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ABSTRACT

This report presents alternative models for calculating nuclear physics data for the
McGuire and Catawba nuclear units. The new models are based on the

CASMO-4 /SIMULATE-3 MOX software package. The report provides benchmark
comparisons to operating data from McGuire and Catawba fuel cycles with low-enriched
uranium cores, Saint Laurent B1 fuel cycles with mixed cores of LEU and mixed oxide
fuel assemblies, and data from critical experiments. These benchmark comparisons
characterize the fidelity of the models for both low enriched uranium and mixed oxide
fuels. From this benchmarking a set of biases and uncertainty factors are developed that
are used in different aspects of reactor core reload design and plant operation. These
biases and uncertainty factors can be updated if necessary using the methodology
described in this report as new operating data is collected from subsequent McGuire and

Catawba fuel cycles.

This report also describes the use of the CASMO-4/SIMULATE-3 MOX/SIMULATE-
3K MOX code package in the measurement of control rod worths using the dynamic rod

worth measurement methodology.

Duke Power intends to use the models and methods described in this report for
performing nuclear design calculations on McGuire and Catawba reactor cores containing
low enriched uranium fuel and cores containing a mixture of low enriched uranium and

mixed oxide fuel.
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1.0 INTRODUCTION

The design of a commercial pressurized water reactor core determines the characteristics
of a specific number of fuel assemblies which are generally similar in design but differ in
the amount of fissile material content. The refueling of a reactor core involves removing
some of the fuel assemblies and replacing them with fresh fuel and possibly previously
burned fuel assemblies. In a reload core the fuel enrichment, burnup, and burnable
absorber content may be different for each fuel assembly in the core. In general, the
neutronic and operating parameters of the new core are different from the previous core.
The reload design analysis defines the characteristics of the new core and confirms that it

can be operated safely while meeting design power generation requirements.

Neutronic analyses are performed to define the number of feed assemblies, their
enrichment, burnable poison loading, and the arrangement of fuel and control
components within the reactor core. Calculations are performed which verify core safety
parameters, determine reactor protection system setpoints, and provide necessary startup
and operational information. This report presents a state of the art package of analytical
models which may be used to develop these analyses. The fidelity of the analytical
models is demonstrated by comparison of calculated nuclear parameters to available

measurements from power reactor operation and laboratory experiments.

Duke Power currently performs reload design analysis for the McGuire and Catawba
nuclear stations with methodologies defined by References 1 through 7. Reference 1
describes the overall reload design methodology. Reference 2 describes the current core
physics methodology which uses CASMO-3/SIMULATE-3 analytical models.
Reference 3 describes Duke Power’s current Nuclear Regulatory Commission (NRC)-
approved methodology for performing dynamic rod worth measurements. References 4
through 7 and Reference 36 address other specific aspects of reload design for the

McGuire and Catawba nuclear units.
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As part of a continuous effort to improve design methods and to prepare for the use of
mixed oxide (MOX) fuel, the use of CASMO-4/SIMULATE-3 MOX is presented in this
report. Section 2 describes the CASMO-4, CMS-LINK, SIMULATE-3 MOX, and
SIMULATE-3K MOX computer codes that are used in this reload design methodology.
Section 3 presents benchmarks of the methodology against power reactor data and
demonstrates the ability of the methodology to predict core physics parameters and power
distributions in low enriched uranium (LEU) fueled cores as well as cores containing a
mixture of LEU and MOX fuel. Section 4 presents benchmarks of the methodology
against critical experiment data and demonstrates the ability of the methodology to
predict relative fuel pin power in all-LEU lattices as well as lattices containing MOX fuel
pins. Section 5 describes the development of power distribution uncertainty factors for
both LEU and mixed LEU-MOX cores. Section 6 presents benchmarks of the
methodology against dynamic rod worth measurements and predictions and also justifies
the application of dynamic rod worth measurement to mixed LEU-MOX cores. Section 7
summarizes the results and conclusions of this report. Appendix A provides a description
of a typical McGuire and Catawba LEU core design and shows the currently planned fuel

management pattern for mixed LEU-MOX cores at those plants.



2.0 DESCRIPTION OF ANALYTICAL MODELS

As part of the reload design process, reactor physics calculations are performed on a
cycle-specific basis to develop the core nuclear design and ensure safety.

The cycle design is set by specifying the number and enrichment(s) of the feed
assemblies and the core locations of the feed and reinserted assemblies. Calculations are
performed to verify core safety parameters, generate operational and reactor protection
system (RPS) limits, and identify the core loading pattern. Calculations are also
performed to support startup testing, including rod worth measurement, and for core
follow activities during reactor operation. Details of these calculations have previously

been described in References 1, 3, 4, 5, and 36.

This section provides a brief description of the CASMO-4/SIMULATE-3 MOX
computer codes and the supporting programs that are used to perform the above
calculations. The NRC has approved Duke’s current reactor physics calculation
methodology, which includes the use of CASMO-3/SIMULATE-3. The methodology
described in this report is basically the same as Duke’s current methodology with the
substitution of the four codes listed below. These codes contain improved features for

both LEU and partial MOX fuel cores as discussed in Sections 2.1 and 2.3.

The core modeling package is made up of four computer programs:

CASMO-4

CMS-LINK

SIMULATE-3 MOX

SIMULATE-3K MOX
These programs were developed by Studsvik Scandpower Incorporated. Various forms
of these computer programs have a long history of utilization in both the United States
and international nuclear industries. In the calculation sequence, CASMO-4 generates
nuclear data for each unique fuel assembly lattice. CMS-LINK collects this data into a
single library for use by SIMULATE-3 MOX and SIMULATE 3K MOX. SIMULATE-3

MOX is utilized to deplete the fuel cycle and predict critical boron concentration, rod
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worth, reactivity coefficients, core power distribution, as well as for 3-D analysis for
generation of operational and reactor protection system limits. SIMULATE-3K MOX is

used to model core transients and support the dynamic rod worth measurement technique.

2.1 CASMO-4

CASMO-4 is a multi-group, two dimensional transport theory model for burnup
calculations on fuel assemblies or fuel pin cells as described in References 8 and 9. The
code accommodates a geometry consisting of cylindrical rods of varying composition in a
square pitch array. CASMO-4 can model fuel pins, burnable absorber rods, control rods,
guide tubes, in-core instruments, water gaps, and reflectors. The nuclear data library
input to CASMO-4 is based mainly on data from ENDF/B-IV. It contains cross sections
for more than 100 materials commonly found in light water reactors. The cross sections
are collected into 70 energy groups covering neutron energies from 0 to 10 million
electron volts (MeV). CASMO-4 supports NRC-approved methodologies at Palo Verde

Nuclear Station and Prairie Island Nuclear Station.

Important new features of CASMO-4 over CASMO-3 are the incorporation of
microscopic depletion of burnable absorbers into the main calculation, use of a
geometrically heterogeneous model for the entire calculation, and use of the
characteristics method for solving the transport equation. CASMO-4 provides a
convenient method for describing MOX fuel compositions and Pu**! decay time. For a
MOX fuel lattice the program automatically adjusts the detail of appropriate internal
calculations to accommodate the larger variation of plutonium cross sections in the
thermal energy region and the presence of significant plutonium resonances in the
epithermal energy region. CASMO-4 also edits several additional coefficients which are

required by the modified nodal methods used in SIMULATE-3 MOX.

A series of CASMO-4 cases is executed for each unique fuel assembly lattice
configuration. A typical case set characterizes the effect of fuel burnup, moderator

temperature, fuel temperature, soluble boron concentration, and control rod presence.
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For core reflector regions the impact of changes in moderator temperature and soluble

boron concentration are typically modeled.

22 CMS-1LINK

CMS-LINK processes data generated by CASMO-4 and produces a nuclear data library
for input to the SIMULATE-3 MOX core model as described in Reference 10. The code

collects the following data for each unique fuel lattice configuration.

Macroscopic cross sections in two energy groups

Discontinuity factors at fuel assembly boundaries in two energy groups
Yields and microscopic cross sections for important fission products
Incore detector constants

Kinetics data

Pin by pin power distributions

For any fuel type used in mixed cores of MOX and LEU fuels, the program also collects
additional data required by the nodal methods used in SIMULATE-3 MOX.

The data is collected into multi-dimensional tables that characterize the effect of both
instantaneous and integrated perturbations to local core conditions. The precise
functionalization of the data varies depending on the type of data and the amount that a

given data type changes as core conditions change.

2.3 SIMULATE-3 MOX

SIMULATE-3 MOX is a three-dimensional diffusion theory reactor core simulator
described in Reference 11. The program calculates core wide power distribution and fuel
depletion with macroscopic cross sections in two energy groups. The nodal solution is
performed on a geometric mesh of either one or four nodes per assembly in the radial

plane and an appropriate axial mesh in the active fuel column. Explicit models of top,
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bottom, and radial reflector regions allow analytic solutions for flux and leakage at the
core boundary. A microscopic depletion model is used to track iodine, xenon,
promethium, and samarium during anticipated core transients. Pin power distributions are
constructed by synthesizing results of the nodal mesh solution with heterogeneous lattice

solutions extracted from CASMO-4.

SIMULATE-3 MOX is an extension of the standard SIMULATE program as described in
Reference 12. The CASMO-4/SIMULATE-3 MOX programs are used in different
capacities in Germany, Switzerland, the United Kingdom, and Japan. Reference 37
provides a summary of work that has been performed to validate the
CASMO-4/SIMULATE-3 MOX codes for MOX fuel applications in Japan. The
modifications required are not due to the MOX fuel itself but are necessary to more
accurately model the interaction of MOX fuel with adjacent LEU fuel assemblies. The
large difference in thermal absorption cross sections of MOX and LEU fuel causes steep
thermal flux gradients at the fuel assembly interface. Changes made to accommodate

these flux gradients are discussed briefly below.

SIMULATE-3 MOX uses a transverse integration procedure to reduce the multi-
dimensional diffusion equations to a set of coupled one-dimensional equations. For non-
MOX problems, SIMULATE-3 MOX solves the one-dimensional equations by
representing the flux with fourth-order polynomial expansions and then using weighted
residual methods to determine the coefficients for each of the two energy groups. For
problems with very large flux gradients such as face adjacent MOX and LEU fuel
assembles, polynomial expansions may not accurately model dramatic spatial changes in
neutron flux. SIMULATE-3 MOX supplements the polynomial expansion method with
additional terms derived from purely analytic nodal solution methods. The fast flux is
represented by a polynomial expansion and the thermal flux is represented by an
expansion containing both polynomial and hyperbolic terms. The hyperbolic terms allow
very large changes in thermal flux level to be characterized more accurately than can be

accomplished with only polynomial expansions.
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The use of single assembly lattice calculations to produce homogenized cross sections for
the nodal model can introduce errors when the single assembly spatial flux shape is
dramatically different from the actual flux distribution across the assembly.
SIMULATE-3 MOX reduces this spatial homogenization error by recalculating
homogeneous two group cross sections with the actual local flux shape determined for
the reactor configuration. In a general sense this re-homogenization of cross sections is
consistent with the traditional technique of superpositioning intra-nodal flux shapes and
single assembly flux form functions to construct accurate predictions of individual pin

power distributions.

Several modifications are made to pin power reconstruction techniques in SIMULATE-3
MOX to more accurately model the impact of local flux gradients at MOX-LEU fuel
assembly interfaces. An improved method of estimating nodal corner point fluxes makes
use of empirically determined coefficients. Conventional reconstruction methods used a
single total power form function from CASMO-4. This approach works well when the
fast to thermal flux ratio is relatively constant throughout the core. In MOX fuel,
interactions with fast neutrons produce three times as much power as fast neutron
interactions in LEU fuel. SIMULATE-3 MOX accounts for this imbalance by utilizing

separate CASMO-4 form functions for each neutron energy group.
The modifications made to accommodate mixed cores of MOX and LEU fuel assemblies
are also applicable to cores containing only LEU fuel. The new models yield results

consistent with the results of the conventional methods in LEU cores.

2.4 SIMULATE-3K MOX

SIMULATE-3K MOX is an extension of SIMULATE-3K (References 13 and 14), which
is used for analysis of core transients. The spatial neutronics models in SIMULATE-3K
MOX are identical to those in SIMULATE-3 MOX. SIMULATE-3K MOX solves the
transient neutron diffusion equation incorporating effects of delayed neutrons,

spontaneous fission in fuel, alpha-neutron interactions from actinide decay, and gamma-
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neutron interactions from long term fission product decay. The thermal-hydraulics
module consists of a fuel pin heat conduction model, fission product decay heat

generation model, and a channel hydraulics model.

