
Determination of the Accuracy of Utility
Spent Fuel Burnup Records (Interim
Report)

Technical Report

WARNING:
Please read the Export Control
Agreement on the back cover.



 



Determination of the Accura cy of
Utility Spent Fuel Burnup Reco rds –
Interim Repo rt

TR-109929

Interim Report, May 1998

Prepared for
Electric Power Research Institute
3412 Hillview Avenue
Palo Alto, California 94304

EPRI Project Manager
J. M. Yedidia



DISCLAIMER OF WARRANTIES AND LIMITATION OF LIABILITIES

THIS REPORT WAS PREPARED BY THE ORGANIZATION(S) NAMED BELOW AS AN ACCOUNT OF WORK
SPONSORED OR COSPONSORED BY THE ELECTRIC POWER RESEARCH INSTITUTE, INC. (EPRI).
NEITHER EPRI, ANY MEMBER OF EPRI, ANY COSPONSOR, THE ORGANIZATION(S) NAMED BELOW,
NOR ANY PERSON ACTING ON BEHALF OF ANY OF THEM:

(A)  MAKES ANY WARRANTY OR REPRESENTATION WHATSOEVER, EXPRESS OR IMPLIED, (I) WITH
RESPECT TO THE USE OF ANY INFORMATION, APPARATUS, METHOD, PROCESS, OR SIMILAR ITEM
DISCLOSED IN THIS REPORT, INCLUDING MERCHANTABILITY AND FITNESS FOR A PARTICULAR
PURPOSE, OR (II) THAT SUCH USE DOES NOT INFRINGE ON OR INTERFERE WITH PRIVATELY OWNED
RIGHTS, INCLUDING ANY PARTY'S INTELLECTUAL PROPERTY, OR (III) THAT THIS REPORT IS
SUITABLE TO ANY PARTICULAR USER'S CIRCUMSTANCE; OR

(B)  ASSUMES RESPONSIBILITY FOR ANY DAMAGES OR OTHER LIABILITY WHATSOEVER (INCLUDING
ANY CONSEQUENTIAL DAMAGES, EVEN IF EPRI OR ANY EPRI REPRESENTATIVE HAS BEEN ADVISED
OF THE POSSIBILITY OF SUCH DAMAGES) RESULTING FROM YOUR SELECTION OR USE OF THIS
REPORT OR ANY INFORMATION, APPARATUS, METHOD, PROCESS, OR SIMILAR ITEM DISCLOSED IN
THIS REPORT.

ORGANIZATION(S) THAT PREPARED THIS REPORT

Duke Engineering & Services
580 Main Street
Bolton, Massachusetts 01740

 

ORDERING INFORMATION

Requests for copies of this report should be directed to the EPRI Distribution Center, 207 Coggins Drive, P.O. Box
23205, Pleasant Hill, CA 94523, (510) 934-4212.

Electric Power Research Institute and EPRI are registered service marks of the Electric Power Research Institute, Inc.
EPRI. POWERING PROGRESS is a service mark of the Electric Power Research Institute, Inc.

Copyright © 1998  Electric Power Research Institute, Inc.  All rights reserved.



iii

REPORT SUMMARY

This report summarizes the results of an initial investigation into the uncertainties
associated with the burnup records maintained by nuclear power plants. The results
indicate that there is an overall uncertainty of about 2 percent in the burnup records,
which must be accounted for in spent fuel applications.

Background
Operators of Pressurized Water Reactors maintain records of the assembly average
burnup for each assembly at their plants. The assembly burnup records are currently
used by commercial reactor operators and vendors for special nuclear material
accountability,  placement of spent fuel in storage pools, and dry storage cask design
and analysis. The uncertainty of a particular burnup record depends on the uncertainty
of the method used to develop the record. Such records are based on core neutronic
analysis coupled with measured in-core detector data. An NRC-licensable burnup
credit methodology being developed by the Department of Energy will require that
utilities provide data on burnup uncertainty in reactor records.

Objectives
To identify a specific methodology and possible alternatives for determining the
average uncertainty in reactor burnup records; to facilitate discussion and lead
development of a utility consensus on the methodologies appropriate to each reactor
type and to illustrate these methodologies with typical records.

Approach
The project team used three cycles of plant in-core detector data for a PWR to
determine assembly power and burnup distributions. They used a standard nodal code
to calculate three cycles of assembly power distributions. They used the relative
differences between the measured and calculated nodal code data to statistically
determine the uncertainty of the burnup records.

Results
Based on burnup records at a typical Westinghouse PWR, the uncertainty in the
assembly average reaction rate in instrumented locations was found to be 2.21%. This
value represents a direct comparison between measurement and calculation and allows
determination of the uncertainty in average power distribution. Interpolating for all
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locations, the uncertainty in relative assembly power was calculated to be 1.79%. The
difference in the two uncertainty values is not considered important, but their
similarity does indicate the robustness of both the conversion from reaction rate to
power and the translation from instrumented locations to un-instrumented locations.
The uncertainty in burnup evaluated over three cycles of operation decreases in
uncertainty with an increase in residence time or burnup. For assemblies discharged
after one cycle of burnup, the uncertainty is 1.90%: after two cycles of burnup, the
uncertainty is 0.98%: and after three cycles of burnup the uncertainty is 1.02%. This
decrease in uncertainty after two cycles of burnup is indicative of the self-correcting
nature of burnup.

EPRI Perspective
During the past ten years, EPRI has supported various projects aimed at obtaining
regulatory acceptance for the burnup credit concept in the design of spent fuel storage
and transportation systems. These projects included the documentation of spent fuel
burnup measurements with the FORK system (EPRI reports TR-103591 and TR-106305)
and development of a more advanced system capable of measuring burnup
independently of utility burnup records, the FORK+ system (TR-108759). The present
project has been initiated to estimate the uncertainties present in utility burnup records
and to support estimates for burnup uncertainty included in DOE’s “Topical Report on
Actinide-Only Burnup Credit for PWR Spent Nuclear Fuel Packages.” Revision 1 of
that Topical Report was submitted to the NRC in May 1997 and is expected to be
approved by the end of 1998. The DOE report assumes that the uncertainty in plant
burnup records is at most 5%. A technically sound measurement-based methodology
for quantifying the actual uncertainty level for various reactor types is needed. The
results of the present study on one reactor type indicate that the 5% uncertainty
assumption exceeds the uncertainties actually present in utility burnup records. In
anticipation of NRC approval of the burnup credit concept, EPRI plans to support the
licensing of a Dry Storage and Transportation System that incorporates the burnup
credit method.

