material SS304

The Pyrex isotopic weight fractions are calculated based on 12.5% B,0O3 weight percent (Ref. 1) and
atomic masses obtained from NIST (www.nist.gov). These values are provided in the table below.
For example, the mass fraction of B-10 in B,O3-SiO,, assuming natural 19.8 at% B-10 in boron, is
calculated as the following:

2x10.811 ( 10.012937 x 0.198

= V. X X
fp10 = 0125 2% 10.811 + 3 x 15.9994 " \10.012937 x 0.198 + 11.009305 X 0.802

) =0.712%

It is noted that standard Pyrex contains trace amounts of other compounds such as Na,O, Al,Os,
Fe,03, CaO, MgO, and CI. These are ignored here as only the boron-10 containing compounds will
affect the neutron flux significantly.

Consortium for Advanced Simulation of LWRs 8 CASL-U-2012-0131-004
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Table 7: Pyrex Isotopics

Isotope Weight Fraction (%)
B-10 0.712
B-11 3.170
0-16 55.217
Si 40.901

The density required to obtain the specified linear loading of B-10 can be simply calculated using the
area of the annular poison tube.
g B10 1 g pyrex

_ _ g
= 0. X X = Z.
Poyrex = 000624 = X o 77 — 0 2418 em? < 000712 g B10 . 2 2° ec

] ] ] Fuel Rod
Empty Tube
Pyrex Rod
°u . ° .
H
| | |
4 Absorber Rods 8 Absorber Rods 12 Absorber Rods
L ] Tl
| |
| | |
16 Absorber Rods 20 Absorber Rods 24 Absorber Rods

Figure 5: Burnable Absorber Rodlet Configurations (Octant Symmetry)
(Ref. 1 Figure 4.3-4, and Ref. 21 Figure 12)
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1.6 CONTROL ROD GEOMETRY

WBN1C1 utilized hybrid B,C RCCAs with AIC tips. These rods are inserted into each guide tube of
any assembly in a controlled core location. The specification of these rods, their axial location, and
movement characteristics are described below. These values are estimates for WBN1 and were
compiled from various sources including Refs. 1, 8, and 10.

ABSORAEA
BT PELLETS
EHOM A0-15%IN-5%00 SLUGS

Figure 6: RCCA Assembly
(Ref. 1 Figure 4.2-15, in inches)

Table 8: RCCA Rod and Drive Specification

Input AlIC B,C

Composition 80/15/5% 100%
Ag/In/Cd B,C
(Lowver) (Upper)

Poison Density 10.2 g/cc 1.76 g/cc

Poison Radius 0.382cm 0.373cm

Poison Height 101.6 cm 259.08 cm

Cladding Inner Radius 0.386 cm

Cladding Outer Radius 0.484 cm

Total Poison Height 360.68 cm

Axial Location of Poison 17.031 cm

(when fully inserted)

Plenum Height above Poison 10.7 cm

End Plug Height ~19cm

Step Size 1.5875 cm

Maximum number of steps 230

Cladding Material SS304

Plenum Material Helium

1.7 THIMBLE PLUG GEOMETRY

Thimble plugs are used to prevent excess bypass flow through guide tubes that do not contain
discrete burnable poison rods or RCCA rodlets. These are not typically modeled because the plugs
are fairly short and do not extend into the active fuel region. This data was obtained from Reference
1 and Reference 8. The end caps are ignored.

Table 9: Thimble Plug Specification

Input Value
Material SS304
Outer Radius 0.538 cm
Height 11.0cm
Axial Location 383.31 cm
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1.8 INSTRUMENT THIMBLE GEOMETRY

Instrument tube thimbles are inserted into an assembly’s instrument tube from below the reactor core
to guide the movable incore instrument through the center of an assembly. These thimbles are thick
stainless steel annular tubes which serve as reactor core pressure boundaries, displacing core
moderator. Reference 1 and Reference 11 provide reasonable values for this specification.

Table 10: Instrument Thimble Specification

Input Value

Material SS304

Inner Radius 0.258 cm

Outer Radius 0.382 cm

Height Same as instrument tube
Inner Material Vacuum

e The top of the instrument thimble is unknown. It is
located somewhere between the top of the active
fuel and the top nozzle. It is assumed here that the
height is the same as the instrument tube, which is
assumed to extend up to the top nozzle.

1.9 INTEGRAL FUEL BURNABLE ABSORBERS (IFBA)

Use of IFBA is a common modern technique for optimized fuel assembly reactivity control and
power distribution management. It is a very thin ZrB, coating on selected UO; fuel pellets in an
assembly. Because the boron is completely depleted quickly, and it does not displace fuel material,
there is no residual reactivity penalty. Though IFBA is not used in WBN1 Cycle 1, it is included in
these specifications because of its extensive use in modern PWR fuel and because it is somewhat
challenging for nuclear methods and software (and it is used in WBN1 Cycle 2). The IFBA specs
below are obtained predominately from Reference 12.

Table 11: IFBA Fuel Rod Specification

Input Value

Poison Material ZrB,

Boron-10 Loading 2.355 mg/in
Boron-10 Enrichment 50%

Coating Thickness 10 pm

Coating Density 3.85 glcc
Poison Height 304.8 cm
Poison Location Centered axially

e Other than the ZrB, coating, the IFBA rod geometry is the same as provided in Table 1

e The material, loading, and height are provided in Reference 12

e The boron enrichment is assumed based on non-proprietary communication with CASL core
partners. The results are insensitive to the actual enrichment as long as the boron-10 loading
is preserved.

e Publicly available data refers to IFBA thicknesses of 5 to 15 um. In this case, 10 um is used
as an approximate, and easy to use, value. The results are insensitive to the actual thickness
as long as the boron-10 loading is preserved.

e The coating density is calculated below based on the fuel pellet diameter, coating thickness,
and boron-10 loading.
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The IFBA isotopic weight fractions are calculated based on the values in the table above and atomic
masses obtained from NIST. For example, the mass fraction of B-10, assuming 50% B-10
enrichment, is calculated as the following:

MW, = 1/( 05 05 ) = 10.4875 g/mol
10.012937 ' 11.0093054

oy 2X104875
for0m11 = 50% X g 104875~ O 347%

The density required to obtain the specified linear loading of B-10 can be simply calculated using the
area of the coating based on the fuel rod geometry in Section 1.1.

_ 935c mg B10>< lin y 1lg 9 1 y gifba
Pifba = & in 254cm " 103mg ~ m x (0.4106% — 0.40962) cm? ~ 0.09347 g B10
= 385 g/cc

Alternately, the isotopic densities in units of atoms/bn-cm are provid