The fuel pin conduction model calculates the radial temperature distribution and the fuel
pin surface heat flux using a finite difference model of the nonlinear cylindrical heat
conduction equation. An explicit fuel pin conduction calculation is performed for the
average fuel pin in each nodal mesh, and optionally for the hot pin in each fuel assembly.
The axial nodalization of the fuel pin conduction solution is identical to that of the
neutronics model. Fuel, gap, and clad thermal properties are treated as functions of node-
averaged fuel pin burnup and local temperature. Convective heat transfer coefficients are
computed using regime-dependent correlations. The coupling between the pin
conduction calculation and the heat transfer coefficient calculation is fully resolved at

each time step by nonlinear iteration.

An explicit hydraulic calculation is performed for each nodal mesh, using the average
fuel pin heat flux and hydraulic characteristics of the node. The axial nodalization of the
hydraulic solution is identical to that of the neutronics model. For pressurized water
reactor (PWR) applications, SIMULATE-3K MOX utilizes a fully-implicit, five-equation
hydraulics model (liquid mass and energy, vapor mass and energy, and mixture

momentum).

The SIMULATE-3K MOX neutronics model uses the same nuclear data library as
SIMULATE-3 MOX. The thermal and hydraulic models are coupled to the neutronics
model via the fuel pin heat generation rate which is directly determined from the
calculated neutron power. In turn, the thermal hydraulics module provides the nuclear
calculation with the appropriate hydraulic data to permit nuclear feedback with local
thermal conditions. Boundary conditions for the hydraulic calculations are defined by

moderator core inlet conditions and upper plenum pressure.
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SIMULATE-3K MOX is capable of modeling core transients initiated by changes in
soluble boron concentration, control rod placement, moderator temperature, moderator
flow, and/or system pressure. Incore and excore instrumentation may be modeled for the
purpose of driving the reactor control system and allowing realistic comparison to actual
core transients. SIMULATE-3K MOX is a best estimate model by nature, however
conservatism may be applied via individual scalar multipliers to important parameters
such as fuel conductivity, specific heat, gap conductance, convective heat transfer, fuel
temperature, moderator temperature, void fraction, delayed neutron yields, and control

rod worths.
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3.0 POWER REACTOR BENCHMARK ANALYSES

3.1 McGuire and Catawba Benchmark Analysis

This section compares measured core physics parameters from McGuire Nuclear Station (MNS)
and Catawba Nuclear Station (CNS) to predictions from the SIMULATE-3 MOX analytical

model. Comparisons are made for the following recent operating cycles:

MNS Unit 1 Cycles 12, 13, 14 CNS Unit 1 Cycles 11, 12, 13
MNS Unit 2 Cycles 12, 13, 14 CNS Unit 2 Cycles 9,10, 11

Measurements of critical boron concentration, control rod bank worth, and isothermal
temperature coefficient are made during initial startup of each fuel cycle at hot zero power (HZP)
conditions. Measurements of critical boron concentration and core wide power distribution are
made throughout the depletion of each fuel cycle at nominal hot full power (HFP) operating

conditions.

3.1.1 Description of Reactors

MNS and CNS are operated by Duke Power, a division of Duke Energy, and are located within
30 miles of Charlotte, North Carolina. Each reactor is a four loop pressurized water reactor
operating at 3411 megawatts thermal (MWt) and approximately 1215 megawatts electric (MWe).
Average moderator temperature at HFP is approximately 586 °F. Each reactor core contains 193
fuel assemblies and 53 control rod clusters. The MNS/CNS core configuration is shown in
Figure 3-1. Each fuel assembly is comprised of a 17x17 square lattice having 264 fuel pins, 24
guide tubes, and a central instrument tube. In general terms all fuel cycles analyzed may be

characterized as 18 month fuel cycles utilizing a low leakage fuel management technique.
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3.1.2 Critical Boron Concentrations

Critical boron concentrations are measured during cycle startup testing and throughout cycle
operation by an acid-base titration of a reactor coolant system sample. Critical boron
concentrations are measured during startup tests at beginning of cycle (BOC) under peak
samarium, no xenon, HZP conditions, with all control rods out of the core (ARO). All four
reactors are operated as base-loaded units and thus most mid-cycele critical boron measurements
are at near HFP nominal operating conditions. Natural boron was used in all fuel cycles
analyzed. The measured full power critical boron concentrations were corrected for B'°

depletion during operation.

Table 3-1 compares measured to predicted critical boron concentrations for BOC HZP
conditions. Tables 3-2 and 3-3 compare measured to predicted critical boron concentrations for
HFP conditions throughout the depletion of each fuel cycle. The deviation is defined as
measured minus predicted expressed in parts per million (ppm) boron. Figure 3-2 plots the HFP
deviations versus cycle burnup. The calculated results with SIMULATE-3 MOX were

consistent with the performance of previously approved Duke methodologies.

3.1.3 Control Rod Worths

Individual control rod bank worths are measured at BOC HZP conditions during startup testing
for each fuel cycle. Rod worth measurements for all fuel cycles except McGuire 1 Cycle 12 and
Catawba 2 Cycle 9 were performed using a dynamic rod worth measurement (DR WM)
technique. This is a relatively fast method that measures individual control rod bank worths by
inserting and withdrawing the bank at the maximum stepping speed without changing boron
concentration. Excore detector signals are processed by a reactivity computer with appropriate
analytical compensation for significant space-time effects that occur during control rod insertion.

A more detailed discussion of DRWM is provided in Section 6.
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For McGuire 1 Cycle 12 and Catawba 2 Cycle 9, control rod bank worths were measured by the
rod swap technique as described in Reference 37. This technique compensates for a continuous
decrease in boron concentration by inserting the control rod bank in small, discrete steps. The
change in reactivity due to each insertion was determined from reactivity computer readings
before and after the insertion. These individual or differential rod worths were integrated to
define a reference bank worth versus bank insertion. Other individual control rod banks were
then inserted without changes in boron concentration by offsetting their worth with removal of
the reference bank. The amount of reference bank withdrawal was used to infer the worth of

other individual control rod banks.

Table 3-4 compares measured and predicted rod worths at BOC HZP conditions for each fuel
cycle. The deviation is defined as measured minus predicted divided by the measured worth
expressed in percent. The accuracy of control rod worth predictions with SIMULATE-3 MOX is

very similar to the accuracy of previously approved Duke methodologies.
3.1.4 Isothermal Temperature Coefficient

Isothermal temperature coefficients (ITC) are measured at BOC, HZP, ARO conditions during
startup testing for each fuel cycle. The ITC is determined by altering the average moderator
temperature and measuring the change in reactivity with a reactivity computer. Table 3-5
compares measured and predicted ITC at BOC HZP conditions for selected McGuire and
Catawba fuel cycles. The deviation is defined as measured minus predicted expressed as pcm per
degree F. The accuracy of ITC predictions with SIMULATE-3 MOX is very similar to the

accuracy of previously approved Duke methodologies.
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3.15 Fuel Assembly Power Distribution Analysis and Uncertainty Factors

Core power distributions are measured at regular intervals during operation of each fuel cycle.
The measured power distributions are derived from electrical signals produced by moveable
incore fission chambers as they pass through the instrument guide tube of individual fuel

assemblies during reactor operation.

The MNS/CNS incore system uses six fission chambers to make measurements in 58
instrumented locations distributed among the 193 fuel assemblies in the core. Core locations
with incore instrument tubes are shown in Figure 3-1. More than 600 individual signals are

recorded as the detector passes through each instrumented fuel assembly.

Raw measured signals are processed to remove clearly spurious information and any data taken
above or below the active fuel column. The remaining information is normalized to account for
differences in individual fission chamber performance and changes in reactor power level that
may have occurred while the data was taken. The normalized signals are converted to
normalized relative power by applying signal to power conversion factors that are derived from
cycle specific core models. These conversion factors are dependent upon core location, burnup,

and control rod presence.

The final product is a full core, assembly mesh, three-dimensional measured relative power
distribution. These data are used to calculate three types of power peaking factors which
characterize important radial and axial properties of the measured power distribution. Assembly
Fan or assembly radial power is simply the average relative power in each fuel assembly.
Assembly Fg or assembly maximum power is the largest relative power in each assembly.
Assembly F, or assembly axial power is the assembly Fq normalized to the assembly average
power (F; =Fq /Fan) for each assembly. Measured assembly Fup, Fq, and F, may be compared

directly to equivalent edits generated by SIMULATE-3 MOX.
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SIMULATE-3 MOX is used to model reactor conditions for 74 power distribution measurements
taken during operation of 12 MNS/CNS fuel cycles. Comparison of measured and predicted
peaking factors define the relative error in the predicted value for each fuel assembly in each
power distribution measurement. One-sided upper tolerance limit uncertainties are developed to
insure with a 95% confidence level that 95% of local power predictions are equal to or larger
than the measured value. This statistical method requires that the data set pass a test for
normality which is performed at a 1% level of significance. If a given data set fails this
normality test, a conservatively large uncertainty is determined by a non-parametric evaluation

of the data. These statistical methods are described in References 15 through 18.

Representative comparisons of calculated and measured assembly average power for MNS and
CNS are provided in Figures 3-3 through 3-14. Biases and uncertainties are derived by

comparing the calculated power to the measured power for all 74 measured power distributions.
Observed nuclear reliability factors (ORNFs) or assembly uncertainty factors for Fap, Fg, and F,

are then calculated using the following expression:

where K,0, is the statistical deviation of the calculated to measured power comparisons. These

values are summarized in Table 3-12.
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3.2 St. Laurent Benchmark Analysis

This section compares measured core physics parameters from Saint Laurent B1 (SLB1) Cycles
5 through 10 (References 19 and 20) to predictions from the SIMULATE-3 MOX analytical
model. Measurements of critical boron concentration, control rod bank worth, and isothermal
temperature coefficient are made during startup testing for each fuel cycle at HZP conditions.
Measurements of critical boron concentration and core wide power distribution are made

throughout the depletion of each fuel cycle at nominal HFP operating conditions.

321 Description of Reactor

St. Laurent B1 is operated by Electricité de France (EDF) and is located in north central France.
It is a three loop pressurized water reactor operating at 2775 MWt and 915 MWe, Average
moderator temperature at HEP is approximately 580 °F. The reactor core contains 157 fuel
assemblies and 57 control rod clusters. The St. Laurent B1 core configuration is shown in Figure
3-15. Each fuel assembly is comprised of a 17x17 square lattice having 264 fuel pins, 24 guide
tubes, and a central instrument tube. In general terms the first 10 cycles of St. Laurent B1 may
be characterized as annual fuel cycles utilizing an out-in-in fuel management technique with
MOX fuel assemblies loaded at least one assembly in from the periphery. Assemblies containing
MOX fuel were first introduced in Cycle 5 with initial startup in November 1987. A typical
reload consists of 36 LEU and 16 MOX fuel assemblies. All MOX fuel assemblies are burned in
three fuel cycles before permanent discharge from the core. Key reactor characteristics for St.

Laurent Bl are compared to McGuire and Catawba in Table 3-6.

Except for the number of fuel assemblies, St. Laurent B1 core components are very similar to
MNS and CNS. Fuel assembly, control rod, and core structural materials for the three stations
are neutronically similar. The arrangement of the fuel assembly lattice and the locations of guide
tubes, instrumentation tube, and spacer grids are very similar to MNS and CNS. The design and
function of incore instrumentation in the St. Laurent B1 reactor are equivalent to the Duke

reactors. Moderator temperature and pressure are essentially equal in each reactor. Thus the
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interaction of LEU and MOX fuel in the St. Laurent B1 core is representative of the behavior
that is expected for MOX fuel use in the MNS and CNS reactors.

322 Critical Boron Concentration

Critical boron concentrations are measured during cycle startup testing and throughout cycle
operation by an acid-base titration of a reactor coolant system sample. The measurements are
made during startup testing at BOC, peak samarium, no xenon, HZP conditions, with ARO and
with the regulating control rod bank (Bank R) inserted. The St. Laurent B1 reactor was operated
as a base-loaded unit in Cycles 5 through 10 and thus many mid-cycle critical boron
measurements are at near-HFP nominal operating conditions. St. Laurent Bl used natural boron
and did not recycle soluble boron during these fuel cycles. The measured critical boron

concentrations were not corrected for B'® depletion during operation.

Table 3-7 compares measured to predicted critical boron concentrations for BOC HZP
conditions. Table 3-8 compares measured to predicted critical boron concentrations for HFP
conditions throughout the depletion of each fuel cycle. The deviation is defined as measured
minus predicted expressed in ppm boron. Figure 3-16 shows the HFP critical boron deviations
versus cycle burnup. These results are consistent with past experience on Duke reactors using

exclusively LEU fuel and previously approved methodologies.
323 Control Rod Worth

Individual control rod bank worths are measured at BOC HZP conditions by the rod swap
technique during startup tests for each fuel cycle. The control rod bank with the highest
predicted worth is measured with a boron dilution technique. This technique compensates for a
continuous decrease in boron concentration by inserting the control rod bank in small, discrete
steps. The change in reactivity due to each insertion is determined from reactivity computer
readings before and after the insertion. These differential rod worths were integrated to define a
reference bank worth versus bank insertion. Other individual control rod banks were then

inserted without changes in boron concentration by offsetting their worth by removal of the
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reference rod bank. The amount of reference bank withdrawal was used to infer the worth of

other individual control rod banks.