TR-109929

Interest Categories
Spent fuel storage and transportation
Fuel assembly reliability and performance

Key Words
Burnup credit
Burnup records
Criticality
SIMULATE-3
Reaction rates
Burnup
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ABSTRACT

In order to develop a NRC-licensable burnup credit methodology, the pedigree and
uncertainty of commercial spent nuclear fuel assembly burnup records needs to be
established.  Typically the assembly average burnup for each assembly is maintained in
the plant records.  It is anticipated that the repository for the disposal of spent fuel will
utilize burnup credit and will require knowledge of the uncertainty of reactor burnup
records.  The uncertainty of the assembly average burnup record depends on the
uncertainty of the method used to develop the record.  Such records are generally
based on core neutronic analysis coupled with analysis of in-core power detector data.
This report evaluates the uncertainties in the burnup of fuel assemblies utilizing in-core
measurements and core neutronic calculations for a Westinghouse PWR.

To quantify the uncertainty, three cycles of in-core movable detector data were used.
The data represents a first cycle of operation, a transition cycle and a low leakage cycle.
These three cycles of data provide a true test of the uncertainty methodology.  Three
separate sets of results were used to characterize the burnup uncertainty of the fuel
assemblies.

x The first set of results compared the measured and calculated reaction rates in
instrumented assemblies and determined the uncertainty in the reaction rates.  The
use of reaction rates provides a direct comparison between measurement and
calculation in the instrumented locations prior to conversion to power and burnup.
This uncertainty is indicative of the uncertainty in the burnup.  The results show
that uncertainty in the average reaction rate for the instrumented locations is 2.21%.

x The second set of results determined the uncertainty in relative assembly power for
both the instrumented and un-instrumented assemblies. The uncertainty is found to
be 1.79%.  The similarity in the first and second set of results validates the
robustness of both the conversion of reaction rates to assembly power and the
translation from instrumented to un-instrumented assemblies.

x  The third set of results determined the burnup uncertainty of the discharged fuel in
each cycle.  The uncertainty in burnup evaluated over three cycles of operation
demonstrates a decrease in uncertainty with an increase in residence time or
burnup.  For assemblies discharged after one cycle of burnup, the uncertainty is
1.90%, after two cycles of burnup, the uncertainty is 0.98% and three cycle of
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burnup is 1.02%.  This decrease in uncertainty after two cycles of burnup is
indicative of the self-correcting nature of burnup.
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1 
INTRODUCTION

Typically the assembly average burnup for each assembly is maintained in the plant
records.  The assembly burnup records are currently used by commercial reactor
operators and vendors for a number of purposes, including; 1) special nuclear material
accountability; 2) placement of spent fuel in storage pools and; 3) dry storage cask
design/analyses.  It is anticipated that the repository for the disposal of spent fuel will
utilize burnup credit and will require knowledge of the uncertainty of reactor burnup
records.  The uncertainty of a particular burnup record depends on the uncertainty of
the method used to develop the record.  Such records are generally based on core
neutronics analysis coupled with in-core power detector data.  In May of 1997, the DOE
submitted to the NRC, DOE/RW-0472 Rev. 1, “Topical Report on Actinide-Only
Burnup Credit for PWR Spent Nuclear Fuel Packages.”1  Based on that report, the DOE
indicates at most a  5% uncertainty for plant burnup records.

A NRC-licensable burnup credit methodology being developed by the Department of
Energy (DOE) will require that the utilities provide data on burnup uncertainty in
reactor records.  The loading curve presented in the Topical Report does not include an
allowance for burnup record uncertainty.  Therefore, the utility is responsible for
quantifying and accounting for burnup uncertainty prior to cask loading.  The objective
of this report is to identify a specific methodology and possible alternatives for
determining the average uncertainty in the reactor burnup records.

It is neither necessary nor practical to measure 100% of the fuel assemblies.  However,
if only a fraction of the fuel assemblies are measured, such measurements are relative,
rather than absolute measurements. Neutronic calculations are required to convert the
relative measurements to absolute.  Therefore, the only method that can be used to
determine the burnup uncertainty in both instrumented and un-instrumented locations
must rely on a utilization of measured and calculated data with the assumption that the
differences in calculational methods are comparable in both the instrumented and un-
instrumented locations.  This approach also addresses the uncertainty associated with
converting the measured signals to relative assembly power in the instrumented
locations and generating relative assembly power in un-instrumented locations by
distance weighting.  By comparing the measured signal responses to the modern nodal
code responses, it is possible to determine a total uncertainty prior to conversion to
relative assembly power.  This total uncertainty includes the uncertainty in both the
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measurement and calculational methods.  The uncertainty in the measurements can be
determined independently from the reproducibility of the measured signals.

The current generation of neutronic codes are based on advanced nodal methods.
Therefore, the primary focus of this project is to determine the uncertainty in the
burnup calculation in a nodal code.  This report evaluates the uncertainty associated
with the plant burnup records and the uncertainty associated with the analytical
methodology.
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2 
PLANT DESCRIPTION

2.1 General

To illustrate the approach to determine the uncertainty in the assembly burnup, a
Westinghouse design plant with movable in-core instrumentation was chosen for this
analysis.  The reactor contains four coolant loops with a thermal power of 3411 MW
and the core consists of 193 fuel assemblies with a 17x17 rod array.  The rod array
consists of 264 fuel rods, 24 control rod guide tubes and a center instrument thimble.
The fuel rods are constructed of slightly enriched UO2 fuel pellets with Zircaloy
cladding.   The cycles of data chosen contained borosilicate glass and Integral Fuel
Burnable Absorber (IFBA) rods to help regulate the local peaking and reduce the
soluble boron concentrations at the beginning of the cycle.

The core has a set of 57 control rods called Rod Cluster Controlled Assemblies (RCCA).
These rods contain a silver, indium, cadmium alloy that is used as the neutron absorber
material.  Each cluster is composed of 24 fingers, which fit into the 24 guide tubes.  The
24 guide tubes are symmetrically positioned within the assembly.  During normal full
power operation, all of the control rods are essentially removed and reactivity control is
maintained by altering the soluble boron concentration.

To provide a solid basis for the burnup uncertainty methodology, three cycles of
operation were chosen.  The three cycles consists of an initial cycle, a transition second
cycle and a low leakage third cycle.  Figures 2-1 through 2-3 display the batch loading
for the three cycles.

The initial cycle, Cycle 1, consisted of all fresh fuel with borosilicate glass as the
burnable absorber and operated for a cycle average burnup of 12,715 MWD/MTU.
Sixty assemblies were discharged from Cycle 1.  In Cycle 2, the borosilicate glass
burnable absorber was removed from the once burned fuel and the fresh fuel contained
IFBA rods.  The fuel loading for this cycle had a higher enrichment than the first cycle.
Cycle 2 operated for a cycle average burnup of 12,159 MWD/MTU and discharged 76
assemblies.  Cycle 3 loading provided a further increase in fuel enrichment and
continued the use of IFBA rods.  Cycle 3 operated for a cycle average burnup of 16,820
MWD/MTU and discharged 72 assemblies.
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2.2 Movable In-Core Instrumentation

In-core instrument thimbles are inserted into 58 assemblies within the core.  Figure 2-4
displays the core location of the instrument tubes.  The thimbles are inserted from the
bottom of the core after the assemblies are loaded.  The in-core detectors are used to
perform surveillance on the power distribution within the core.  Local radial and axial
power peaking and quadrant tilts are some of the information monitored with this
system.

Six miniature movable fission chamber detectors can be remotely positioned to enter
the core through the 58 thimbles.  The drive system for the insertion of the movable
miniature detectors consist of six drive assemblies, five path transfer assemblies, and
ten path transfer assemblies, as shown in Figure 2-5.   The detectors are driven into the
reactor core through conduits extending from the bottom of the reactor vessel through
the concrete shield area and then up to a thimble seal table.  The drive system pushes
hollow helical wrapped drive cables into the core with the miniature detectors attached
to the leading ends of the cables with a small diameter sheathed coaxial cable threaded
through the hollow centers back to the trailing end of the drive cables.

Once the detectors are inserted into the core, flux maps are obtained by recording the
signal from the movable miniature detectors as they traverse the selected instrument
thimbles from top to bottom.  This signal is proportional to the neutron flux at the
detector and is recorded in volts.   Detector plateau curves are generated at the start of a
detector mapping to calibrate the voltage range for the current reactor conditions.
Cross calibration of the six detectors occurs by insertion into the common thimble.  The
signal is recorded every 6 centimeters for a total of 61 axial measurements per thimble.

During the flux mapping operation, the reactor power level and control rod positions
are maintained constant.  The power level and control rod positions are recorded along
with the detector signals for post-processing.

2.3 Measured In-Core Data

During each cycle, the plant performed an in-core flux map approximately every 30
effective full power days. For each core map, all control rods were removed except
Bank D, which remains partially inserted at the top of the core.  A control rod bank is
considered fully withdrawn when at position 226.  Appendix A present the reactor
condition at the time of the in-core map.  The movable in-core detector signals
contained in the flux map data files were converted into reaction rates and relative
assembly power utilizing the Westinghouse in-core analysis methodology.



Plant Description

2-3

2.4 Measurement of Thermal Power

The nodal computer codes that calculate power distributions and burnup are based on
the presumption that absolute core power is a known, common denominator for all
reactors.  Thus, a comparison of calculated and measured data and their uncertainty
requires knowledge of core power level and its uncertainty.  Specifically the random
uncertainty in the core thermal power is one of the components that needs to be
appropriately added to the total uncertainty in fuel burnup.  However, the
measurement of total core thermal power for calculation of burnup increments is done
at least daily and each measurement has a random measurement uncertainty of about
1%2.  The statistical error in total measured power from, for example, 100 days, gives a
factor of ten reduction in the single 1% uncertainty to about 0.1%.  This work has
therefore not included an explicit calculation of the burnup uncertainty contribution
from the measurement uncertainty associated with total core power.
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Figure  2-1
Cycle 1 Batch Loading Pattern
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Figure  2-2
Cycle 2 Batch Loading Pattern
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Figure  2-3
Cycle 3 Batch Loading Pattern
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Figure  2-4
Radial Locations of Instrument Thimbles
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Figure  2-5
Movable Detector Drive Assemblies
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3 
ANALYSIS/METHODOLOGY OVERVIEW

3.1 General

Assembly burnup is calculated from measured data: core power level, duration at that
power level, and the assembly relative power.  The first two values can be readily
measured.  The assembly relative power on the other hand is not readily available.  It
appears initially that two methods can be utilized to determine the relative assembly
power.  The first method utilizes direct measurements by a movable detector inside an
assembly.  In this measurement, the detector returns a signal that is proportional to
neutron reaction rates that are closely related to the relative power.  This method is
very accurate in the locations where the detector measurements are taken.
Unfortunately, the measurements are only performed in instrumented locations.  These
measured results must also be applicable to the un-instrumented assemblies, but there
is no basis for making such correlation without reliance on calculation.  Therefore, this
method is not sufficient.

The second method utilizes measurement and analytical tools to calculate the relative
powers and is the basic method that can be used to determine burnup uncertainty in
both the instrumented and un-instrumented assemblies.  Currently, the utility industry
relies on advanced nodal methods for analysis of relative assembly power
distributions.  Since nodal methods allow for the calculation of the three dimensional
core wide power distributions, assembly burnups can be easily calculated.  Therefore,
the uncertainty in the burnup records can be determined by comparing the calculated
and measured reaction rates at the instrumented locations and using analytical
methods and nearby measurements to infer “measurements” in the un-instrumented
locations.  The basic calculational process is as follows:

x Using trapezoidal integration, axially integrate the pointwise measured reaction
rates to produce measured assembly average reaction rates. Axially integrate the
pointwise calculated reaction rates to produce calculated assembly average reaction
rates.

x Determine the measurement reproducibility (i.e., uncertainty) by comparing all
duplicate measurements and using the calculated values as a convenient frame of
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reference.  These data are used only as a confirmation of the total of measurement
uncertainty.

x Convert the measured assembly average reaction rates into measured relative
assembly powers using calculated conversion factors to interpret the measurements.
From these data, determine the uncertainty in measured and calculated reaction
rates.

x Determine the relative assembly power in the un-instrumented assemblies by using
the calculated power distribution, the ratio between measured and calculated
relative assembly power in the instrumented assemblies and distance weighting.
The uncertainty in relative assembly power is the percent difference between
measured and calculated relative assembly power.

x Convert and time-integrate the measured and calculated assembly power into
measured and calculated burnup.  The uncertainty in assembly average burnup is
the percent difference between measured and calculated burnup at the end of each
cycle.

The statistical evaluation is as follows:

x For all measured and calculated assembly data analyzed, determine the percent
difference as calculation minus measurement divided by measurement times 100%.

x Determine the arithmetic mean and standard deviation for the group of assemblies
being evaluated.  The standard deviation is the measure of data uncertainty at the
one-sigma level.  The equation is provided in Section 4.

x Determine the one-sided tolerance to provide a 95% probability with a 95%
confidence.  The equation for the one-sided tolerance is provided in Section 4.