Varying numbers of MOX fuel assemblies were placed under control rods in each of the St.
Laurent B1 fuel cycles. Some of the fuel assemblies under the reference bank in Cycles 8, 9, and
10 were burned MOX assemblies. Control rod worth was measured in rods that were in fresh

and burned MOX fuel assemblies.

Table 3-9 compares measured and predicted rod worths at BOC HZP conditions for each fuel
cycle containing MOX fuel. The deviation is defined as measured minus predicted divided by the
measured worth expressed in percent. The quality of control rod worth predictions for St.
Laurent B1 is consistent with past experience on Duke reactors using exclusively LEU fuel and
previously approved methodologies. The accuracy of predicted control rod worths is not

significantly affected by the introduction of MOX fuel.

324 Isothermal Temperature Coefficient

Isothermal temperature coefficients are measured at BOC HZP conditions during startup tests for
each fuel cycle. ITC is measured with ARO and with control rod Bank R fully inserted. The
ITC is determined by altering the average moderator temperature and measuring the change in
reactivity with a reactivity computer. Table 3-10 compares measured and predicted ITC at BOC
HZP conditions for each fuel cycle containing MOX fuel. The deviation is defined as measured
minus predicted expressed as pcm per °F. The accuracy of predicted ITC is not affected by the
introduction of MOX fuel.
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3.2.5 Fuel Assembly Power Distribution Analysis and Uncertainty Factors

Measured core power distributions are determined at regular intervals during operation of each
fuel cycle. The measured power distributions are derived from electrical signals produced by
moveable incore fission chambers as they pass through the instrument guide tube of individual
fuel assemblies during reactor operation. The St. Laurent B1 incore system and fission chambers

are very similar, both in terms of design and performance, to McGuire and Catawba systems.

The St. Laurent B1 incore system uses five fission chambers to make measurements in 50
instrumented locations distributed among the 157 fuel assemblies in the core. More than 500
individual signals are recorded as the detector passes through each instrumented fuel assembly.
The measured power distributions used in the St. Laurent B1 benchmark analysis were
reconstructed from these raw signals with the same general methods used for the McGuire and
Catawba reactors. This ensured a consistent comparison of measured and predicted power

distribution information among the five reactors.

Raw measured signals were processed to remove clearly spurious information and any data taken
above or below the active fuel column. The remaining information was normalized to account
for differences in individual fission chamber performance and changes in reactor power level
that may have occurred while the data was taken. The significantly larger neutron absorption
cross section of MOX fuel results in fission chamber signals that were 1/3 to 1/2 of those from
LEU fuel. This means that the relative importance of gamma and background signals varies
depending on fuel type. A small bias was applied to measured signals from MOX core locations
to account for these effects. The normalized signals were converted to normalized relative
power by applying signal to power conversion factors that were derived from cycle specific core
models. These conversion factors were dependent upon core location, burnup, and control rod

presence.

The final product was a full core, assembly mesh, three-dimensional measured relative power

distribution. This data was used to calculate three types of power peaking factors which
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characterize important radial and axial properties of the measured power distribution. Assembly
Fan or assembly radial power is simply the average relative power in each fuel assembly.
Assembly F, or assembly maximum power is the largest relative power in each assembly.
Assembly F, or assembly axial power is the assembly F, normalized to the assembly average
power (F, = Fq / Fan) for each assembly. Measured assembly Fap, Fy, and F, may be compared

directly to equivalent edits generated by SIMULATE-3 MOX.

SIMULATE-3 MOX was used to model reactor conditions for 58 power distribution
measurements taken during operation of St. Laurent B1 Cycles 5 through 10. Comparison of
measured and predicted peaking factors defined the relative error in the predicted value for each
fuel assembly in each power distribution measurement. One sided upper tolerance limit
uncertainties were developed to insure with a 95% confidence level that 95% of local power
predictions were equal to or larger than the measured value. This statistical approach requires
that the data set pass a test for normality which was performed at a 1% level of significance. If a
given data set fails this normality test, a conservatively large uncertainty is determined by a non-
parametric evaluation of the data. These statistical methods are described in References 15

through 18.

Representative comparisons of calculated and measured assembly average power for St. Laurent
B1 are provided in Figures 3-17 through 3-22. Biases and uncertainties are derived by
comparing the calculated power to the measured power for all 58 measured power distributions.
ONREFs or assembly uncertainty factors for Fap, F > and F, are then calculated using the

following expression:

where K0, is the statistical deviation of the calculated to measured power comparisons. These

values are summarized in Table 3-12.
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3.3 Summary Comparison of Benchmark Results

The average deviation between measured and calculated values and the associated standard
deviation for each of the four reactor physics parameters evaluated (HZP critical boron
concentration, HFP boron concentration, control rod worth, isothermal temperature coefficient)
were determined for both the McGuire/Catawba and St. Laurent B1 benchmark calculations.
These deviations are shown in Table 3-11. The average and standard deviations calculated for
McGuire/Catawba fuel cycles with LEU fueled cores are consistent with the average and
standard deviations for St. Laurent B1 partial MOX fuel cores. These results demonstrate the
ability of CASMO-4/SIMULATE-3 MOX to adequately model the behavior of partial MOX fuel

Cores.

Excellent results were also obtained from the power distribution benchmark analyses. The
assembly uncertainty factors or ORNFs for Fap, Fg, and F, that were developed from
comparisons of the McGuire, Catawba, and St Laurent Bl measured power distribution data and
CASMO-4/SIMULATE-3 MOX models are summarized in Table 3-12. As new operating data
are collected from subsequent McGuire and Catawba fuel cycles these values can be updated if

necessary using the methodology described in this report.

3-11



Table 3-1 McGuire & Catawba Beginning of Cycle Hot Zero Power Critical Soluble Boron

Comparisons
Unit All CR Cycle All CR
Cycle Out Number Out
M1 C12 r ™ Measured PPMB c1c11 ™
Predicted PPMB

PPMB Deviation

M1 C13 Measured PPMB C1C12
Predicted PPMB
PPMB Deviation

M1 C14 Measured PPMB C1C13
Predicted PPMB
PPMB Deviation

M2 C12 Measured PPMB C2C09
Predicted PPMB
PPMB Deviation

M2 C13 Measured PPMB c2cC10
Predicted PPMB
PPMB Deviation

M2C14 Measured PPMB Cc2C1
Predicted PPMB

- _/ D PPMB Deviation \_ b
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Table 3-2 McGuire Hot Full Power Critical Soluble Boron Comparisons vs Cycle Burnup

Cycle Meas Pred PPMB Cycle Meas Pred PPMB
EFPD PPMB PPMB  Deviation EFPD PPMB PPMB  Deviation
McGuire 1 Cycle 12 McGuire 2 Cycle 12

13 / _\ 8 /’ \
35 36
62 70
93 82
17 112
145 138
172 166
202 194
230 215
260 243
282 271
309 299
335 \ / 327
D 356
383

411 k J

D
McGuire 1 Cycle 13 McGuire 2 Cycle 13

6 / \ 5 /‘ ‘\
36 24
65 45
91 73
121 100
147 128
175 155
204 184
232 212
258 234
288 256
316 272
342 294
372 313
400 342
428 K / 370
D 391

AN ,

McGuire 1 Cycle 14 McGuire 2 Cycle 14

22 31
50 57

355
383

AN )
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Table 3-3 Catawba Hot Full Power Critical Soluble Boron Comparisons vs Cycle Burnup

Cycle Meas Pred PPMB Cycle Meas Pred PPMB
EFPD PPMB PPMB  Deviation EFPD PPMB PPMB  Deviation
Catawba 1 Cycle 11 : Catawba 2 Cycle 9
5 /‘ ‘\ 7 / ‘\
32 24
59 52
60 77
88 102
119 129
124 157
149 185
170 212
194 238
207 268
225 296
252 321
280 324
308 352
335 380
364 408
392 436
419 K J 464 \ /
D D
Catawba 1 Cycle 12 Catawba 2 Cycle 10
5 7 \
21 25
43 52
64 64
92 81
120 108
148 136
174 164
202 191
230 218
258 239
283 268
311 295
339 323
367 349
395 377
423 398
451 426
479 \ / 441 k
D D

Catawba 2 Cycle 11

29
57
72
81
109
137
165
1983
218
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Table 3-4 McGuire and Catawba Beginning of Cycle Hot Zero Power Control Rod Worth
Comparisons

Cycle Control Rod Bank Total
Number cD ccC cB CA SE SD sC SB SA Worth

M1C42  Measured, pcm
Predicted, pom
% Deviation

o

M1C13  Measured, pcm 587 731 693 289 529 468 477 1033 271 5088
Predicted, pcm

% Deviation

o

M1C14  Measured, pcm
Predicted, pcm
% Deviation

(=]

M2C12  Measured, pcm 620 761 860 293 485 508 505 1067 303 5204
Predicted, pcm
% Deviation
M2C13  Measured, pcm 595 816 680 339 501 473 4861 978 278 5122
Predicted, pom
% Deviation

o

M2C14  Measured, pcm
Predicted, pcm
% Deviation

o

C1C41  Measured, pcm

[
|
[
[
(
[
e
[
[
[
(
[

=]

% Deviation

J o | 2 D I Y S Y B
o

C1C12  Measured, pcm
Predicted, pcm
% Deviation

J o
Q

C1C13  Measuwred, pcm
Predicted, pcm
% Deviation

C2C09 Measured, pcm
Predicted. pcm
% Deviation

C2C10  Measured. pom 556 886 596 374 473 400 400 1001 237 4924

Predicted, pcm
% Deviation

c2C11 Measured, pem
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Table 3-5 McGuire & Catawba Beginning of Cycle Hot Zero Power Isothermal
Temperature Coefficient Comparisons

Unit Unit
Cycle Cycle
M1 C12 4 ™ Measured, pcm / F c1C11 e ™

Predicted, pcm / F
Deviation, pcm / F

M1 C13 Measured, pcm / F C1C12
Predicted, pcm / F
Deviation, pcm /F

M1 C14 Measured, pcm / F C1C13
Predicted, pcm / F
Deviation, pcm / F

M2 C12 Measured, pcm / F C2Co9
Predicted, pcm / F
Deviation, pcm / F

M2 C13 Measured, pcm / F c2c10
Predicted, pcm / F
Deviation, pcm / F

M2 C14 Measured, pcm / F c2Cc1
Predicted, pcm / F
\_ Y, Deviation, pcm / F
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Table 3-6 McGuire/Catawba and Saint Laurent B1 Reactor Characteristics

Core Thermal Power, MW

Number of Fuel Assemblies

Fuel Pin Pitch, inches

Fuel Assembly Pitch, inches

Fuel Pin Array
Fuel Pins per Assembly
Active Fuel Height, inches

Core Average Linear Heat Rate, kw/ft

Core Inlet Moderator Temperature, F
Core Average Moderator Temperature, F
Primary System Pressure, psia

Total Core Flow, Mib/hr

Average Assembly Flow, Mib/hr

Incore Instrumentation

Number of Instrumented Locations

Control Rod Materials
Number of Control Rods

St. Laurent B1

2775
157
0.496
8.47
17 x 17
264
144
5.58

550
580
2250
113
0.717

Highly Enriched U308

50

AIC/SS
57

McGuire / Catawba

3411
193
0.496
8.47
17 x17
264
144
5.58

555
586
2250
139
0.718

Highly Enriched U308

58

AIC / B4C
53



Table 3-7 St. Laurent B1 Beginning of Cycle Hot Zero Power Critical Soluble
Boron Comparisons

Cycle All CR CR Bank R
Number Out Inserted
5 Measured PPMB

Predicted PPMB
PPMB Deviation

I
I
I

)
I
]

6 Measured PPMB
Predicted PPMB
PPMB Deviation

Predicted PPMB
PPMB Deviation

8 Measured PPMB
Predicted PPMB
PPMB Deviation

9 Measured PPMB
Predicted PPMB
PPMB Deviation

10 Measured PPMB
Predicted PPMB
PPMB Deviation

|
|
|
|
|
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Table 3-8 St. Laurent B1 Hot Full Power Critical Soluble Boron Comparison vs
Cycle Burnup

Burnup Meas Pred PPMB Burnup Meas Pred PPMB
MWd/Mthm PPMB PPMB Deviation Mwd/Mthm PPMB PPMB Deviation
Cycle 5 Cycle 8
12 N /7 ™ 13 [ A //” ™
527 1080
1062 2346
2151 3376
3200 4442
4349 5516
5467 6222
6494 7301
7580 8333
8581 9174
9366 10207
N e - ~ o 10072
J _/
E o)
Cycle 6 Cycle 9
g0 [ N\ 10 [ N ™\
1650 w 702
2033 968
2639 1409
3179 2437
4341 3381
5368 4520
6523 5740
7000 6828
8161 7886
9455 8940
10145 10153
11026 q J. K _/D 10408 K
L .
Cycle 7 Cgcle 10
s ~ 7 ™ 154 ™
1519 1066
2876 1822
4172 3111
5400 3874
6400 4990
7323 5943
8470 6971
9595 7997
10370 8898
10548 L D ] \ -/ ) 10023
AN _/
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Table 3-9 St. Laurent B1 Beginning of Cycle Hot Zero Power Control Rod Worth Comparisons

Control Rod Bank Total
G1 G2 N 1 N2 SB SC SA+SD Worth
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Table 3-10 St. Laurent B1 Beginning of Cycle Hot Zero Power Isothermal Temperature
Coefficient Comparisons

Cycle All CR CR Bank R
Number Out Inserted
5 Measured, pcm / F L J £

Predicted, pcm/F
Deviation, pcm / F

6 Measured, pcm/ F
Predicted, pcm / F
Deviation, pcm / F

Y
A
m

7 Measured, pcm / F
Predicted, pcm / F
Deviation, pcm / F

~ r
A
m

A
m

8 Measured, pcm / F
Predicted, pcm / F
Deviation, pcm / F

A U
m

9 Measured, pcm / F
Predicted, pcm / F
Deviation, pcm / F

.
o]

YT YT YT

10 Measured, pcm/ F
Predicted, pcm / F
Deviation, pcm / F

A
m
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Table 3-11 Summary Comparison of Benchmark Results

Average Deviation Standard Deviation
McGuire/Catawba
BOC HZP Soluble Boron (ppmb) [ Do [ Db
HFP Soluble Boron (ppmb) [ b [ Db
BOC HZP Control Rod Worth (%) [ I [ Io
BOC HZP ITC (pcm / °F) 2 [ b
St. Laurent B1
BOC HZP Soluble Boron (ppmb) [ Db [ Db
HFP Soluble Boron (ppmb) [ b [ Io
BOC HZP Control Rod Worth (%) [ Db [ Db
BOC HZP ITC (pcm/ °F) [ Do [ Db
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Reactor Cores

Table 3-12 Assembly Uncertainty Factors for McGuire/Catawba and St Laurent B1

Parameter Bias Statistical Deviation Unc;\r::iil’:;bp;ctor
(Kaoa) (ONRF)
MNS/CNS LEU Fuel
Fan [ Db [ Db [ b
Fq [ Db [ Db [ Db
F. [ Db [ Db [ b
St Laurent B1 LEU Fuel
Fan [ Db [ I [ oo
Fq [ b [ b [ b
F. [ Do [ Db [ b
St Laurent B1 MOX Fuel
Fan [ Db [ I [ b
Fq [ b [ Do [ b
F: [ b R [ b
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Figure 3-1 McGuire/Catawba Core Configuration

Incore Detector Location
Control Rod Bank Location
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19 3 51
SA CB cC CB SA
10 30 39 52
SD SB SB SC
5 36 43
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11 38 31 24
SC SD
17 54 14 6 8
CB CC CA CC CB
44 32 16 47
SB SB
23 58 29 46 48 50 49 34
CcC SE CA CD CA SE CC
57 22 9 56
SB SB
4 1 12
CB CcC CA CcC CB
33 40 26 21 13
SD SC
41 55 7
SA CD SE CD SA
45 35 20 25
SC SB SB SD
18 27 42 37
SA CB CC CcB SA
53 2
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Figure 3-2 McGuire and Catawba Hot Full Power Boron Deviations (ppm)

3-25




Figure 3-3 McGuire-1 Cycle 12 Assembly Average Power Distributions
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Figure 3-4 McGuire Unit-1 Cycle 13 Assembly Average Power Distributions
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Figure 3-5 McGuire Unit-1 Cycle 14 Assembly Average Power Distributions
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Figure 3-6 McGuire Unit-2 Cycle 12 Assembly Average Power Distributions
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Figure 3-7 McGuire Unit-2 Cycle 13 Assembly Average Power Distributions
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Figure 3-8 McGuire Unit-2 Cycle 14 Assembly Average Power Distributions
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Figure 3-9 Catawba Unit-1 Cycle 11 Assembly Average Power Distributions
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Figure 3-10 Catawba Unit-1 Cycle 12 Assembly Average Power Distributions
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Figure 3-11 Catawba Unit-1 Cycle 13 Assembly Average Power Distributions
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Figure 3-12 Catawba Unit-2 Cycle 9 Assembly Average Power Distributions
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Figure 3-13 Catawba Unit-2 Cycle 10 Assembly Average Power Distributions
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Figure 3-14 Catawba Unit-2 Cycle 11 Assembly Average Power Distributions
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Figure 3-15 Saint Laurent B1 Core Configuration
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Figure 3-16 Saint Laurent B1 Hot Full Power Boron Deviations (ppm)
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Figure 3-17 Saint Laurent B1 Cycle 5 Assembly Average Power Distributions
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Figure 3-18 Saint Laurent B1 Cycle 6 Assembly Average Power Distributions

D, E
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Figure 3-19 Saint Laurent B1 Cycle 7 Assembly Average Power Distributions
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Figure 3-20 Saint Laurent B1 Cycle 8 Assembly Average Power Distributions

D.E
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Figure 3-21 Saint Laurent B1 Cycle 9 Assembly Average Power Distributions
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Figure 3-22 Saint Laurent B1 Cycle 10 Assembly Average Power Distributions

D.E

3-45



[Page intentionally left blank]

3-46



4.0 FUEL PIN POWER DISTRIBUTION BENCHMARK ANALYSIS

CASMO-4 and its predecessor, CASMO-3, have been used worldwide to model both
LEU and MOX fuel, including predictions of fuel pin power distributions, for more than
ten years. Reference 21 describes the results of benchmarking CASMO-4 against the
B&W PWR and KRITZ PWR and boiling water reactor (BWR) critical experiments.
Reference 22 documents results of benchmarks of CASMO-4/SIMULATE-3 against the
VENUS International Program (VIP) PWR MOX fuel critical experiments. Reference 23
presents the results of benchmarking CASMO-4 against MCNP for several types of MOX
fuel assemblies, including a fuel assembly design similar to the design proposed for use
by Duke.

This section describes the development of pin power distribution uncertainty factors
using CASMO-4/ SIMULATE-3 MOX. Two separate pin power uncertainty factors were

developed; one applicable to LEU fuel, and one applicable to MOX fuel.

4.1 Methodology

The pin power uncertainty factors were developed based on comparisons of predicted and
measured pin power distributions from several critical experiments for both LEU and
MOX fuel. Table 4-1 provides a tabulation of the fuel parameters for each of the critical
experiments along with the parameters of the proposed Duke MOX fuel for comparison.
Separate uncertainty factors were calculated for LEU fuel and for MOX fuel. These pin
power uncertainties were calculated using 95/95 statistical methodology consistent with

that described in Section 3.1.5.

For LEU fuel, the pin power uncertainty was calculated using data from the B&W critical
experiments (Reference 24). The pin power uncertainty calculation for LEU fuel used
the same methods that were used in Reference 2 except that CASMO-4 and
SIMULATE-3 MOX were used in lieu of CASMO-3 and SIMULATE-3. The pin power
uncertainty was determined by direct comparison of the SIMULATE-3 MOX
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calculations with the measured data from the critical experiments. The derivation of the

LEU fuel pin power uncertainty factor is described in Section 4.2.

For MOX fuel, the pin power uncertainty was calculated using data from the Saxton,
EPICURE, and ERASME/L series of critical experiments. These critical experiments
were much smaller than the B&W experiments and as a result could not be adequately
modeled with SIMULATE-3 MOX. Therefore, the pin power uncertainty factor for
MOX fuel was calculated in two steps. First, each of the critical experiments was
modeled using CASMO-4, and pin power uncertainty factors were calculated. The

derivation of these uncertainty factors is presented in Section 4.3.

Second, a set of theoretical infinite lattice cases (colorsets) was modeled using both
CASMO-4 and SIMULATE-3 MOX in order to determine the SIMULATE-3 MOX pin
uncertainty with respect to CASMO-4 predictions. The uncertainty factor derived from
the colorset calculations was combined with the uncertainty factor from the CASMO-4
calculations of the MOX fuel critical experiments to obtain the overall MOX fuel pin

power uncertainty factor. This work is described in Section 4.4.

472 Low Enriched Uranium Fuel Critical Experiments

Pin power distribution comparisons between measured and calculated values were
performed for LEU fuel pins using the Babcock & Wilcox (B& W) Urania Gadolinia
critical experiments that are documented in Reference 24. These experiments are the
same as those evaluated in Reference 2 and which formed the basis for the fuel pin power
uncertainty that is currently applied to Duke Power LEU core designs. A series of three
B&W critical experiments were evaluated to assess the capability of the
CASMO-4/SIMULATE-3 MOX programs to accurately calculate pin power
distributions. The B&W critical experiment configurations that were evaluated are as

follows:



A. Core 1 - Consists entirely of 2.46 weight percent (w/o) LEU fuel pins arrayed
to simulate a 15x15 B&W type fuel assembly lattice.

B. Core 12 - Identical to Case 1 except that the central 31x31 region contains
4.02% LEU fuel pins with the rest consisting of 2.46% LEU fuel pins.

C. Core 18 - Consists of a central 32x32 region of 4.02% LEU fuel pins with
peripheral 2.46% LEU fuel. This experiment is arranged to simulate a

Combustion Engineering 16x16 fuel assembly with 2x2 water holes.

Table 4-2 shows the critical conditions for these experiments. Measured pin powers were
obtained from Reference 24 for Cores 1, 12, and 18. Figure 4-1 illustrates the layout of
the Core 1 experiment. The other experiments are similar, except for the differences
described above. The power distribution was measured by counting the fission product
gamma radiation produced from each fuel pin following irradiation. Each fuel pin was
measured three times and the results averaged, and then normalized to an average relative
power of 1.0. All of the measurements were performed at the point on the fuel pin

corresponding to the midplane of the experiment.

The experiments were modeled using two different methods. Method 1 involved
developing CASMO-4 models of the critical configurations and using these models to
calculate the fuel pin power distributions directly. Small deviations from the as-built
configurations were necessary in order to execute the CASMO-4 model. Specifically, the
code input required a square geometry, so inputs defining the water peripheral to the
experiments were adjusted to meet this requirement. These CASMO-4 models of the

B&W critical experiments were developed for comparison purposes only.

In Method 2, separate CASMO-4 models were used to create cross sections and assembly
discontinuity factors for three-dimensional SIMULATE-3 MOX models of the critical
configurations. Method 2 is essentially the same approach that was used in Reference 2.
As in Reference 2, a small number of peripheral fuel pins were relocated to provide a
better model of partial fuel assemblies at the exterior of the experiment. This addressed

the fact that SIMULATE-3 MOX was not designed to model partial fuel assemblies with
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very few fuel pins. Also, SIMULATE-3 MOX requires that reflectors have no fuel and at
least a trace amount of moderator. All of these changes were restricted to the periphery

of the core.

The two methods provided consistent predictions of fuel pin power distributions for the
three configurations that were analyzed. Comparisons between the measured pin power
distributions and the predicted pin power distributions for Cores 1, 12, & 18 are presented
for the two methods in Figures 4-2, 4-3, and 4-4, respectively. The measured and
predicted data in these figures has been normalized to an average value of 1.0 in order to
provide a consistent comparison. The results of the statistical evaluation of the calculated
vs. measured power distributions for both methods are shown in Table 4-3. From these
results, the conclusion is that the CASMO-4/SIMULATE-3 MOX code system is shown
to accurately predict the pin power distribution for individual pins within a LEU fuel
assembly. The 95/95 pin power uncertainty (Ko) for LEU fuel modeled with
SIMULATE-3 MOX (Method 2) 1s | ]p, which is only slightly higher than the
CASMO-4 model uncertainty (Method 1) for these experiments.

4.3 Mixed Oxide Fuel Critical Experiments

For MOX fuel, most of the available recent critical experiment data consists of reactor
grade (RG) MOX fuel experiments performed in France, Belgium, and Sweden. In
addition, the older Westinghouse Saxton experiments (References 25 and 26) used near

239

weapons grade MOX fuel (approximately 90% Pu~"") that was very comparable to the

isotopic composition of the proposed Duke MOX fuel.