With this as a basic description, to perform the uncertainty evaluation required both
neutronic and data analysis codes.  The codes were used to determine the reaction rate,
relative assembly power and burnup uncertainties.  The neutronic codes, CASMO-33

and SIMULATE-34, calculate relative neutron reaction rates, relative assembly power in
three dimensions utilizing nodal methods.  The data analysis code INCORE-35 utilize
the Westinghouse in-core methodology to take the raw detector signals and convert
them into reaction rates and relative assembly power with data constants derived from
SIMULATE-3.  For this project, a set of post-processing codes was developed to
compare the results from SIMULATE-3 and INCORE-3.  Below are short descriptions of
the methodology utilized in these codes.
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3.2 CASMO-3/SIMULATE-3 Methodology

CASMO-3 performs burnup calculation on an entire fuel assembly.  This code handles
geometry consisting of cylindrical fuel rods with varying compositions in a square
pitch array.  It allows for the modeling of IFBA rods, water gaps, water holes, and
control rods.  CASMO-3 utilizes multi-group transport theory to calculate the two-
dimensional space energy distribution of flux within a lattice.  It performs the depletion
calculation and produces effective two-group cross sections, homogenized over the
assembly.  CASMO-3 also generates assembly discontinuity factors for use in
SIMULATE-3.

The CASMO-3 model uses 40 neutron energy groups.  The base library uses the
standard ENDF/B-IV cross section set with some ENDF/B-V fission spectrum updates.
It can calculate both gamma and neutron detector responses.  In addition to solving the
transport equation for fuel assembly lattices, CASMO-3 can also calculate the effective
two-group cross sections for the baffle and reflector regions.

SIMULATE-3 is a three-dimensional nodal analysis code, which models the steady state
neutronics and thermal-hydraulic behavior of the core. SIMULATE-3 uses the
QPANDA6 model, which solves the three-dimensional, two-group neutron diffusion
equation.  The QPANDA methodology also assumes that the flux distribution is
comprised of two pieces: global shapes (homogeneous smooth flux distribution) and
local shapes (heterogeneous assembly flux distributions).  This assumption allows
assembly discontinuity factors to be edited from the same CASMO-3 calculations that
produces the two-group cross sections.  When used in the QPANDA model, the
assembly discontinuity factors alter the neutron currents between nodes, effectively
eliminating spatial homogenization differences.

3.2.1 CASMO-3/SIMULATE-3 Model

Cross sections, for use in SIMULATE-3, were generated for each fuel assembly and for
the baffle and reflector utilizing CASMO-3.  SIMULATE-3 models were constructed for
all three cycles.  The core was modeled in SIMULATE-3 with four nodes per assembly
radially and 24 nodes axially.  For each node in the model, SIMULATE-3 calculates
relative powers, burnup distributions, and detector reaction rates.  The model also has
an option for axial reconstruction of the power distributions and reaction rates,
allowing for 15 axial sub-divisions per node.  Performing this operation allows for a
total of 360 calculated axial reaction rates and relative powers.

Each cycle was depleted from beginning of cycle to the end of cycle in steps
corresponding to the in-core measurements.  At the end of a cycle, a restart file was
created.  The information contained in the restart files was then shuffled into the next
cycle.  Depletion of the cycles was performed with a reactivity search utilizing soluble



Analysis/Methodology Overview

3-4

boron.  At each depletion state in which an in-core run was performed, SIMULATE-3
was set up to collect and redirect the calculated detector reaction rates and relative
power by node to a summary file for later statistical processing.

3.3 INCORE-3 Methodology

The INCORE-3 code processes information obtained by in-core instrumentation in
Westinghouse PWRs and converts the instrument signals into reaction rates.
Conversion of the raw detector signals follows the methodology developed by
Westinghouse.

Raw detector data is obtained for 61 axial positions from the movable in-core detectors
in an instrumented location.  INCORE-3 reads the raw detector data, scans for
erroneous signals, and performs a validity check on the background levels, detector
calibration factors, and duplicate traces.  INCORE-3 then corrects the raw data for
background levels and relative detector sensitivity and determines measured reaction
rates in the instrumented locations.  INCORE-3 then computes relative assembly power
utilizing the measured reaction rates, the calculated reaction rates and the relative
assembly power calculated by SIMULATE-3.

Once the measured relative assembly power for the instrumented location is calculated,
the code then uses distance weighting of the data from the nearest instrumented
assemblies to determine the relative assembly power for un-instrumented assemblies.

3.3.1 INCORE-3 Model

INCORE-3 was run for all the cases listed in Appendix A.  INCORE-3 performed the
analysis for 61axial measured signals in each of the instrumented locations.  The stored
output files were compared with SIMULATE-3 results utilizing the post-processing
codes described below.  These output files contain reaction rates for the instrumented
locations, data to determine detector reproducibility, relative assembly power, cycle
burnup, and power level of the reactor.

3.4 Post-Processing Codes

As part of this project, two post-processing codes were developed in FORTRAN to
analyze the data from SIMULATE-3 and INCORE-3.  The first code called UNCERT,
calculates detector reproducibility uncertainty and reaction rate uncertainty.  A second
code called BURN2D calculates the burnup in each fuel assembly and generates the
burnup uncertainty.
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3.4.1 UNCERT

The UNCERT code is designed to read the INCORE-3 output files that contain the
reaction rate and relative assembly power data and the corresponding SIMULATE-3
summary files for each flux map. A normalization is performed on the SIMULATE-3
and INCORE-3 reaction rates separately. From these normalized reaction rates,
UNCERT calculates relative differences and the mean and standard deviations for the
relative differences.  UNCERT also performs statistical analysis on axial regions of the
core.  The equations used in the statistical analysis are provided in Section 4.  The
uncertainty calculated utilizing the reaction rates is representative of the uncertainty in
the burnup.  The comparison of measured and calculated reaction rates provides a
direct comparison of measurement to calculation.

UNCERT checks the INCORE-3 output files for duplicate traces to determine the
reproducibility uncertainty.  Relative differences are calculated for the duplicate traces,
along with the mean and standard deviation for all the duplicate traces.  The statistics
for the duplicate traces are also generated for axial regions of the core.  Figure 3-1
displays a flow chart of the UNCERT code.

3.4.2 BURN2D

In order to calculate burnup, it is necessary to determine the relative assembly power.
The relative assembly power is defined as the power in a node divided by the volume
of the node, over the power of the core divided by the volume of the core.  BURN2D
reads the relative assembly power from the INCORE-3 output files for both measured
and SIMULATE-3 values.  BURN2D also reads the core average burnup for each case.

Using the “measured” and calculated relative assembly power for each assembly and
the cycle average burnup, the assembly burnup can be determined.  The following
equation is utilized to calculate the assembly burnup,

BU n BU n BU P ni i i( ) ( ) ( )= − + ∗1 ∆ (eq. 3-1)

where Pi  is the relative power in assembly i, for step n.   'BU is the change in the cycle
average burnup from step n-1 to step n.  The product of the relative assembly power
and the change in the cycle average burnup are accumulated for each assembly.  From
this equation, both the measured and calculated relative assembly power can be
utilized to determine measured and calculated assembly burnup values.