Pin power distribution comparisons between measured and calculated values were made

for MOX fuel pins using three sets of available critical experiments. These experiments

were:
A. Westinghouse Saxton (References 25 and 26)

B. French Commissariat 4 I'Energie Atomique (CEA) EPICURE (References 27
through 32)
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C. French CEA ERASME/L (References 33 and 34)

Unlike the B&W experiments described in Section 4.2, most of these experiments were
too small to model accurately with SIMULATE-3 MOX. The largest of these was only
about half the size of the B& W critical experiments. Therefore, Duke Power modeled the
MOX fuel critical experiments using CASMO-4 only. Section 4.4 addresses the ability
of SIMULATE-3 MOX to replicate CASMO-4 calculations.

4.3.1 Saxton Critical Experiments

The Saxton critical experiments are described in References 25 and 26. These
experiments consisted of a series of single region UO,-PuO; and multi-region UO,-
PuO,/UQ; fueled geometries with several different pin pitches. The results were
evaluated at the Critical Reactor Experiment facility at the Westinghouse Reactor
Evaluation Center in Saxton, Pennsylvania in 1965. These experiments are the smallest
and oldest of the MOX fuel critical experiments evaluated in this topical report. These
experiments are useful because they involve MOX fuel with a 90% Pu®® isotopic assay

which approaches the isotopic composition of weapons grade (WG) plutonium.

The Saxton experiments used MOX fuel pins of 6.6% PuO, in natural UO,. Multi-region
geometries also included 5.74% U?* LEU fuel. In addition to variations in pin layouts,
these experiments evaluated perturbations in the lattice structure that included water slots,
aluminum slab spacers, and silver-indium-cadmium (AIC) rods in the lattice. These
perturbations were introduced by removing five central pins in the single region
experiments and five pins at the interface in multi-region experiments. The relative
powers of the fuel pins were determined by measurement of gamma activity normalized
to a reference fuel pin. Measurements of irradiated foil activity as well as thermal

measurements were used to verify the gamma activity measurements.

The Saxton critical experiment cases from Reference 26 that were evaluated are as

follows:

4-5



A. Case 2 - 19x19 MOX fuel pin array

B. Case 3 - 19x19 MOX fuel pin array, with 5x1 water slot in center

C. Case 4 - 19x19 MOX fuel pin array, with 5x1 aluminum plate in center

D. Case 5 - 21x21 MOX fuel pin array, 5x1 AIC rods in center

E. Case 21 - 19x19 LEU fuel pin array with 11x11 MOX interior pin array

F. Case 22 - 19x19 LEU fuel pin array with 11x11 MOX interior pin array, 5x1

aluminum plate at interface
G. Case 24 - 27x27 LEU fuel pin array with 19x19 MOX interior pin array

H. Case 25 - 27x27 LEU fuel pin array with 19x19 MOX interior pin array, 5x1

aluminum plate at interface

I. Case 26 - 27x27 LEU fuel pin array with 19x19 interior MOX fuel pin array, 5x1

water slot at interface

J. Case 27 - 27x27 LEU fuel pin array with 19x19 interior MOX fuel pin array, and
L-shaped (nine pins) LEU inserts in MOX fuel region, also two flux wire rods in
MOX lattice and one flux wire rod in LEU lattice.

K. Case 28 - 27x27 LEU fuel pin array with 19x19 interior MOX fuel pin array, 3x3
LEU insert in center of MOX fuel region

L. Case 30 - 19x19 LEU fuel pin array with 3x3 MOX insert
All of these experiments had a pin pitch of 0.56 inches (1.42 cm). Figures 4-5 through

4-16 illustrate the geometries and show the results of the CASMO-4 calculations for the
Saxton experiments. The measured and predicted data in these figures have been
normalized to an average value of 1.0 in order to provide a consistent comparison. Table
4-4 contains a summary of the CASMO-4 results for MOX fuel pins in each of the
Saxton configurations that were evaluated by Duke. For comparison, the results of

MCNP calculations from Reference 26 are also included in Table 4-4.



The 95/95 pin power uncertainty derived from the Saxton experiments modeled with

CASMO-4 is [ Ip. Since the Saxton experiments did not pass the D' test, the 95/95

uncertainty is defined by non-parametric methods as the | ]p most negative result,
in this case [ Jo. Had the results passed the D' test the 95/95 uncertainty using
Ko would have been | Ip-

432 EPICURE Critical Experiments

The EPICURE experiments were performed at a facility in Cadarache, France between
1987 and 1994. Figure 4-17 shows the typical EPICURE critical experiment layout, in
this case for the UMZONE configuration. The EPICURE experiments consist of
cylindrical arrays of fuel pins with a diameter of between 43 and 55 pin pitches. The
MOX fuel pins were centrally located and surrounded by a buffer region of LEU fuel
pins. The EPICURE experiments were designed to be representative of plutonium
recycling in PWRs. The objectives of these experiments were (i) to obtain accurate
measurements of individual fuel pin flux distributions in fuel assembly configurations
that are identical to those in PWRs and (ii) to obtain accurate reactivity measurements for
various absorbers and partial/total void fractions. Several of the EPICURE experiments

used fuel pin layouts comparable to the proposed Duke MOX fuel assembly arrangement.

The fuel pins used in the EPICURE experiments are similar to fuel pins used in 17x17
reactor fuel. They are 0.950 cm in outside diameter (OD) with a pin pitch of 1.26 cm.,
and have similar fuel cladding and pellet dimensions as production 17x17 fuel pins. In
addition, the EPICURE experiments used aluminum overcladding on each fuel pin to
displace moderator in the lattice in order to approximate the hot condition fuel to
moderator ratio. Four different fuel pin designs were used in the EPICURE experiments,

| differing only in fuel pellet composition. These consisted of 3.70% LEU fuel pins and
MOX fuel pins containing 4.3%, 7.0%, and 8.7% plutonium in a depleted UO, matrix.
These experiments used RG MOX fuel, which has a more complex plutonium isotopic

mix than the WG MOX fuel that will ultimately be used by Duke Power. Table 4-5
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shows the plutonium and americium isotopic composition for the MOX fuel pins used in

the EPICURE experiments.

The relative powers of the fuel rods were determined by measurement of gamma activity.

These included both total gamma activity as well as measurements of the La'* and Sr*?

gamma peaks. Comparisons were performed at octant symmetry. Where measurements

of symmetric pins existed, the average of these measurements was used. Finally, both

measured and calculated fission rates for each experiment were normalized to an average

value of 1.0 for the pins evaluated in order to provide for a consistent comparison.

The EPICURE critical experiment configurations that were evaluated are as follows:

A.

UMZONE (Reference 27) is a test of a typical reactor fuel pin layout. The central
zone contains a 17x17 MOX fueled PWR pin arrangement with three plutonium
concentrations, 4.3%, 7%, and 8.7%. The 17x17 region has 24 guide tubes and a
central instrument tube. This configuration is surrounded by 3.7% LEU fuel pins
that also approximate the typical 17x17 fuel geometry.

UMZONE B,C (Reference 28) is similar to the UMZONE experiment with 24
B4C control rods added to the 17x17 MOX fuel region in the 24 guide tubes.
UMZONE AIC (Reference 29) is similar to the UMZONE experiment with 24
AIC control rods added to the central 17x17 MOX fuel region in the 24 guide
tubes.

MHI1.2-93 (Reference 30) is an experiment with an homogeneous cylindrical
MOX fuel region surrounded by a buffer region of LEU fuel pins. The MOX fuel
pins in this experiment were 7% plutonium with an UO, enrichment of
approximately 0.24% U**.

UM 17x17/7% (Reference 31) is a 17x17 homogeneous MOX experiment with
fuel pins containing 7% plutonium surrounded by a LEU fuel pin buffer region.
UM 17x17/11% (Reference 32) is a 17x17 homogeneous MOX experiment with
fuel pins containing 11% plutonium surrounded by a LEU fuel pin buffer region.
The 11% pins came from the ERASME/L experiments described in Section 4.3.3.
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Figures 4-18 through 4-23 show the results of the CASMO-4 calculations for the MOX
fuel pins in the EPICURE experiments. A summary of the uncertainty calculations is
shown in Table 4-6. The 95/95 pin power uncertainty for the EPICURE experiments
modeled with CASMO-4 is | Ip-

433 ERASME/L Critical Experiments

The ERASME/L experiments (References 33 and 34) have a slightly smaller pin pitch
(1.19-cm) than 17x17 PWR fuel and used RG MOX fuel pins with 11% plutonium.
These experiments are nonetheless considered valuable because their fissile plutonium
concentration of 8.28% bounds that which Duke Power expects to use. The ERASME/L
experiments were cylindrical, 45 pin pitches across, and were similar in setup to the
EPICURE experiments. They consisted entirely of MOX fuel pins, except for guide tube
locations that accommodate control rod and burnable poison (BP) rod locations. The
configurations analyzed included nine B4C rods with three different spacings and a
configuration with one B4C rod. The pin powers were measured by gamma scans. Table
4-5 shows the plutonium and americium isotopic composition for the MOX fuel pins

used in the ERASME/L experiments.

Figure 4-24 illustrates the layout of the ERASME/L experiment, Case D. The other
experiments are similar. The ERASME/L critical experiment configurations that were

evaluated are as follows:
A. Central region containing one B4C poison rod.

B. Central region containing a square array of nine B4C poison rods spaced at

every other rod location.

C. Central region containing a square array of nine B4C poison rods spaced at

every third rod location.

D. Central region containing a square array of nine B4C poison rods spaced at

every fourth rod location.
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Figures 4-25 through 4-28 show the results of the CASMO-4 calculations for the MOX
fuel pins in the ERASME/L experiments. A summary of the uncertainty calculation
results for the ERASME/L experiments is shown in Table 4-6. The 95/95 pin power
uncertainty for the ERASME/L experiments modeled with CASMO-4 is [ Ip.

4.4 Theoretical Benchmark of SIMULATE-3 MOX to CASMO-4

As noted in Section 4.3, the MOX fuel critical experiments were too small to model
accurately with SIMULATE-3 MOX. Accordingly, fuel pin power distribution
uncertainties were based on CASMO-4 calculations. Because the calculated uncertainty
factors described in Section 4.3 only apply to CASMO-4, it was necessary to assess and
account for the ability of SIMULATE-3 MOX to reproduce the pin power distributions
from CASMO-4. CASMO-4 output data was processed by CMS-LINK to create an input
hibrary for use by SIMULATE-3 MOX.

4.4.1 Description of Benchmarks

A series of five theoretical benchmarks (colorsets) were evaluated in order to assess the
ability of SIMULATE-3 MOX to replicate CASMO-4 pin power calculations. These
theoretical benchmarks consisted of 2x2 assembly infinite lattice calculations executed
with each code. The benchmark problems were designed to approximate the various
combinations of feed and reload fuel assembly loading patterns that are expected in a
typical reload core over a burnup range typical of MOX fuel assemblies during a full
cycle of operation. These combinations included (i) a feed MOX fuel assembly in
checkerboard and (ii) face-adjacent feed/reinsert layouts that included other MOX and
LEU fuel assemblies. The MOX fuel assemblies consisted of layouts with no burnable
poisons and layouts heavy with burnable poison. Figure 4-29 shows the configurations

evaluated for these theoretical benchmarks.

The results from the evaluation of these colorsets validate the ability of SIMULATE-3
MOX to adequately replicate the CASMO-4 calculations. Individual CASMO-4



executions for each of the fuel assembly types in the colorsets were run for input to the
SIMULATE-3 MOX model. A separate CASMO-4 model of each of the colorsets was
then run for comparison with the SIMULATE-3 MOX model of the colorsets. Each of
the colorsets was depleted to a burnup of 20 GWd/Mthm. The reinserted assemblies in
each colorset had calculated burnups in excess of 40 GWd/Mthm. Comparisons of

individual pin power for each MOX fuel assembly were made at the beginning, middle,

and end burnup of the execution for each fuel pin.

Quantitative results of the theoretical benchmark comparisons for each of the five
colorsets evaluated are shown in Table 4-7. The table shows the standard deviation of the
fuel pin power calculations for each MOX fuel pin in the five theoretical benchmark
cases. The results are consistent with Reference 12, which documented the ability of
SIMULATE-3 MOX to replicate pin powers from CASMO-4 with MOX and LEU
assemblies heterogeneously placed in both infinite lattice and quarter core calculations to

a root mean square error of 1% or less.

4.472 Statistical Evaluation of Benchmark Data

The statistical methods employed were based on those described in Reference 2. The
data was evaluated using a 95/95 statistical method to develop a SIMULATE-3 MOX to
CASMO-4 uncertainty factor. The distribution of individual pin comparisons was tested
for normality according to Reference 18 using a 1% level of significance as described in
Reference 16. Where the test for normality was acceptable, the uncertainty factor was
defined as follows:

Pin uncertainty factor = 1 - bias + Ko,
where:

K, = 95/95 one-sided factor based on sample size from Reference 17

o, = standard deviation of the population of individual pin comparisons.

4-11



Since both the measured and calculated data from the CASMO-4 and SIMULATE-3
MOX comparisons to critical experiment data were both normalized to 1.0 for each

critical experiment, the bias term 1s zero.

Where the test for normality was unacceptable, the non-parametric evaluation described
in Reference 16 was used for the 95/95 one-sided tolerance as described in Reference 15.
The 95/95 uncertainty of a distribution is the m™ worst comparison where m is a function
of the number of comparisons. Values of m were derived from References 15 and 16.
The calculated value for the 95/95 uncertainty for the SIMULATE-3 MOX theoretical
comparison with CASMO-4 is [ ]p as shown in Table 4-9.

4.5 Fuel Pin Power Distribution Uncertainty Factors

451 LEU Fuel Pin Uncertainty

The pin power uncertainty factor for LEU fuel was calculated using the results from the
B&W critical experiment benchmarks that are described in Section 4.2. Table 4-3
contains a summary of the statistical analysis of the LEU fuel critical experiment
benchmarks. The 95/95 pin power uncertainty factor was developed using the data from
Cases 1, 12, and 18 of the B&W critical experiments for both SIMULATE-3 MOX and
CASMO-4 (Method 2 from Section 4.2). The normality of the data was confirmed using
the D' normality test. The calculated pin power uncertainty is [ Ip for
SIMULATE-3 MOX. This uncertainty compares well with the direct CASMO-4
calculations (Method 1 from Section 4.2) that are also presented in Table 4-3.
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452 MOX Fuel Pin Uncertainty

The uncertainty calculation for CASMO-4 modeling of MOX fuel pins in the three sets of
critical experiments is shown in Table 4-8. The population satisfies the D' normality test.
As shown in Table 4-8, the CASMO-4 uncertainty for MOX fuel pins is [ Jo. The
benchmark of SIMULATE-3 MOX against CASMO-4 calculations is described in
Section 4.4. The statistical calculation of the uncertainty for SIMULATE-3 MOX
benchmarked against CASMO-4 is | Io as shown in Table 4-9. The pin power
uncertainty for SIMULATE-3 MOX is determined by the statistical combination of these

two contributing uncertainties as follows:

Pin uncertainty = [ ]

This uncertainty is applied in Section 5 to calculate the uncertainty factors on total

D

peaking and radial peaking.
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Table 4-1 Mission Reactor and Critical Experiment Fuel Parameters

Fuel MNS/CNS
Parameter MOX Fuel* EPICURE ERASME/L Saxton B&W
Ceramic MOX | Ceramic MOX . Ceramic .
Material and Type & LEU fuel & LEU fuel MOXC:LETE;ZIIets MOX & LEU %ﬂ:,“;‘;”'j:
pellets pellets Fuel Pellets
—
P“(Eﬁﬁg’f}f ,{fﬁi?f”e 92% to 93% 67% 76% 91% N/A
Theoretical Density 10.99 11.00 11.01 10.99 10.96
(g/cm”)
Actual Density, 9.46 &
igcm?’) 10.37 10.37 10.496 10.19 10.24
% of Maximum o o o o 86.3% &
Theoretical Density 94.4% 94.3% 95.3% 92.7% 93.4%
Initial Plutonium 4.9%, 3.4%, 8.7%, 7%, o o
Concentration & 2.4% & 4.3% 10.89% 6.6% N/A
Fissile Piutonium 4.6%, 3.1%, 5.9%, 4.8%, & o
Concentration & 2.2% 2.9% 8.28% 6.0% N/A
Three Zone Single
. . Three Zone Enriched & Single Enrichment,
Plutonium Zoning Enriched Single Enrichment some with N/A
Enrichment LEU Zones
Lattice Pitch 1.265 cm 1.26 cm 1.19 cm 1.42 cm 1.64 cm
0.950 cm 0.804 cm &
. (Zirc. Clad) 0.848 cm
Fuel Pin OD 0.950 cm 108 cm (pin double clad 0.993 cm 1.21 cm
(Al overclad) with SS)
Pellet OD 0.819 cm 0.819 cm 0.714 cm 0.857 cm ! i°133°’c“m&
Effective Fuel/Water 0.591 0.557 0.334 0.330 0.422
Volume Ratio
Critical Soluble Boron Oto 1300 to
Concentration 0 to 2500 ppm | 50 to 579 ppm | 750 to 1300 ppm 1453 ppm 1900 ppm
. AlC & B,C
P?r']sfgt,?cc;ds Control Rods; C'gln(frcfi 240%3 B,C Control Rods AIC Rods None
B.C BP Rods
Moderator 557°F to 71°F to . 59°F to .
Temperature 625°F 78°F 79°F 70°F 77°F

* Based on currently planned MOX fuel and core designs as summarized in Appendix A
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Table 4-2 B&W Experiment Configurations and Critical Conditions

Water Boron
Case Configuration Temperature Concentration
(Degrees F) {(ppm)
1 15X15 77 1338
2.46% LEU
15X15
12 4.02% LEU 77 1899
2.46% LEU peripheral
16X16
18 4.02% LEU 77 1777

2.46% LEU peripheral
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Table 4-3 Uncertainty Calculation Summary for B&W Critical Experiments

Standard Deviation Summary

Case (Method ) | (Mothod2)
1 [ lo [ Io
12 ( Io [ Io
18 [ Io [ Io

D' Test Results

Parameter ((n;n/:?h“gg -: ) ?l\lnl:tllijBAdeE)
n [ Io [ Io
D' (P=0.005) [ I [ o
o [ Io | lo
D'(P=.995) [ 1o [ b
Evaluation [ Io [ o

Uncertainty Calculation Results

Parameter CASMO-4 SIMULATE
(Method 1) (Method 2)

Std. Dev. [ Io [ o
K [ Io [ Io
Uncertainty [ Io [ Jo




Table 4-4 Uncertainty Calculation Summary for Saxton Critical Experiments

Standard Deviation Summary

MCNP
Experiment/ Ndo. of | CASMO-4 MOX
Case No. gta MOX Std. Dev.
points | Std. Dev. (Reference 26)

2 13 [ Io 1.13%

3 13 I Ip 1.26%

4 15 [ Io 1.22%

5 12 [ i 1.50%

21 14 [ Ib 0.96%

22 14 [ Io 1.33%

24 16 [ o 1.42%

25 15 [ b 1.13%

26 15 [ o 1.48%

27 18 [ o 3.08%

28 8 [ lo 0.87%

30 3 [ Io 0.87%

CASMO-4 D' Test Results

Parameter Value
n [ Io
D' (P=0.005) [ Jo
D’ [ Io
D’(P=.995) { Io
Evaluation [ Io

CASMO-4 Uncertainty Calculation

Parameter Value
Std. Dev.
K
n
m

Uncertainty
(Non-parametric)

Io
o
lo
I

Io

e ey e —
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Table 4-5 Isotopic Assay of MOX Fuel Pins in Saxton, EPICURE, and ERASME/L
Critical Experiments

Total Plutonium| Pu-238 Pu-239 Pu-240 Pu-241* Pu-242 Am-241*
Concentration (w/o) (w/o) (w/o) (w/o) (w/o) (w/o)
Saxton
6.6% 0% 90.49% 8.57% 0.89% 0.04% 0%
EPICURE
4.3% [ Je | [ e | I F | ! F 0 I
7.0% [ IF | Ir | I |l e | [ [ Ie
8.7% [ e | [ Ir |0 | I e | [ 0 Ir
1% [ Je | [ |l F Il Ir | [ IrF | I I
ERASME/L
11% [ JF 0 e | [ IF |0 e | [ Ie [ I

Note: The ERASME/L fuel pins were also used in the EPICURE UH 17x17/11%
experiment.

* Isotopic composition was adjusted in CASMO-4 to account for decay time from
initial assay.




Table 4-6 Uncertainty Calculation Summary for EPICURE and ERASMEI/L Critical
Experiments

Standard Deviation Summary

No. of
Data
Points

CASMO-4
MOX
Std. Dev.
Ir [ Io
Jr [ Do
Ir [ Db
I [ Io
Ir [ Do
Ir [ b
[

[

[

[

Experiment

EPICURE - UMZONE
EPICURE - UMZONE-B,C
EPICURE - UMZONE-AIC

EPICURE - MH 1.2-93
EPICURE - UH 17x17 / 7%

EPICURE - UH 17x17 / 1%
ERASME/L - 1 B,C Rod
ERASME/L - 9 B,C Rods- small spacing
ERASME/L - 9 B,C Rods- medium spacing
ERASME/L - 9 B,C Rods- large spacing

IF Io
IF Io
Ie
I

Io
Io

—_— | r— | — — i — e p—

D' Test Results

Parameter EPICURE ERASME/L
n ( IF [ Ir
D' (P=0.005) [ Io Io
D’ [ o Io
[
[

D' (P=.995) Jo Jo
Evaluation Io Io

=l (|

Uncertainty Calculation

Parameter EPICURE

ERASME/L

Std.Dev. [ Io

[

Io

K [ Io

[

Io

Uncertainty [ o

[

Io
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Table 4-7 SIMULATE-3 MOX to CASMO-4 Colorset Comparisons

Burnu No. of Burnable
Case GWdMthm|  Poison Rods Std. Dev.

1a 25 None [ Jo
342 None [ Io

43.4 None [ Jo

1b 15 24 pulied [ Io
252 24 pulied [ Io

354 24 pulled [ Io

1c 0 24 { Io
9.2 24 [ Io

18.9 24 [ Io

2a 0 24 [ Io
9.8 24 [ Io

19.9 24 [ Io

2b 0 None [ Io
11.7 None ( Io

23.1 None [ Io

3a 20 None [ Io
30 None [ Io

40.1 None [ Io

3b 0 None [ o
12.1 None [ Jo

239 None [ Io

4a 25 24 pulled [ Io
34.4 24 pulled [ Io

43.9 24 pulled [ Io

4b 15 None [ Jo
24.5 None [ I

34.2 None [ lo

4c 0 24 [ o
9.7 24 [ Io

19.7 24 [ o

5a 0 None [ lo
11.3 None [ Io

22.3 None [ Jo

5b 0 24 [ Jo
9.3 24 { Io

19 24 [ Io
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Table 4-8 Combined Uncertainty Calculation for Saxton, EPICURE, and ERASMEI/L
Critical Experiments

D' Test Results
Parameter Value

n [ )
D' (P=0.005) [ Io
D' [ b
[
[

D' (P=.995) Io

Evaluation lo

Uncertainty Calculation

Normal .
o | Distribution K . Uncertainty
(YIN) - | (Kx Std.Dev.)

[ I [ Do [ Io{ [ Db [ Db
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Table 4-9 Statistics for SIMULATE-3 MOX Benchmark to CASMO-4

Theoretical Benchmark Normality Test Resulits

D’ D’ D’
Cases n (P=0.005) (calc.) (P=0.995) Evaluation
ALL [ Io Io [ Do [ Io [ Io
Uncertainty Calculation for Theoretical Benchmark
Normal Std Digt(:i;)n:l?ilon P Non-t i
Distribution - . arametric
Cases n (Y/N) K Dev. Uncertainty Uncertainty
(K x Std. Dev.)
All [ Ib [ Io [ o[ Db N/A [ Io
Forn={ b, m=] Jo for non-parametric 95/95 with no assumption of normality

required. The error of the [
normality for these distributions was based on the results of the D' test at a 1% level of

significance as described in Section 4.4.2
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Figure 4-1 B&W Critical Experiments — Core 1 General Layout

VACANT WATER-FILLED POSITION

2.46 wt % U-235 ENRICHED FUEL
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Figure 4-2 B&W Critical Experiments — Measured and Calculated Pin Power
Distributions (Core 1)
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Figure 4-3 B&W Critical Experiments — Measured and Calculated Pin Power
Distributions (Core 12)
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Figure 4-4 B&W Critical Experiments — Measured and Calculated Pin Power
Distributions (Core 18)
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Figure 4-5 Saxton Critical Experiments — Measured and Calculated Pin Power
Distributions (Case 2)

/
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Figure 4-6 Saxton Critical Experiments — Measured and Calculated Pin Power
Distributions (Case 3)
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Figure 4-7 Saxton Critical Experiments — Measured and Calculated Pin Power
Distributions (Case 4)
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Figure 4-8 Saxton Critical Experiments — Measured and Calculated Pin Power
Distributions (Case 5)
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Figure 4-9 Saxton Critical Experiments — Measured and Calculated Pin Power
Distributions (Case 21)
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Figure 4-10 Saxton Critical Experiments — Measured and Calculated Pin Power Distributions (Case 22)