The “measured” and calculated assembly burnup values are used to calculate relative
differences for each fuel assembly.  Statistical analysis is then performed by the
BURN2D code to determine the mean, standard deviation, and root mean square of the
relative differences.  A flow chart of the BURN2D code is presented in Figure 3-2.
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Figure  3-1
Flow Chart of UNCERT
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Figure  3-2
Flow Chart of BURN2D
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4 
RESULTS

4.1 General

This report quantifies the uncertainty associated with the plant burnup records by
evaluating the uncertainty associated with the assembly average reaction rates, relative
assembly power and assembly average burnup values.  It then quantifies the axial
uncertainty in the burnup distribution.  The axial uncertainty can be used to evaluate
the reactivity effects of lower burnup on the ends of the assemblies.

To determine the statistical significance of the uncertainties, the basic statistics utilized
in this analysis are presented.   The first quantity defined is the percent difference.

Percent Difference =
(Calc.-Meas.)

Meas.
∗100%

(eq. 4-1)

The second quantity is the standard deviation.  In this report the standard deviation is
defined as,

σ =
−

−
−
∑( )R M

n

i
i

n
2

1

1
(eq. 4-2)

where Ri represents the difference for assembly location i, M is the arithmetic mean of
the difference, and n represents the number of assembly locations.  When evaluating
only measured locations, n is 58 (less if there are missing traces) and when evaluating
all locations, n is 193.

In the case of the burnup records, the area of concern is the over-prediction of burnup.
Therefore, a one-sided tolerance provides the appropriate level of probability and
confidence required.  In this case, a tolerance can be applied to ensure that 95% of the
measurements occurs on one side of the normal distribution.  Since the distribution is
assumed to be normal, the 95% one-sided tolerance can be defined to include 95% of
the error distribution.  Therefore, the one-sided tolerance is calculated assuming a 95%
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confidence interval.  Equation 1 shows an approximation for the 95% one-sided
tolerance factor (K).7-8

K
K K ab

a
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+ −− −1 1T T
2

(eq. 4-3)
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2 (eq. 4-4)

and,

K K K Ka = = = =− −0 05 1 1 951645 1645. .. .T (eq. 4-5)

n = Number of data points

In this analysis, a 95% confidence is defined as being 95% certain of an interval
containing the true mean.  The 95% tolerance is defined as an interval that contains at
least 95% of the measured points.  KV denotes the 95% probability with a 95%
confidence level.  K represents the tolerance factor determined from the number of data
points and s represents the standard deviation of the sample population.

4.2 Movable Detector Reproducibility

The movable detector reproducibility is a measure of the uncertainty associated with
repeated measurements of a single detector in a given location.  These data provide a
confirmation of the total measurement uncertainty.  For each in-core flux map
performed, a number of duplicate traces are obtained for reproducibility purposes at
given thimble locations and at different times during the flux map. The movable
detector reproducibility is a good indication of the accuracy of the measured data.  In
the three cycles of data analyzed, there were 441 pairs of duplicate traces.  Since the
reaction rate and burnup uncertainties are dependent on the plant measured data, the
movable detector reproducibility is presented in conjunction with those uncertainty
values of interest.

The code UNCERT reads the INCORE-3 output files and checks for duplicate traces.
For each set of duplicate traces, UNCERT calculates the difference in reaction rates
between the duplicate traces, the mean of the differences, the standard deviation and
root mean square.  The statistical information is then transferred to an UNCERT
generated output file. Table 4-1 is a listing of the UNCERT detector reproducibility
results.
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Table  4-1
Detector Reproducibility Uncertainty

Duplicate Traces Mean Standard Deviation RMS Error

441 -0.147% 0.748% 0.761%

4.3 Uncertainty in Instrumented Locations

This section quantifies the uncertainty associated with the instrumented locations only.
The approach is to quantify the uncertainty associated with the measured reaction
rates.  These data provide a direct comparison between measurement and calculation
prior to conversion to relative assembly power.

To calculate the uncertainty for the assembly average reaction rates, the measured and
calculated reaction rates for each of the instrumented locations are utilized.  The
difference between the measured and calculated values is determined.  This process is
performed by UNCERT using the output files from INCORE-3 and SIMULATE-3 for
the three cycles of in-core flux maps.  The mean and standard deviations are then
computed from the differences.  Since SIMULATE-3 was run at the measured core
power level, any uncertainty in core power level will be included implicitly in the error
of the reaction rates.  Appendix B presents the normalized assembly average reaction
rates for all the in-core runs.  If no data was measured for a detector location, a zero is
presented in the figures in Appendix B.  These detector locations were also excluded
from the statistical analysis.

Table 4-2 presents the results obtained from the UNCERT code for the uncertainty in
assembly average reaction rate.  The first column of data in Table 4-2 contains the
number of traces utilized in determining the standard deviation (V).  For this
calculation, the number of traces is equal to the number of instrumented locations times
the number of in-core flux maps, minus the number of instrumented locations not
measured.  The next column contains the mean of the measured reaction rates.  The
one-sided tolerance factor, K, is calculated by Equation 1 using the number of traces.
The standard deviation for an infinite set of data (Vf) is approximated by,

σ σ σ
∞

∞

= =K

K

K

1 645.
(eq. 4-6)

The final column contains the KV or the uncertainty with a 95% probability and a 95%
confidence level.
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The total uncertainty is determined to be 2.21%.  This uncertainty implicitly contains
the detector reproducibility error in the measured data.  These values indicate
uncertainty between calculation and measurement prior to conversion to relative power
and then to burnup.

Table  4-2
Uncertainty in the Assembly Average Reaction Rates

Description Number of
Traces

Mean VV K VV4 KVV

Movable Detector
Reproducibility

441 -0.147% 0.748% 1.771 0.805% 1.325%

Uncertainty in Average
Reaction Rate

2127 0.082% 1.300% 1.701 1.344% 2.211%

4.4 Uncertainty in Relative Assembly Power

The previous section is concerned with the instrumented locations only.  However, the
burnup of all assemblies in the core is required for the plant records.  To determine the
burnup requires knowledge of the relative assembly power distribution.  INCORE-3
determines the relative assembly power in the un-instrumented assemblies by using the
calculated power distribution, the ratio between measured and calculated relative
assembly power in the instrumented assemblies and distance weighting.

To analyze for the uncertainty in the relative assembly power, the BURN2D code is
used.  The output files from INCORE-3 contain both measured and SIMULATE-3
calculated relative assembly power for every location in the core.  The BURN2D code
calculates the differences in relative assembly power for each assembly and for each in-
core flux map.  Appendix C presents the full core “measured” and calculated relative
assembly power for each in-core flux map.  From the data in Appendix C, the mean,
standard deviation and root mean square of the differences are then calculated for all
assemblies in the core.  The analysis assumes that all the data is statistically
independent.  The analysis also assumed equal weight for each flux map.