432




Figure 4-11 Saxton Critical Experiments — Measured and Calculated Pin Power Distributions (Case 24)
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Figure 4-12 Saxton Critical Experiments — Measured and Calculated Pin Power Distributions (Case 25)
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Figure 4-13 Saxton Critical Experiments — Measured and Calculated Pin Power Distributions (Case 26)
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Figure 4-14 Saxton Critical Experiments — Measured and Calculated Pin Power
Distributions (Case 27)
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Figure 4-15 Saxton Critical Experiments — Measured and Calculated Pin Power
Distributions (Case 28)
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Figure 4-16 Saxton Critical Experiments — Measured and Calculated Pin Power
Distributions (Case 30)
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Figure 4-17 EPICURE Critical Experiments — General Layout
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Figure 4-18 EPICURE Critical Experiments — Measured and Calculated Pin Power
Distributions (UMZONE No BP)

No BP Rods

D,F
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Figure 4-19 EPICURE Critical Experiments — Measured and Calculated Pin Power
Distributions (UMZONE B,C)

24 B,C Rods in MOX Region
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Figure 4-20 EPICURE Critical Experiments — Measured and Calculated Pin Power
Distributions (UMZONE AIC)

24 AIC Rods in MOX Region

D, F
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Figure 4-21 EPICURE Critical Experiments — Measured and Calculated Pin Power
Distributions (MH1.2-93)

Central MOX Region with LEU Buffer
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Figure 4-22 EPICURE Critical Experiments — Measured and Calculated Rod Power
Distributions (UM 17x17/7%)

Central MOX Region with LEU Buffer

D,F
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Figure 4-23 EPICURE Critical Experiments — Measured and Calculated Pin Power
Distributions (UM 17x17/11%)

Central MOX Region with LEU Buffer
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Figure 4-25 ERASME/L Critical Experiments — Measured and Calculated Power

Distributions (One B,C Rod)
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Figure 4-26 ERASMEI/L Critical Experiments — Measured and Calculated Power
Distributions (Nine B,C Rods-Close Spacing)

D, F
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Figure 4-27 ERASMEIL Critical Experiments — Measured and Calculated Power
Distributions (Nine B,C Rods-Medium Spacing)

D,F
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Figure 4-28 ERASMEI/L Critical Experiments — Measured and Calculated Power
Distributions (Nine B,C Rods-Large Spacing)

D,F
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Figure 4-29 Theoretical Model Infinite Lattice (Colorset) Configurations

Case 4: Face adjacent MOX/LEU feed,

Case 1: Checkerboard MOX/LEU feed
with two MOX reinserts

with two MOX reinserts

b* c
4.37% MOX 4.37% MOX b c
24 BP rods pulled 24 BP rods 4.37% MOX 4.37% MOX
15 GWd/Mthm FEED No BP rods 24 BP rods
- 2 15 GWd/Mthm FEED
4.0% LEU 4.37% MOX a -
No BP rods No BP rods 4.37% MOX 4.0% LEU
FEED 25 GW/Mthm 24 BP rods pulled No BP rods
25 GWd/Mthm FEED

Case 2. Face adjacent MOX
feed with two LEU reinserts

Case 5: 2 MOX feed & 1 LEU feed
(face adjacent) and 1 LEU reinsert

_ b - 5
4.0% LEU 4.37% MOX 4.0% LEU 4.37% MOX
No BP rods No BP rods No BP rods 24 BPs rods
20 GWd/Mthm FEED FEED FEED
- a a .
4.0% LEU 4.37% MOX 4.37% MOX 4.0% LEU
No BP rods 24 BP rods No BP rods No BP rods
20 GWd/Mthm FEED FEED 20 GWD/Mthm

Case 3: One MOX feed with
one MOX & two LEU reinserts
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*Note: Letters a, b, and c refer to case

- b . . B
4.0% LEU 4.37% MOX comparisons in Table 4-7.
No BP rods No BP rods
20 GWd/Mthm FEED
- a
4.0% LEU 4.37% MOX
No BP No BP rods
25 GWd/Mthm 20 GWd/Mthm
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5.0 McGUIRE/CATAWBA STATISTICALLY COMBINED POWER
DISTRIBUTION UNCERTAINTY FACTORS

5.1 General

Power distribution uncertainty factors are applied in both the design of reload cores and
the surveillance of an operating fuel cycle. In each case the uncertainty factor is applied
to power distribution peaking factors to insure a conservative comparison to thermal
design limits on fuel pin performance. Because a direct measurement of individual pin
power distribution is not available from power reactor operation, the complete
uncertainty in the core model's ability to predict pin power distribution must be
constructed from a synthesis of power reactor and critical experiment benchmark results.

In its generic form, this synthesis can be expressed mathematically as follows:

n

2

i=1

[Cihjlli\qi]+ gl(KiO'i)z

n

SCUF =1-

where,

SCUF is the statistically combined uncertainty factor,

2| Ci—Mi
Z( M; ] is the bias, or average of n relative differences between calculated (C) and

i=1
1 1 measured (M) values, and

8

is the combination by square root, sum of the squares of the individual

h I(KiGi)z 95/95 statistical deviations contributing to the total uncertainty factor.

—
[

For data sets that are shown to be normally distributed, Ko is determined directly from
the product of the one-sided upper tolerance limit K factor times the standard
deviation, o, of the data set. For data sets that do not pass a test for normality, Ko is

determined by the non-parametric evaluation described in Reference 16.
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5.2 LEU Fuel Uncertainty Factor

For LEU fuel in McGuire and Catawba cores the SCUF equation is expressed as:

SCUF = 1- bias + \/(Kaca Y + (K0 )’

where K,G,, represents the statistical deviation in the comparison between measured and
calculated inter-assembly power distributions and Ko, is the equivalent term for intra-
assembly pin power distribution deviation. The bias term and K,0, are derived from the
McGuire/Catawba power distribution analyses results (Section 3.1.5) and K;0;, is derived

from SIMULATE-3 MOX modeling of the B&W critical experiments (Section 4.2).

5.3 MOX Fuel Uncertainty Factor

Benchmark results for St. Laurent B1 demonstrate that the CASMO-4/SIMULATE-3
MOX methodology produces statistical uncertainties on assembly power distribution that
are similar for LEU and MOX fuel assemblies. Since the McGuire and Catawba reactors
are fundamentally similar to St. Laurent B1, it is expected that the fidelity of fuel
assembly power distribution predictions will also be similar for LEU and MOX fuel in
McGuire and Catawba cores. Therefore, for MOX fuel in McGuire and Catawba cores,
the bias and K,0, terms in the SCUF equation are derived from the McGuire/Catawba

power distribution analysis.

The uncertainty on fuel pin power distribution calculations includes two components
since the MOX fuel-bearing critical experiments could not be directly modeled with
SIMULATE-3 MOX. The first component is derived from a comparison of CASMO-4
calculated pin power distributions to the Saxton, EPICURE, and ERASME/L critical
experiments as described in Section 4.3. The second component is determined by
comparing SIMULATE-3 MOX results to CASMO-4 pin power calculations for a set of

theoretical problems that could be modeled with both codes as described in Section 4.4.
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These two components are combined as described in Section 4.5.2 to obtain the fuel pin

power uncertainty, Ko, , for MOX fuel.

The calculated SCUFs for the CASMO-4/SIMULATE-3 MOX models of MNS/CNS
LEU and MOX fuel assembilies are shown in Table 5-1.
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Table 5-1 MOX and LEU Fuel Statistically Combined Uncertainty Factors

Assembly Pin
Parameter Bias Uncertainty Uncertainty SCUF
(K.c2) (Kpop)
LEU Fuel
Fan Io [ Io [ Io Ip
Fq Io [ Io [ Io Io
F. Io [ Io N/A Io
MOX Fuel
Fan Ib [ Io [ Io Io
Fq Io [ Io [ Io Io
F2 Io [ Io N/A Io
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6.0 DYNAMIC ROD WORTH MEASUREMENT

The reactivity worth of control rods is measured at the beginning of each fuel cycle. The
purpose of the test is to compare the measured and predicted rod worths and confirm that
the core is responding as expected. The Dynamic Rod Worth Measurement (DRWM)
technique is a relatively new method for measuring the reactivity worth of individual
control rod banks. It is accomplished by inserting and withdrawing an individual rod
bank at maximum stepping speed without changing boron concentration. The excore
detector signals are recorded during the rod insertion and then processed on a reactivity
computer which solves the inverse point kinetics equation with proper analytical

compensation for transient spatial effects.

6.1 Benchmark of CASMO-4/SIMULATE-3 MOX/SIMULATE-3K MOX

The Westinghouse DRWM topical report, Reference 35, defines the DRWM technique
used at McGuire and Catawba. Attachment 1 in Reference 35 establishes a set of criteria
to be used by utilities that choose to perform their own calculations to support DRWM.
Reference 36 addresses the DRWM technology transfer criteria for the
CASMO-3/SIMULATE-3/SIMULATE-3K code package applied to McGuire and
Catawba. This methodology was approved by the NRC and is currently used to support
DRWM at McGuire and Catawba. Reference 36 documented an extensive benchmark of
the Duke DRWM methodology by comparing against Westinghouse DRWM results for

six separate startups.

This section documents results from CASMO-4/SIMULATE-3 MOX/SIMULATE-3K
MOX calculations for the same set of six DRWM tests included in Reference 36. Table
6-1 compares predicted rod worth results from the new core models to Westinghouse
calculations. Table 6-2 makes a similar comparison for measured rod worths. Criterion 4
of the technology transfer criteria defined in Reference 35 states that the comparisons to

Westinghouse calculated and measured results should agree within 2% or 25 pem for

individual banks, and 2% for total bank worth.
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As shown in Table 6-1, the 2% criterion on total bank worth was exceeded in only [ ]p
of 12 comparisons. For Catawba 1 Cycle 11 the relative error between Duke and
Westinghouse predictions of total bank worth was[ ]p. The 25 pem criterion on
individual bank worth was exceeded inonly [  ]p of 108 comparisons. The largest
deviation was [ ]p pcm on predicted worth of control bank D for McGuire 2 Cycle 13.
These results are slightly better than those produced by the CASMO-3/SIMULATE-3/
SIMULATE-3K code package where 6 of 108 individual bank worth deviations exceeded

the 25 pcm criterion.

Westinghouse results are produced by the ALPHA/PHOENIX/ANC/SPNOVA core
model package and are thus a completely independent methodology. Differences
between Duke and Westinghouse methodologies are expected to produce different
predicted and measured rod worths. The results in Tables 6-1 and 6-2 demonstrate
exceptional consistency in the DRWM results for these two core modeling
methodologies. These results also show that the CASMO-4/SIMULATE-3 MOX/
SIMULATE-3K MOX codes are suitable replacements for the Westinghouse codes in the
DRWM methodology. In addition, the responses provided in Reference 35 for the other

technology transfer criteria are still applicable with the new codes.

6.2 Impact of MOX Fuel on DRWM

Duke anticipates using MOX fuel in up to 40% of the fuel assemblies in a mixed core
with traditional LEU fuel assemblies. Some of the nuclear characteristics of MOX fuel
that could effect DRWM are a lower core average delayed neutron fraction and hi gher
fast to thermal neutron flux ratio. Duke uses very low leakage core designs at McGuire
and Catawba and routinely places high burnup LEU fuel assemblies with appreciable
amounts of plutonium on the core periphery. Because most of the neutrons detected by
excore detectors during DRWM originate from the core boundary, the excore detector
response and DRWM results in partial MOX fuel cores are not significantly different

from the existing experience with cores containing only LEU fuel.



To quantify the impact of MOX fuel, simulations have been performed using typical
anticipated partial MOX fuel core designs. The excore detector signal is affected by two
competing factors. The slightly harder neutron spectra of partial MOX fuel cores
increase the excore signal due to more incident neutrons at the detectors, and the smaller
core average delayed neutron fraction produces lower flux levels at the fully inserted
configuration. These studies showed that the minimum excore detector signal during
DRWM will be slightly smaller in partial MOX fuel cores, but the reduction will not be
significant relative to the large reductions that occur when a control rod bank is inserted

into the core.

The relative contribution of each fuel location to the excore detector signal has been
recalculated with typical anticipated partial MOX fuel core designs. These detector
response factor distributions were calculated with and without spatial/isotope dependent
fission energy spectra. These studies showed that there is essentially no change in the
excore weighting factors for partial MOX fuel cores. Therefore, the existing DRWM
methodology can be used to accurately measure control rod bank worth in partial MOX

fuel cores.

6.3 Sensitivity of DRWM Results to Inaccuracies in the Core Models

Strong space-time effects occur during the DRWM procedure. These effects must be
properly accounted for in the DRWM analytical factors in order to produce an accurate
measured static rod worth. The analytical factors correct for flux redistribution and
delayed neutron effects and are derived from core models. The sensitivity of the

measured rod worths to errors in the core model must therefore be addressed.