Table 4-3 presents the statistics for the uncertainty in the assembly average power
utilizing all the assemblies in the core.  In Table 4-3, the number of samples for the
uncertainty in the average assembly burnup is calculated by taking the 38 in-core flux
maps times the 193 assemblies in the core.  The assembly average power uncertainty of
1.79% is nearly equal to the uncertainty in the reaction rates obtained for the
instrumented locations (2.2%).  The similarity in the numbers is indicative of the
robustness of the distance weighting method to generate “measured” values in un-
instrumented locations.  In addition the accuracy of modern nodal codes to calculate
the power distribution and hence the burnup distribution is evident.
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Table  4-3
Uncertainty in Assembly Average Power for all Locations

Description Number of
Traces

Mean VV K VV4 KVV

Movable Detector
Reproducibility

441 -0.147% 0.748% 1.771 0.805% 1.325%

Uncertainty in Average
Reaction Rate

7334 0.016% 1.069% 1.675 1.088% 1.791%

4.5 Assembly Burnup by Cycle

The three initial cycles of core operations, which are the basis for this analysis, cover the
startup cycle, a transition cycle, and a near-equilibrium cycle.  At the end of each cycle
approximately 1/3 of the fuel assemblies in the core are discharged.  The remaining
fuel is rearranged within the core, and the empty locations are filled with the new
assemblies to make up the fuel loading for the next cycle.  There is no requirement that
assemblies from instrumented locations in one cycle be repositioned into instrumented
locations in the next cycle.  Since only about 30% of core locations are instrumented, an
average of about 30% of the assemblies in each loading will be instrumented in any one
cycle.  In general, for fuel assemblies that are in the core for three cycles, approximately
34% of the assemblies have never been located in an instrumented location.  Of the
remaining assemblies, 44% were instrumented during one of the cycles, 19% were
instrumented for two of the cycles and only 3% were instrumented for all three cycles.

From the perspective of burnup uncertainty, only a small quantity of measured data is
available for fuel assemblies that have been instrumented in-core for multiple cycles.
The approach that has been taken in this work is to characterize individual assembly
discharge burnup and their uncertainties by discharge batch and by cycles of residence
time.  In addition, because the measured data in the instrumented locations is use to
calculate “measured” data in the un-instrumented locations, it is possible also to simply
add both the calculated and the “measured” burnup increments from cycle to cycle and
obtain the calculated and “measured” discharge burnup.  These differences are used as
the measure of burnup uncertainty. An alternative that was not used in this work
would be to add the burnup uncertainty in each time step, in quadrature.  Appendix D
contains the three end-of-cycle burnup maps used to determine the discharge burnup
uncertainty.

Table 4-4 provides the results of the foregoing evaluation of the mean burnup
uncertainty of individual fuel assemblies as a function of the number of in-core cycles.
The data was not weighted for different cycle lengths, all data was given equal weight.
As expected, these data show that the uncertainty in assembly average burnup
decreases as the in-core residence time increases.
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Table  4-4
Burnup Uncertainty of Discharged Assemblies

Description Number of
Traces

Mean VV K VV4 KVV

Discharged at
End of Cycle 1

60 -0.077% 0.941% 2.017 1.154% 1.898%

Discharged at
End of Cycle 2

76 -0.176% 0.496% 1.970 0.594% 0.977%

Discharged at
End of Cycle 3

57 0.207% 0.504% 2.028 0.621% 1.022%

For comparison, assemblies that have both one and two cycles of burnup, regardless of
discharge, can also be evaluated.  There are 329 assemblies with one cycle of burnup,
193 in Cycle 1, 60 in Cycle 2 and 76 in Cycle 3. There are 193 assemblies with two cycles
of burnup, 133 in Cycle 2 and 60 in Cycle 3.  Those assemblies with three cycles of
burnup were discharged at the end of Cycle 3 and are presented above.  Table 4-5
provides the burnup uncertainty for all fuel assemblies with one and two cycles of
burnup.

Table  4-5
Burnup Uncertainty for Assemblies Receiving One and Two Cycles of Burnup

Description Number of
Traces

Mean VV K VV4 KVV

Once Burned Fuel 329 0.028% 0.843% 1.792 0.918% 1.511%

Twice Burned Fuel 193 0.064% 0.614% 1.840 0.687% 1.130%

4.6 Axial Uncertainty

The axial distribution of burnup uncertainty is determined to allow for the evaluation
of reactivity effects in the ends of the assemblies9.  This section examines axial
uncertainty in reaction rates in the 58 instrumented locations.  The axial distribution of
the core is divided into the top 20%, middle 60% and bottom 20%.  The axial detector
reproducibility and the reaction rate uncertainties are provided.

The uncertainty for the top 20% of the core is calculated by trapezoidal integration of
the first 13 axial detector measurements for all the instrumented locations and
calculating the average reaction rate.  The difference between SIMULATE-3 and
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INCORE-3 region average reaction rate and standard deviation is calculated for all of
the in-core flux maps using the UNCERT code.  The reproducibility is determined in
the same manner.  Table 4-6 presents the uncertainty for the top 20% of the core.  The
reaction rate uncertainty is 6.14% in this region of the core.  The higher uncertainty is
due to the shape of the flux and the positioning of the detector.

In the calculation of the uncertainty for the middle 60% of the core, the INCORE-3
reaction rates for axial locations 13 through 49 are integrated and compared to the
corresponding region averaged SIMULATE-3 reaction rates for all in-core flux maps.
Table 4-7 presents the uncertainty for the middle 60% of the core where the uncertainty
in reaction rate for the three cycles is 2.50%. As expected, the uncertainty is lower in the
middle of the core.

In the calculation of the uncertainties for the bottom 20% of the core, detector
measurements 49 through 61 are integrated.  The uncertainty for the bottom 20% of the
core is presented in Table 4-8.  In the bottom of the core, the detector reproducibility
has nearly the same performance as the top 20% of the core.  The uncertainty in reaction
rates for this region is 6.68% and is similar to the top 20%.

The low uncertainty in the reproducibility provides confidence in both the
measurement and calculation. As shown earlier, the uncertainty in reaction rate is
indicative of the uncertainty in burnup; therefore, the burnup uncertainty by axial
region was not calculated.

Table  4-6
Axial Reaction Rate Uncertainty  for the Top 20% of the Core

Description Number of
Traces

Mean VV K VV4 KVV

Movable Detector
Reproducibility in the

Top 20%

441 -0.232% 1.304%  1.771  1.404%  2.309%

Reaction Rate
Uncertainty in the Top

20%

2127 -3.095% 3.610% 1.701   3.733% 6.141%
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Table  4-7
Axial Reaction Rate Uncertainty for the Middle 60% of the Core

Description Number of
Traces

Mean VV K VV4 KVV

Movable Detector
Reproducibility in the

Middle 60%

441 -0.142%  0.726% 1.771  0.782% 1.286%

Reaction Rate
Uncertainty in the

Middle 60%

2127 0.017% 1.468% 1.701  1.518%  2.497%

Table  4-8
Axial Reaction Rate Uncertainty for the Bottom 20% of the Core

Description Number of
Traces

Mean VV K VV4 KVV

Movable Detector
Reproducibility in the

Bottom 20%

441 -0.060% 1.210% 1.771 1.303% 2.143%

Reaction Rate
Uncertainty in the

Bottom 20%

2127 3.254% 3.925% 1.701 4.059% 6.676%
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5 
CONCLUSION

This report evaluated the uncertainty associated with the reactor burnup records.
Three separate sets of results were used to characterize the burnup uncertainty:
uncertainty in reaction rates, uncertainty in relative assembly power and axial
variability in uncertainty.

In this study, the assembly average reaction rate uncertainty in the instrumented
locations is found to be 2.21%.  The use of reaction rate provides a direct comparison
between measurement and calculation in the instrumented locations prior to the
conversion to relative assembly power and subsequently burnup.  The use of the
instrumented locations eliminates any uncertainty associated with the generation of
data for un-instrumented locations using distance weighting from nearest neighbors.
When converted to relative assembly power, the uncertainty is 1.79%.  The closeness of
the values provides confidence in the conversion to relative assembly power and
eventually burnup.  The magnitude of this value is indicative of the accuracy of the
distance weighting technique and the accuracy of the advance nodal codes for
predicting assembly power and ultimately burnup. The uncertainty in burnup
evaluated over three cycles of operation demonstrates a decrease in uncertainty with an
increase in residence time or burnup.  For assemblies discharged after one cycle of
burnup, the uncertainty is 1.90%, after two cycles of burnup, the uncertainty is 0.97%
and after three cycle of burnup is 1.02%. This decrease in uncertainty after two cycles of
burnup is indicative of the self-correcting nature of burnup.

Since transportation and storage are concerned with end effects, an evaluation of the
axial distribution of the uncertainty was performed in the instrumented locations.  In
this analysis, 6.14 and 6.68% uncertainty is obtained at the top and bottom ends of the
assemblies, respectively.  The axial distribution of uncertainty and calculated axial
profiles10 provide a basis to determine the magnitude of the end effects.

This project was focused on movable in-core detector measurements where
measurements can be obtained along the complete axial profile.  A further study should
be performed for plants utilizing fixed in-core detectors to determine the uncertainty
associated with the burnup records generated in this manner.





6-1

6 
REFERENCES

1. DOE, “Topical Report on Actinide-Only Burnup Credit for PWR Spent Nuclear Fuel
Packages,” Rev. 1, DOE/RW-0472, May, 1997.

2. McLeod, N. B., “The Accuracy of Fuel Burnup Measurements in Nuclear Reactors,”
INMM, 31st Annual Meeting, Los Angeles, CA, July 15-18, 1990.

3. Edenius, Malte and Forssen, Bengt-Herman, “CASMO-3 A Fuel Assembly Burnup
Program User’s Manual Version 4.4,”  STUDSVIK, NFA-89/3, 1991.

4. Ver Planck, David, “SIMULATE-3 User’s Manual- Advanced Three-Dimensional
Two-Group Reactor Analysis Code,” Studsvik, 1995.

5. Harris, A. J. and Jones, K. A., “The INCORE-3 Program,” Westinghouse Electric
Corporation, WCAP-8492, 1975.

6. Smith, K. S. “Assembly Homogenization Techniques for Light Water Reactors
Analysis,” Progress in Nuclear Energy, Great Britain, Vol. 17, No. 3, 1970.

7. Crow, E. L., etc. al., “Statistics Manual,” Dover Publications, Inc., New York, 1960.

8. Walpole, R. E. and Myers R. H., “Probability and Statistics for Engineering and
Scientists,” Macmillan Publishing Company, New York, 1985.

9. Brady, M. C., etc. al, “Finding of the OECD/NEA Study on Burnup Credit,”
PHYSOR 96, International Conference on the Physics of Reactors, September, 1996.

10. Cacciapouti, R. J. and Van Volkingburg, S., “Axial Burnup Profile Database for
Pressurized Water Reactors,” YAEC-1937, August 1996.





A-1

A 
MEASURED DATA

The tables in this Appendix present the conditions at the time of the measurement. The
first column provides the name of the flux map file with the CY indicating the cycle
number. The second column provides the rated core power in%, where 100% is 3411
MWt.  The third column provides the cycle average burnup in MWD/MTU.  The fourth
column provides the position of control bank D in steps, where 226 steps is fully
withdrawn.  The final column provides the boron concentration in ppm, where N/A
indicates the value was not available.



Measured Data

A-2

Table  A-1
Cycle 1 In-Core Measurements

Flux Map
Data File

Rated
Core Power

(Percent)

Burnup
(MWD/MTU)

Bank D
Control 
Position

Soluble  Boron
Concentration

(ppm)

CY1-FM01 78.00 470.0 191 N/A

CY1-FM02 90.00 626.0 200 N/A

CY1-FM03 100.00 913.0 212 N/A

CY1-FM04 100.00 1935.0 204 727

CY1-FM05 93.00 2953.0 203 727

CY1-FM06 100.00 3463.0 213 697

CY1-FM07 100.00 4369.0 221 642

CY1-FM08 100.00 4852.0 228 599

CY1-FM09 100.00 5998.0 220 519

CY1-FM10 100.00 7216.0 228 440

CY1-FM11 100.00 8234.0 228 359

CY1-FM12 100.00 9270.0 223 288

CY1-FM13 100.00 10566.0 223 189

CY1-FM14 100.00 11577.0 220 100

CY1-FM15 100.00 12714.0 226 14



Measured Data

A-3

Table  A-2
Cycle 2 In-Core Measurements

Flux Map
Data File

Rated
Core Power

(Percent)

Burnup
(MWD/MTU)

Bank D
Control 
Position

Soluble  Boron
Concentration

(ppm)

CY2-FM01 100.00 420.3 192 838

CY2-FM02 99.90 690.4 216 829

CY2-FM03 99.90 1720.0 228 807

CY2-FM04 99.90 2974.4 221 752

CY2-FM05 100.00 4000.0 228 683

CY2-FM06 100.00 5110.0 226 603

CY2-FM07 100.00 6175.0 228 523

CY2-FM08 100.00 7471.0 226 410

CY2-FM09 100.00 8543.6 228 314

CY2-FM10 100.00 9840.5 230 190

CY2-FM11 100.00 11059.7 226 77



Measured Data

A-4

Table  A-3
Cycle 3 In-Core Measurements

Flux Map
Data File

Rated
Core Power

(Percent)