Sensitivity studies were performed using a McGuire core model to determine the impact
of perturbations in predicted control rod cross sections and fission neutron density to the
final measured bank worths. The sensitivities for McGuire cores containing all LEU fuel

were determined to be essentially the same as cores which contain a mixture of MOX and
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LEU fuel. Thus it is concluded that the quality of DRWM results is not impacted by the
presence of MOX fuel.
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Table 6-1 Predicted Rod Worth Comparisons

West Duk-MOX (D-W)/W D-W West Duk-MOX (D-W)/W D-W
(pcm) (pcm) (%) (pcm) (pcm) (pcm) (%) (pcm)
c1c11 CA 397.4 / \ c2c10 CA 4221
CcB 610.3 CcB 552.9
cc 888.0 ccC 851.9
cD 631.2 cD 563.3
SA 232.6 SA 240.1
SB 890.0 SB 916.2
sC 443.0 SC 3935
SD 440.1 sD 393.7
SE 494.2 SE 4771
Total 5027 \ _/ D Total 4811 \ _/ D
M2C12 CA 336.8 /‘ c1C12 CA 288.2 \
CB 644.2 \ cB 696.9 /‘
cc 811.7 cc 766.1
cD 613.5 cb 478.2
SA 288.2 SA 326.5
SB 1040.1 SB 782.1
sC 489.8 sC 4575
sD 490.8 SD 461.6
SE 506.4 SE 498.3
Total 5222 \ / D Total 4755 \ _/ D
M1C13 CA 304.6 /‘ \ M2C13 CA 352.8 /‘ \
CcB 645.3 CcB 643.3
cc 725.4 cc 780.9
cD 569.9 cD 609.2
SA 268.4 SA 295.7
SB 978.1 SB 908.7
sC 455.8 SC 463.2

SD 455.4 sD 469.2
SE 513.2 SE 4874
Total 4916 \ _/ D Total 5010 K J D




CA
cB
cC
CcD
SA
SB
SC
SD
SE
Total

CA
CB
cC
CcD
SA
sB
SC
SD
SE
Total

CA
CB
CcC
CcD
SA
SB
SC
SD
SE
Total

West
{pcm)
374.6
634.7
889.5
695.0
235.6
889.7
468.3
462.9
460.8
5111

293.9
667.3
763.0
624.0
305.5
1067.4
511.1
513.1
489.0
5234

290.4
670.4
709.3
569.0
262.9
994.7
464.1
455.7
513.3
4930

Table 6-2 Measured Rod Worth Comparisons

Duk-MOX (D-W)/W D-W

(pcm) (%) (pcm)
/P \ C2C10

c1C12

M2C13

N7

CA
CcB
cC
CcD
SA
SB
sC
SD
SE
Total

CA
cB
cc
cD
SA
sB
SC
sD
SE
Total

CA
cB
cC
cD
SA
sB
sC
SD
SE
Total

West
(pcm)
377.8
601.1
885.9
568.9
236.4
1004.5
402.5
403.5
4771
4948

275.3
719.6
780.6
467.2
317.0
814.6
449.1
474.3
511.2
4809

340.6
690.4
815.0
598.9
277.6
984.6
466.4
478.6
502.9
5165

Duk-MOX (D-W)/W D-W

r(pcm) (%) (pcn%

AN

o
/

N/




7.0 CONCLUSION

This report justifies the use of CASMO-4 based SIMULATE-3 MOX models for reload
design of Westinghouse 193-assembly plants. Nuclear uncertainty factors are provided
for application to fuel assemblies (LEU fuel) in which the initial heavy metal loading is
100% uranium. Separate nuclear uncertainty factors are provided for application to fuel
assemblies (MOX fuel) in which the initial heavy metal loading is a mixture of uranium
and plutonium. This report further demonstrates Duke Power’s competence in the
application of CASMO-4 based SIMULATE-3 MOX models to reload design. The
methodology presented herein supplements previous topical reports submitted by Duke
Power (References 1 through 7 and Reference 36) describing models and methods for

performing reload design calculations.

The report presents benchmarking of the CASMO-4/SIMULATE-3 MOX methodology
to numerous McGuire and Catawba cycles of operation with LEU fuel. In addition, the
report presents extensive benchmarking of this methodology to operating cycles of the St.
Laurent B1 reactor in which a mixture of LEU and MOX fuel was used. Comparisons of
calculated and measured data are presented from beginning of cycle hot zero power
startup testing as well as operating data (power distributions and coolant boron
concentrations). Peaking factor uncertainties for application of this methodology to
calculation of core operating limits and Reactor Protection System limits are provided.
These uncertainties are derived in a manner consistent with the previously approved

methods of Reference 2 and are similar to the uncertainties for LEU cores.

The report also presents benchmarking of the CASMO-4/SIMULATE-3 MOX
methodology to fuel rod power distributions measured in the B&W, Saxton, ERASME/L,
and EPICURE critical experiments. The B&W critical experiments were comprised
exclusively of LEU fuel pins, and the Saxton, ERASME/L, and EPICURE critical
experiments that were benchmarked were comprised of either all MOX fuel pins or a
combination of MOX and LEU fuel pins. These benchmarks form the basis for the fuel

pin power uncertainties that are included as part of the overall nuclear uncertainty factors.
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Finally, this report compares DRWM results from the CASMO-4/SIMULATE-3 MOX/
SIMULATE-3K MOX code package to Westinghouse results for the same
McGuire/Catawba fuel cycles used to obtain approval for Duke’s current DRWM
methodology (Reference 3). These comparisons indicate that the CASMO-4/
SIMULATE-3 MOX/ SIMULATE-3K MOX methodology can be used to successfully
support DRWM at McGuire and Catawba. This report also addresses the application of
DRWM to cores comprised of a mixture of LEU and MOX fuel assemblies, and shows
that the DRWM methodology is appropriate for control rod worth measurement in such

Cores.
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APPENDIX A — MIXED OXIDE FUEL USE IN DUKE POWER’S MCGUIRE
AND CATAWBA REACTORS

A.1  United States Mixed Oxide (MOX) Fuel Project

The United States MOX Fuel Project is part of an international nonproliferation program
that has the goal of disposing of surplus weapons plutonium in the United States and
Russia. MOX Fuel Project plans call for developing a MOX Fuel Fabrication Facility
(MFFF) on the Department of Energy’s Savannah River Site. The Duke Cogema Stone
& Webster (DCS) company will operate the MFFF to produce MOX fuel for use in the
McGuire and Catawba Nuclear Stations. DCS will manufacture the fuel using the
Micronized Master Blend (MIMAS) process, which is the same process that was used to
make the St. Laurent B1 MOX fuel. Consistent with the program goal of disposing of
weapons-usable material, the MOX fuel will contain plutonium with weapons grade

isotopics.

A MOX fuel lead test assembly program at either McGuire or Catawba will precede the
use of significant quantities of MOX fuel. The eventual schedules for the use of MOX
fuel at McGuire and Catawba are dependent on various factors, including Nuclear
Regulatory Commission (NRC) reviews, U.S. Department of Energy (DOE) actions,
international agreements, and plutonium disposition activities in Russia. Based on the
number and type of external factors involved, the currently contemplated schedule is

subject to change.

The purpose of this appendix is to provide information about the manner in which Duke
currently intends to use MOX fuel in the McGuire and Catawba reactors. This
information is based on preliminary MOX fuel assembly and partial MOX fuel core
design information, as described in Reference A.1. The ultimate MOX fuel assembly

design and core management approach may change from the concepts provided herein.
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A.2  Planned MOX Fuel Assembly Design (Typical)

The McGuire and Catawba reactors use a 17x17 pressurized water (PWR) fuel assembly
design. The Mark-BW/MOXI1 fuel assembly is planned for deployment with MOX fuel
in these reactors. The fuel assembly lattice is characterized by a central instrument tube,
24 control rod guide tubes, and 264 fuel pins. The Mark-BW/MOX1 fuel assembly
mechanical design is based on the proven Mark-BW design that has been deployed at the
McGuire and Catawba mission reactors for many years. The Mark-BW/MOX1 fuel
assembly will contain the features of the current Mark-BW design, plus M5™ fuel pin
cladding and, where necessary for compatibility with the resident fuel, mid-span mixing
grids (MSMGs). Figure A-1 depicts the major features of the Mark-BW/MOX1 fuel
assembly design. This fuel assembly for UO, applications, with the M5™ cladding and
MSMGs, is designated the Advanced Mark-BW. The Mark-BW/MOX1 differs from the
Advanced Mark-BW design primarily in that the fuel pellets are MOX instead of UQ,.

The planned MOX fuel assembly design will use multiple concentrations of plutonium in
each assembly as shown in the radial fuel assembly zoning diagram (Figure A-2). In this

“ context, the plutonium concentration refers to the mass ratio of plutonium to total heavy
metal (plutonium plus uranium). Using multiple fuel pin concentration zones minimizes
the intra-assembly power peaking that results from the sharp thermal neutron flux

gradient between adjacent uranium and MOX fuel assemblies.

Key MOX fuel pin and assembly design parameters are summarized in Table A-1.

A.3  Planned Partial MOX Fuel Core Management (Typical)

Fuel management refers to the arrangement and characteristics of fuel assemblies and
other components within the reactor core. Typical pressurized water reactor cores are a
mixture of fuel assemblies that are in their first, second, or third cycle of irradiation.

Duke Power currently employs a modified checkerboard feed pattern with face-adjacent
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feed assemblies. Figure A-3 illustrates this type of loading pattern. For core designs that
utilize feed batch consisting of both MOX and low-enriched uranium (LEU) assemblies,
the basic loading pattern is proposed to be very similar to that shown in Figure A-4. The
basic core design remains a checkerboard with face-adjacent feed assemblies. Both all-
LEU and MOX/LEU core designs are low-leakage designs, with once- or twice-burned
fuel on the core periphery.

Major assumptions and constraints associated with partial MOX fuel core designs are as
follows:

1. Maximum MOX fuel pin burnup is 50 gigawatt days per metric ton heavy metal
(GWd/Mthm),

Maximum LEU fuel pin burnup is approximately 60 GWd/Mthm,

MOX fuel is discharged after two cycles,

MOX fuel peaking limits are similar to uranium fuel limits, and

“w»ok W

MOX fuel core fractions are limited to approximately 40%.

For reactivity control, the current McGuire/Catawba equilibrium LEU cores make
extensive use of integral fuel burnable absorber (IFBA) and discrete burnable poison
(BP) rods in the uranium fuel. For partial MOX fuel cores, Duke plans to use IFBA and
discrete BPs in the LEU fuel assemblies and discrete BPs only in the MOX fuel
assemblies. Since BP rods occupy the same positions in the assembly as would control
rods, the loading pattern must take into account the positions of these control rods. The

control rod locations, by control group, are shown in Figure A-5.
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A.4  References
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Table A-1 Typical MOX Fuel Design Characteristics

Parameter

Value

Pellets

Fuel Pellet Material

Ceramic PuO, and
Depleted UO,

Fuel Pellet Diameter 0.3225 in
Fuel Pellet Theoretical Density ~ 95%
Fuel Pellet Volume Reduction due to
Chamfer and Dish ~1%
Pins
Fuel Pin Length 152.4 in
Fuel Pin Cladding Material M5™
Fuel Pin inside Diameter 0.329 in
Fuel Pin Outside Diameter 0.374in
Active Fuel Stack Height 144 in
Assemblies
Fuel Assembly Length 159.8 in
Lattice Geometry 17x17
Fuel Pin Pitch 0.496 in
Number of Fuel Pins per Assembly 264
Heavy Metal Loading per Assembly 462.6 kg
Number of Grids
Bottom End 1
Vaneless Intermediate 1
Vaned Intermediate 5
Mid-Span Mixing 3
Top End 1




Figure A-1 Mark BW/MOX1 Fuel Assembly

QUICK DISCONNECT

NJ@SG@ TOP NOZZLE

TOP END GRID
(INCONEL)

ADVANCED ALLOY
g GUIBE THIMBLES

3 MID--SPAN MIXING GRIDS
e (ZIRCALOY—4]
ll‘l ::
I WeHE
b5 34§
Fiitifitomi
L] -+
i .

8 FLOAT'NG
INTERMEDIATE GRIDS =<
(ZIRCALOY~4)

L
4
1
..AL.
i [
” ]
T
, 1]
NP g
m—‘; :
MARE R ) | ¥
LELY0F X R
e
ADVANCED ALLOY i m BOTTOM £ND CRID
Futs Gap LAY = /" (INCONEL}
CLADDING
o ave i FINE MESH
?S’Q,‘“%OE;Q«/ 1 __~DEERIS TRAPPING

BOTTOM NOZZLE

NN
SE R

A-6



Figure A-2 Typical 17x17 Mark BW/MOX1 Fuel Assembly Configuration
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Figure A-3 Typical Loading Pattern for All LEU Core
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Figure A-4 Typical Loading Pattern for Equilibrium 40% MOX Fuel Core
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Figure A-5 Control Rod Location in McGuire/ Catawba Cores
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