Burnup
(MWD/MTU)

Bank D
Control 
Position

Soluble  Boron
Concentration

(ppm)

CY3-FM01 99.96 277.6 214 1020

CY3-FM02 99.98 1099.0 230 1047

CY3-FM03 100.00 2206.8 229 1070

CY3-FM04 100.00 3189.0 227 1055

CY3-FM05 100.00 4259.4 226 1022

CY3-FM06 100.00 5402.0 225 976

CY3-FM07 100.00 6577.5 225 894

CY3-FM08 100.00 7649.0 226 827

CY3-FM09 100.00 8909.9 227 727

CY3-FM10 100.00 9881.0 229 644

CY3-FM11 100.00 11211.2 231 N/A

CY3-FM12 100.00 13200.0 230 336
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B 
MEASURED AND SIMULATE-3 ASSEMBLY AVERAGE

REACTION RATE VALUES FOR INSTRUMENTED

LOCATIONS

The figures in this Appendix present the measured and calculated assembly average
reaction rate values for the instrumented locations. The measured and calculated
reaction rates have been normalized to the same value. The reaction rates in these
figures were used to determine the reaction rate uncertainty in the instrumented
locations.  The header on each figure indicates the flux map number and burnup
corresponding to the tables in Appendix A.



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-1
Flux Map:  CY1-FM01, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-2
Flux Map:  CY1-FM02, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-3
Flux Map:  CY1-FM03, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-4
Flux Map:  CY1-FM04, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-5
Flux Map:  CY1-FM05, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-6
Flux Map:  CY1-FM06, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-7
Flux Map:  CY1-FM07, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-8
Flux Map:  CY1-FM08, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-9
Flux Map:  CY1-FM09, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-10
Flux Map:  CY1-FM10, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-11
Flux Map:  CY1-FM11, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-12
Flux Map:  CY1-FM12, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-13
Flux Map:  CY1-FM13, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-14
Flux Map:  CY1-FM14, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-15
Flux Map:  CY1-FM15, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-16
Flux Map:  CY2-FM01, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-17
Flux Map:  CY2-FM02, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-18
Flux Map:  CY2-FM03, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-19
Flux Map:  CY2-FM04, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-20
Flux Map:  CY2-FM05, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-21
Flux Map:  CY2-FM06, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-22
Flux Map:  CY2-FM07, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-23
Flux Map:  CY2-FM08, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-24
Flux Map:  CY2-FM09, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-25
Flux Map:  CY2-FM10, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-26
Flux Map:  CY2-FM11, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-27
Flux Map:  CY3-FM01, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-28
Flux Map:  CY3-FM02, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-29
Flux Map:  CY3-FM03, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-30
Flux Map:  CY3-FM04, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-31
Flux Map:  CY3-FM05, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-32
Flux Map:  CY3-FM06, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-33
Flux Map:  CY3-FM07, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-34
Flux Map:  CY3-FM08, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-35
Flux Map:  CY3-FM09, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-36
Flux Map:  CY3-FM10, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-37
Flux Map:  CY3-FM11, Measured and Calculated Assembly Average Reaction
Rates



Measured and SIMULATE-3 Assembly Average Reaction Rate Values for Instrumented Locations
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Figure  B-38
Flux Map:  CY3-FM12, Measured and Calculated Assembly Average Reaction
Rates
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C 
MEASURED AND CALCULATED RELATIVE

ASSEMBLY POWER

The figures in this Appendix present the measured and calculated relative assembly
power values for the instrumented and un-instrumented locations. The power
distributions in these figures were used to determine the relative assembly power
uncertainty and were used to determine the end-of-cycle assembly average burnup
values. The header on each figure indicates the flux map number and burnup
corresponding to the tables in Appendix A.



Measured and Calculated Relative Assembly Power
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Figure  C-1
Flux Map:  CY1-FM01, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-2
Flux Map:  CY1-FM02, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-3
Flux Map:  CY1-FM03, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-4
Flux Map:  CY1-FM04, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-5
Flux Map:  CY1-FM05, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-6
Flux Map:  CY1-FM06, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-7
Flux Map:  CY1-FM07, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-8
Flux Map:  CY1-FM08, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-9
Flux Map:  CY1-FM09, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-10
Flux Map:  CY1-FM10, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-11
Flux Map:  CY1-FM11, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-12
Flux Map:  CY1-FM12, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-13
Flux Map:  CY1-FM13, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power

C-15

Figure  C-14
Flux Map:  CY1-FM14, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power

C-16

Figure  C-15
Flux Map:  CY1-FM15, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-16
Flux Map:  CY2-FM01, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-17
Flux Map:  CY2-FM02, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-18
Flux Map:  CY2-FM03, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-19
Flux Map:  CY2-FM04, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-20
Flux Map:  CY2-FM05, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-21
Flux Map:  CY2-FM06, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power

C-23

Figure  C-22
Flux Map:  CY2-FM07, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-23
Flux Map:  CY2-FM08, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-24
Flux Map:  CY2-FM09, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-25
Flux Map:  CY2-FM10, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-26
Flux Map:  CY2-FM11, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-27
Flux Map:  CY3-FM01, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-28
Flux Map:  CY3-FM02, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-29
Flux Map:  CY3-FM03, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-30
Flux Map:  CY3-FM04, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-31
Flux Map:  CY3-FM05, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-32
Flux Map:  CY3-FM06, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-33
Flux Map:  CY3-FM07, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-34
Flux Map:  CY3-FM08, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-35
Flux Map:  CY3-FM09, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-36
Flux Map:  CY3-FM10, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-37
Flux Map:  CY3-FM11, Measured and Calculated Relative Assembly Power



Measured and Calculated Relative Assembly Power
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Figure  C-38
Flux Map:  CY3-FM12, Measured and Calculated Relative Assembly Power
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D 
ASSEMBLY BURNUP DISTRIBUTION AT THE END OF

EACH CYCLE

The figures in this Appendix present the measured and calculated assembly average
burnup values for the instrumented and un-instrumented locations. The power
distributions from Appendix C were used to determine the assembly average burnup.
The assembly average burnup values were used to determine the end-of-cycle burnup
uncertainty. The header on each figure indicates the flux map number and burnup
corresponding to the tables in Appendix A.



Assembly Burnup Distribution at the End of Each Cycle
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Figure  D-1
Flux Map:  CY1-FM15, Measured and Calculated Average Assembly Burnup



Assembly Burnup Distribution at the End of Each Cycle
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Figure  D-2
Flux Map:  CY2-FM11, Measured and Calculated Relative Assembly Burnup



Assembly Burnup Distribution at the End of Each Cycle
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Figure  D-3
Flux Map:  CY3-FM12, Measured and Calculated Relative Assembly Burnup
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